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Abstract :

Short-term bioassays were conducted in Biguglia lagoon (Corsica) to study the physiological and
behavioral responses of phytoplankton to N- and P-availability. Natural communities were collected in
two stations representative of the two sub-basins, at three periods with contrasting environmental
characteristics to address the impact of seasonal variability. These samples were separately enriched
with a full N and P enrichment, and with enrichments minus N or minus P. Phytoplankton size
structuration, diversity, and growth of the total phytoplankton, the micro-, nano- and ultraphytoplankton
were evaluated using spectrofluorimetry, and optical microscopy. Results showed that the communities
were fueled by NO3- in the wet periods (autumn and spring) and NH4+ in summer. The phytoplankton
communities displayed highest cell size in autumn, with high abundances of nanoflagellates, and
smallest cell size in summer with a large dominance of phycocyanin-rich picocyanobacteria. Blooms of
dinoflagellates also occurred during the wet periods, coinciding with high N:P ratios. The full enrichment
has not stimulated phytoplankton growth in autumn, suggesting the importance of other controlling
factors such as light, a possible NH4+ inhibition or the use of mixotrophic abilities. In spring,
communities have displayed single P-limitation in the northern basin and different N and P co-limitations
in the southern basin. In summer, the full enrichment consistently stimulated the growth of all cell sizes.
The communities showed high N and P co-limitations, which is consistent with growing observations in
aquatic ecosystems, and reflects the different functional responses of phytoplankton communities to the
nutrient availability.
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Graphical abstract

Chlosrophyll a (Chl a) concentration, DIN:DIP ratio, main taxa/morphotypes, response to the full nutrient
enrichment, and N- and/or P-limitation during the three bioassay periods in the two stations
representatives of the Northern and the Southern basins of Biguglia lagoon.
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» Freshwater inputs from the watershed strongly influenced the phytoplankton of Biguglia lagoon.
» Nanoflagellates dominated phytoplankton communities in autumn and spring with high N:P ratios.
» Phycocyanin-rich picocyanobacteria bloomed in the sampling in September with low N:P ratios.
» Phytoplankton showed differential responses to nutrient enrichments and induced limitations.
» Phytoplankton was generally co-limited by N and P, with exceptions depending on seasons.
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1. Introduction

Coastal lagoons are very productive ecosystem$ieatseéa-land interface hosting a high
degree of biodiversity and providing numerous estesy services for human wellbeing
(Barbier et al., 2011). These services confer & bigpnomical value for the coastal lagoons,
e.g as water and food supply (fishing, shellfish farg), tourism and recreation (Franco et
al., 2010; Rochette et al., 2010). However, becaiistheir location in densely populated
littoral areas and the services they provide, @dagoons and their surroundings have been
increasingly exploited for human uses. Overexpimitacombined with the hydromorphology
of these semi-enclosed systems and climate chaage imcreased their vulnerability to
anthropogenic impacts. Hence, coastal lagoons @@ the most threatened ecosystems
(Nixon, 2009). This threat is mainly associatednwihanges in their hydrology and with an
increase of nutrients and pollutants inputs frorwvegge effluents and watershed run-off
(Mouillot et al., 2000; Cloern, 2001). Due to shalhess and confinement, these inputs result
in high concentration of nutrients and pollutamtgoastal lagoons, thereby exacerbating their

degradation (Donald et al., 2013).

An excessive or unbalanced input of nutrients distuhe community of primary producers,
leading to an increase of the eutrophication pegsand to drastic changes in the
biodiversity of the autotrophic compartment. Thusyay promote fast-growing opportunistic
algae in the first place and finally phytoplankt@inthe expense of benthic organisms such as
macrophytes, and may result in an increase of thquéncy of harmful algal blooms
(Schramm, 1999; Livingston, 2000; Le Fur et al1&0 These changes in the composition of
the autotrophic communities impact all the troplewels, altering the ecosystem functioning
(Cloern, 2001). High nutrient inputs can also, tlglo an accumulation of macroalgal or

phytoplankton biomass, lead to the developmentysfrdphic crisis and hypoxia and anoxia
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events, having dramatic impacts on all the livimgamisms (Cloern, 2001). Therefore, the
management of a eutrophicated coastal lagoon needarget the reduction of nutrient
loadings. In addition, knowledge is required abibigt availability of nutrients within lagoons
and the autotrophic communities responses (Duartd.,e2000; Glibert et al., 2015). This
allows to assess the resilience of the aquatic aamtras, and to estimate the critical nutrient

loading for the ecosystem (Pasqualini et al., 2Q&7-ur et al., 2018).

Phytoplankton represents the basis of food websbhawhemical cycles, and is generally the
first autotrophic compartment responding to a cleaofynutrient availability (Leruste et al.,
2016). Understanding how the ecosystem functioninfiluences the composition of
phytoplankton communities and their growth mechasiss indispensable (Livingston, 2000;
Paerl et al., 2003). Hence, it is particularly imtpat to understand and predict how N and P
inputs affect the growth and community assemblypytoplankton. These responses are
indicators of water quality, and are consequentfgrmative for water management (Duarte
et al., 2000; Reed et al., 2016). Morphological ahgsiological traits such as cell size and
maximal growth rates shape the phytoplankton foneti responses to nutrient availability.
Small-size fast-growing algae are competitive &t lnutrient concentrations and low light,
while larger cells can generally thrive under aspdl nutrient supply and higher light
intensities (Litchman et al., 2007; Bec et al., BOAndersen et al., 2015). The community
composition also reflects which nutrients are aldd. Diatoms are particularly competitive
for nitrate, while green algae and picocyanobaatare more competitive for ammonium. The
latter often originates from regenerated interr@lrees. Dinoflagellates can develop even
under dissolved inorganic nutrient limitation, besa of their relatively low growth rates and

potential mixotrophic abilities (Litchman et alQ@7; Glibert et al., 2015).
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The general aim of this study was to explore tlspoases of the phytoplankton communities
of a disturbed Mediterranean coastal lagoon tantiteent availability. Therefore, we choose
Biguglia lagoon, which is the largest lagoon on land of Corsica, as the study site. This
Mediterranean lagoon has been increasingly impagitez® 1980 by a strong increase of the
human population density, industrial and agricatwses in its catchment and its surrounding
areas. This lagoon receives particularly high aneuoh nitrate from runoffs, tributaries, and
from groundwater flows from a coastal aquifer carted with the lagoon (Erostate et al.,
2018). Biguglia lagoon also displays a high confieat and restricted exchanges with the
Tyrrhenian Sea that have induced higher levelsubfient concentration than in most other
French Mediterranean lagoons these last decadesl{Soet al., 2010; Pasqualini et al.,
2017). Hence, the lagoon has experienced stronggelsan its ecological stateg. increasing
eutrophication and pollutant levels linked with obas in the composition of its autotrophic
community (Mouillot et al., 2000; Pasqualini et,&017). Moreover, a dystrophic crisis
associated with a bloom of toxic cyanobacterialf72has raised the awareness of the water
guality in the lagoon among the responsible managérauthorities. Therefore, they have
taken remediation measures to reduce the confinememder to decrease the concentration
of nutrients. This included the modification of tlagoon hydrology since 2009 to increase
dilution processes (Cecchi et al., 2016; Garridalet2016). However, so far, no efficient
direct management measures have been implementeduoe the external nutrient loadings
that remain important and uncontrolled. Moreovéihaugh the measures taken in 2009 may
have helped the development of aquatic angiosp@Pasqualini et al., 2017), these may have
also promoted the occurrence of blooms of potdptiakkic and or harmfull dinoflagellate

species (Cecchi et al., 2016).
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The specific objectives of this study were to diggcin different seasons with contrasting
environmental conditions including nutrient form darorigin, (1) the structure of
phytoplankton communities in Biguglia lagoon sultedtto a strong anthropogenic impact in
term of size classes and species diversity, andh@) growth rate in response to various
forms of nutrients inputs. These two observatioligstrate phytoplankton functional
responses to contrasting nutrient availability, #rellatter specially reflects the vulnerability
of the whole ecosystem to a short-term nutrients@ulWe experimentally incubated
phytoplankton communities undar situ light and temperature conditions with enrichments
containing N (N@, NH;") and P (P@), either in combination or separately to seledjive
induce either N- or P-limitation. Exploring the pesses of phytoplankton communities to a
change in nutrient availability helped understagdthe impact of these changes on the

ecosystem functioning.

2. Material and Methods

2.1. Characterization of the study site
Biguglia lagoon (42°36’N; 9°28’E) is a shallow bk#&h coastal lagoon (average depth 1.2
m), located on the East coast of Corsica, and asgghfrom the Tyrrhenian Sea by a sandy
beach barrier (Fig. 1). This choked lage@msuKjerfve (1994) covers 14.5 Kmwith a single
inlet in the north to the sea that consists ofsakin long, narrow and shallow natural channel.
Biguglia lagoon is divided into two sub-basins byeminsula in its middle. Each of these sub-
basins displays a specific hydrological functionregulting in differences in salinity, nutrient

concentrations and phytoplankton biomasses (Gaetiéd, 2016).

The microtidal conditions, and the morphology aktimlet and its natural inclination to silt

up restrict the exchanges with the sea and thug hmarine water input in the lagoon
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(Mouillot et al., 2000). This lagoon is highly in#nced by freshwater inputs from its
watershed (182 kfyjy and its salinity remains particularly low (Paalini et al., 2017). For

example, this ranged from 2.0 to 18.5 between Nden2013 and December 2014.
Freshwater comes from rainfall, sewage plants, raévevers draining the watershed and
flowing in the north-west of the lagoon, the Golivé&® connected to the lagoon by the
Fossone channel in the south-western part, and fpamping stations draining the
agricultural plain in the southern part of the wshhed (Erostate et al., 2018) (Fig. 1).

Therefore, Biguglia lagoon displays a salinity gead from the north to the south (Garrido et

al., 2016).
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Fig. 1. Location of the two stations representatioé the Northern Basin (NB) and the

Southern Basin (SB) of Biguglia lagoon.
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Biguglia lagoon has been increasingly eutrophicatede the 1980s due to an intensification
of human activities and urbanization on its watedseouthward of city of Bastia, including
four towns hosting approximately 35,000 inhabitantsvinter (Lafabrie et al., 2013). During
summer touristic period, the population doublesjctvhresults in increasing anthropogenic
pressure. Hence, this lagoon displays very highients concentrations (NFH NO,, NOs,
DIN, Si, TP, TN) in the water column, enhanced hg teduced exchanges with the sea
(Orsoni et al., 2001). The sediment compartmenivstem important silting with high nutrient
concentrations and organic matter content comperemsther French Mediterranean coastal
lagoons (Souchu et al., 2010). An eutrophicaticadgant is also observed from the south to

the north because of substantial anthropogenidsnptthe southern part of the lagoon.

The lagoon has a Mediterranean climate with a ssioe of a dry and warm summer and wet
autumn, winter and spring seasons with sudden éedifol rainfalls causing flash floods

(Pasqualini et al., 2017). The salinity and nutsemputs are strongly influenced by
theseasonal variability of the climate (Collos kbt 2003). This generally determines three
hydrological seasonal periods characterized byewdifices in their nutrient origin and
availability, in phytoplankton biomass and size sslastructure, and in photosynthetic

performance (Cecchi et al., 2016; Garrido et @11,6).

2.2. Sampling procedures
Water samples were collected in two stations remtasives of the northern (NB) and the
southern (SB) basins (Fig. 1, 42°38'12"N, 9°2Fl5and 42°35'00"N, 9°29'18"E,

respectively).
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Experiments were carried out in autumn 2013 (26&¥adver to 5 December), spring 2014 (2
to 8 April), and summer 2014 (9 to 12 Septembergdch of the two NB and SB stations, 70
| of pre-filtered water through 1000 um mesh to oge larger debris without removing
zooplankton or larger phytoplankton cells (Collasak, 2005) were sampled in sub-surface
(20 cm depth) wit a pump from a small boat betwé€® am and 8.00 am, and kept in the
dark. Sub-surface salinity, temperature, percentdggissolved oxygen (DO) and turbidity
were measureth situwith a multi parameter Water Quality Probe (YSIB06 V2-2). Upon
return to the laboratory, water samples were homiaged by gentle shaking, aliquoted and
immediately stored at -20°C for the characterizatdb phytoplankton communities. Measures
of NHs*, PQ*, NOs, NO,, TN, and TP concentrations (M) were performedioplicates

of 80 ml, filtered on 20 um meshes for the disstlweorganic nutrients (Aminot and

Chaussepied, 1983).

2.3. Characterization of phytoplankton biomass
Chlorophyll a (Chl a) concentrations (ug™) were used as a proxy for phytoplankton
biomass. Chh measurements were performed on the total andricdned water samples.
This allowed assessing the contribution of the aplwtoplankton <5 um, the
nanophytoplankton between 5 and 20 um and the phgtoplankton >20 um to the total
biomass. Upon return to the laboratory, triplicatdswater samples (maximum 100 ml,
depending on phytoplankton abundance) and of sangkefiltered on 20 um and on 5 pm
meshes were analyzed by spectrofluorimetry (NewukLantoine, 1993). The biomasses of
the three size classes were estimated by subigatti@ concentrations obtained for the
fraction <20 um to the total water (microphytopleon®), and the fraction <5 um to the
fraction <20 um (nanophytoplankton). The Ghlconcentration of the fraction <5 pum

estimated the ultraphytoplankton biomass.

10
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2.4. Assessment of phytoplankton community composition
Composition and abundance of the ultraphytoplanktdnum were studied using flow
cytometry. Triplicates of 1 ml of sample fixed with% formaldehyde (filtered on 0.2 um,
final concentration) were submitted to a flash Zeeén liquid nitrogen and then stored at -
80°C until analysis. Cells counts were performedhwa FACSCalibur flow cytometer
(Becton Dickinson), using beads for size calibmatiBopulations of coccoid phycoerythrin-
rich picocyanobacteria (PE-cyanos) were identifled light diffraction (FSC) and their
orange fluorescence emissions, while phycocyamim-picocyanobacteria (PC-cyanos) were
distinguished by their low red fluorescence andirtfasence of orange fluorescence.
Photosynthetic picoeukaryotes <3 um were identifigdtheir red fluorescence emissions

(Chla, wavelength >650 nm).

Optical microscopy was used to describe nano- aotbphytoplankton (>5 pum) composition
and abundance. Triplicates of 1 | of sample fixéith fiormaldehyde (5 % final concentration)
were stored at obscurity prior to analysis. A miedifmethod of the Uterméhl protocol was
used (Leruste et al.,, 2018). Samples were examividd an optic microscope Olympus
AX10. At least 400 cells per sample were countesblitain a relevant assessment of the
assemblage. Taxonomic resolution was realized atiep level whenever possible, and
identification was verified according to severaloke (Bellinger and Sigee, 2015; Bérard-
Therriault et al., 1999; Loir, 2004; Tomas, 199}l alatabase such as the World Register of
Marine Species (http://www.marinespecies.org/, loitas available online). Taxonomic

diversity was explored using species richness dvaohi$on index (Leruste et al., 2018).

11
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2.5. Experimental procedure of bioassay experiments
To measure maximal growth rate, five dilutions after sample (9, 17, 43, 74 and 100 %) in
0.2 um filtered sample in duplicate were incubatdith an enrichment containing vitamins,
silica, metals trace, nitrogen and phosphorus (@R&} final concentration 0.8 uM) (Landry
and Hassett, 1982). Nitrogen was supplied as aimatd/or ammonium (f/2 and h/2 media,
respectively, Guillard & Ryther, 1962) dependingsaason. In April 2014, N was supplied as
nitrate (20 uM final concentration), assuming thisitate inputs from the watershed were the
main nitrogen source. In September 2014, N was l&doms ammonium (20 uM final
concentration), assuming that this may be the pnétent form provided from
remineralization processes in the sediment (Codfosl., 2003). In November-December
2013, N was supplied as a mix of nitrate and amomanil0 uM final concentration each),
assuming that sufficiently high temperatures alte regeneration of ammonium from the
sediments, associated with flash floods bringintgate from the watershed. This nitrogen
concentration has been chosen to avoid phytoplanigoowth limitation during the
incubation, which has been occasionally observeldatM in another Mediterranean lagoon
(Bec et al., 2005). To highlight the potential gtbvimitation of phytoplankton by N and/or
P, two other dilution series were enriched eithghout nitrogen or phosphorus (Andersen et
al., 1991). Two bottles of sample without dilutiand enrichment were incubated as control,
and the all bottles were simultaneously incubated2# h in Biguglia lagoon undén situ

temperature and light conditions at 30 cm depth.

2.6. Estimation of maximal growth rate and N-/P-limitati
After 24 h incubation, the temporal changes ofttital and size-fractionated Chlorophalin

each bottle were used to calculate their appaatific growth ratek(x) for each dilutiorx.

12
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The relationship between the apparent growth rkpesin the fully-enriched bottles and

dilution factorx were fitted to the linear equation (1):
k(X) = Umax—9gx (1)

Wherek(x) is the phytoplankton apparent growth rate in thtlés at dilutionx, pmax is the
maximal growth rate under nutrient replete condsioandg is the grazing rate. All rates
were expressed on a per day basi.(@he maximal growth ratgmaxwas obtained from the
Y axis intercept, and the phytoplankton mortaldyesg as the slope of the linear regressions
assuming that mortality was due to grazing (Larairgt Hassett, 1982). Equations were fitted
with the ‘Imer’ function in the ‘Ime4’ library (veaion 1.1-10, (Bates et al., 2015)) to evaluate
if the linear model best fitted the trend of thé&atienship between the apparent growth rate
and the dilution factor. To check whether the Imeguation (1) was acceptable, we also
considered a quadratic function by adding the xmThe quadratic function has a parabolic
pattern and could reflect the contribution of regratedresources or a saturation of the
grazing rate in the less diluted bottles (Anders¢ral., 1991). All combinations of the
parameters of the quadratic function were constjeadd model selection was based on
parsimony using the small-sample corrected Akaik&srmation criterion (AlG) (Burnham
and Anderson, 2004). Therefore, we calculated tfierence between the AI®f the linear
model and the model having the lowest AlCe. the most parsimonious model, to obtain a
AAIC. value. The models with AAIC. <2 were considered as having equivalent levels of
support (Burnham and Anderson, 2004), using thedge’ function of the MuMIn package
(Barton, 2013). Hence faYAIC. <2 we selected the linear model as it allows dattg Umax
andg according to equation (1) (Landry and Hassett2)9&hile the quadratic relationship

did not allow calculatingimax andg.

13
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Phytoplankton net growth rate in controjs)(was calculated by adding to the apparent
growth rate Ko) i.e. lo =g + ko. Hence, it was assumed that grazing rate wasnmgaéted by
nutrient enrichments. Thay:Umax ratio assessed the impact of inorganic nutrientlement
on growth, and estimated the nutrient sufficienoy phytoplankton growth (Landry and

Hassett, 1982; Landry et al., 1998).

In the selectively enriched bioassays, we took actdhat apparent growth rate is not
necessarily a linear function of the dilution fagtieecause the instantaneous growth rate may
decline as internal and external nutrient poolbexdepletedsy andp.p were calculated as
followed: un=g + kny andup=g + kp. To estimate how much phytoplankton growth was N-
and/or P-limited, the ratio between growth ratehviite enrichments minus N or minuspBy(

or Lp) and maximal growth rate in theoretically non-kimg nutrient condition [{may Was
calculated. Differences between growth rates withdnrichment, enrichment minus N and
enrichment minus P helped distinguish differenetypf co-limitation (Harpole et al., 2011;

Burson et al., 2016).

2.7. Statistical analyses
Data analysis was performed on R (R Core Team,)2013
Two-way ANOVAs assessed if the total phytoplankbammass significantly changed among
the three samplings and between NB and SB. Postpeaowise mean comparisons between
stations and samplings were made using Tukey-Kranpast-hoc analysis (alpha level =
0.05). Permanovas assessed if the size classwsguaried among stations and samplings,
according to differences of biomass, temperatuaknisy, dissolved inorganic nutrients, TN
and TP concentrations, turbidity and DO (Anders6(1). Taxonomic diversity indices.

the Shannon index on the relative abundance of aadamorphotypes (H), and the species

14



314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

richness (S) were estimated using Vegan packagsaf@k et al., 2018). ANOVAs assessed
if S and H significantly changed among stations sathplings. Spearman’s rank correlations
between S, H, total Ch& biomass and environmental variables (temperatsadinity,

inorganic nutrient concentrations, TN and TP cotragions, turbidity and DO) were assessed

for the two stations and the three samplings.

Regression analyses determined which mixed modeds qombinations of explanatory
factors) best fitted the biomass of total phytogtan and the three size classes. Among all
the possible fixed effects (stations, samplingBnisy temperature, nutrients concentrations,
dissolved oxygen, and turbidity), the most relevarte chosen according to a correlation
matrix. Values of fixed effects were scaled prioranalysis. Because of pseudo-replication
(each triplicate was taken from the same bottleynaom effect was added as a bottle effect.
Models were fitted with the ‘Imer’ function and neddselection was assessed using the:AIC
(see below). To estimate the relative importanceaith fixed effect, the AlGn of every
model was summed (Patifio et al., 2013), and tagti the variable force effect, we used the

mean of the relative coefficient weighted by theCA.

3. Results

3.1. Environmental variables and phytoplankton biomass
Salinities were low during the three dilution expeents, ranging from 2.0 in NB in April, to
10.9 in September 2014 (Table 1). The percentadg#Opfvas the lowest in September 2014
for both stations, and was negatively correlateth the temperature for the three sampling
periods (Table 2, Spearman’s rank correlatigagalue <0.05). Turbidity was highest in the

autumn sampling (Table 1).

15
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Concentrations of dissolved inorganic nutrients §NHNOs, NO,, DIN, PQ?*) and of TN
and TP were extremely variable. In the samplindlavember-December 2013, both stations
presented the highest FOconcentrations, and NB displayed the highest aunagon of
dissolved inorganic nutrients, DIN being mainly qmsed of N@ (Table 1). In April 2014,
N was mainly represented by N(On the two stations, and N levels were especiaigh in
SB, with 106.5 uM of TN and 95.4 uM of DIN. Invelgein September 2014, both stations
displayed low N@ concentrations (<0.15 pM) and WHvas the main nitrogen form. TP was
higher in SB than in NB in all three samplings ([Eath). All dissolved inorganic nutrient
concentrations and TN and TP concentrations wergatively correlated with the
temperature. Moreover, NHconcentrations were also negatively correlatedi ie salinity.
DIN forms were positively correlated between thamd NQ™ and NQ" concentrations were
also positively correlated with TN and TP concetitres. PQ* concentrations were
positively correlated with the percentage of DOl[€a2). The TN:TP and DIN:DIP ratios

displayed highest values in April 2014, respectivEl.O in SB and 124.5 in NB.

The biomass of the total phytoplankton significardiffered among stations and samplings,
and the differences among samplings also changeckbe the two stations (Fig. 2, ANOVA,
p-value <0.05). Chlorophyk (Chl a) concentration generally ranged between 3.5 abgli§.

I, with the exception in SB in December 2013 whepeitked at 20.6 ud (Fig. 2A). Taking

all samplings collectively, we found that Gllconcentration showed a negative relationship
with the salinity and NB concentrations, the latter effect changing amotagions
(Regression analyses, force of the salinity effe&, and of the NI concentration: -8.1).
Total biomass was significantly higher (i) in SEthin NB, (ii) in the autumn sampling than
in April and in September 2014, as well as (iii)April than in September samplings (Fig. 2,

pairwise Tukey multiple comparisons,<0.05). The total biomass was negatively corrdlate

16



364  with temperature, and positively correlated with NOIOs,, PQ* concentrations and with
365 the percentage of DO, reflecting the peak of bi@ra@sserved in December in SB (Table 2,

366 Spearman’s rank correlationsyalue <0.05).

17



367 Table 1. Mean values of environmental parametethentwo NB and SB stations of Biguglia lagoon iovdmber-December 2013, April and
368 September 2014. DO: dissolved oxygen. Dissolvetgenuic nitrogen is expressed as DIN = /NHNO; + NO,. Dissolved inorganic phosphorus
369  corresponds to P& concentration.

idity TN NH,” NO; NO, DIN TP PQ*
Sampling periodsStations Date T°(C) Salinity DO (%) Tl\llj.:%d'ty ! % 2 Q TN:TP DIN:DIP
(NTU) (M)
NB 26/11/138.3 4.7 100.8 2.87 84.37 752 70.01 049 78.03 10373 614 107.3

Nov-Dec 2013 o5 04/12/1382 6.1 1015 16.83 61.87 069 4072 029 41.707 DB4 349 655

April NB 07/04/14 150 2.0 113.0  0.80 3455 218 17.47 0.6 19.802 @A6 41.9 1245
2014 SB 02/04/14155 6.0 932 463 106.47 1.85 9322 0.30 95380 DMO 71.0 -
September 2014 NB 11/09/14 24.8 109 970  1.83 3851 037 003 000 040 008388 43.3 13.3

SB 09/09/1425.9 6.0 86.2 10.50 29.95 124 011 0.09 144 1011 25.6 13.1

370

371 Table 2. Spearman’s rank correlation between spetbness (S), Shannon index (H), @doncentrations and environmental variables at the
372  95% confidence interval for the three sampling gsiin both NB and SB stations of Biguglia lago8ignificant correlations are in bold. DO:
373 dissolved oxygen. **p-value <0.001, *p-value <0.01, p-value <0.05.

S H Chla TemperatureSalinity NH," NO, NOy PO* TN TP Turbidity,
H -0.314
Chla -0.312 0.626**
Temperature0.469* -0.661**  -0.900***
Salinity -0.051 -0.693** -0.242 0.203
NH," -0.066 0.680** 0.260 -0.314 -0.928* **
NO, -0.513* 0.536* 0.530* -0.657** -0.464 0.714***
NO; -0.494* 0.335 0.492* -0.543* -0.377 0.600** 0.943***
PO43' -0.405 0.836*** 0.709*** -0.880* ** -0.400 0.516* 0.637** 0.395
TN -0.280 -0.009 0.360 -0.486* 0.058 0.257 0.771***  0.829***  0.273
TP -0.809* ** 0.047 0.398 -0.486* 0.319 -0.086 0.600** 0.657* 0.273 0.657**
Turbidity -0.828* ** -0.041 0.122 0.143 0.406 -0.314 0.200 0.257 0.030 .14 0.829***
DO 0.041 0.624** 0.774*** -0.771*** -0.348 0.257 0.200 0.086 0.698**  0.029 -0.143 -0.371
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Fig. 2. Mean chlorophyth (Chl a) concentration (ug") (A) in the three samplings at the NB
and SB stations in Biguglia lagoon. Error bar iadés standard deviations. Proportions of the
different size classes of phytoplankton contribgitito phytoplankton biomass (B).e.
microphytoplankton >20 um (dark grey), nanophytoktan between 5 and 20 um (grey) and
ultraphytoplankton <5 um (light grey).

3.1. Phytoplankton community composition
The size class structuration of phytoplankton comities was significantly different between
the NB and SB stations among the three samplings 2B), and the differences between
samplings changed between stations (Permanpwalue <0.05). Taking all samplings
collectively, the ultra- and the nanophytoplanktmamasses showed a positive relationship
with the salinity and the phosphorus concentratidnscontrast, the microphytoplankton

biomasses showed a positive relationship with sNC@oncentrations and a negative
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relationship with NH" concentrations (Regression analyses, delta-AICc). <2
Ultraphytoplankton was the major group in the pplaokton communities (up to 87 % of
Chl a in September 2014) (Fig. 2B), except for NB in Wmber 2013, when a higher
proportion of nanophytoplankton (40 %) than ultrngpplankton (34 %) was observed. For

both stations, the nanophytoplankton biomass wgtselst in November 2013.

The taxonomic diversity indices showed differenttgras at the two stations and among the
three samplings. Both the species richness (S)thadShannon index (H) significantly
changed among stations and samplings (ANOVAs, patalues <0.05). S was the lowest in
the autumn sampling and highest in the samplin§aptember for the two stations, while H
showed the inverse trend. Hence, S was positivaielated with temperature, and negatively
correlated with N@, NO;s, TP concentrations and turbidity (Table 2). H wmsssitively
correlated with total biomass, NH NO, and PQ® concentrations and percentage of DO,

while it was negatively correlated with temperatanel salinity (Table 2).

Fig. 3 gives the contributions of four size clasg&um, between 3 and 5 um, between 5 and
20 um and >20 um) to the total abundances of celhts in the two stations at the three
sampling periods, and Fig. 4 specifies the maionamic classes represented in each of the
size classes. For the three samplings, small deltsinated the phytoplankton communities
(Fig. 3). The NB station showed higher Bacillarigpbae abundances than SB, while the SB
station showed higher Chlorophyta and Cryptophycaaendances (Fig. 4). NB has also

displayed higher dinoflagellates abundances thaneXBept in November-December 2013

(Fig. 4).
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In the sampling in November 2013, the phytoplanktommunity in NB showed a bloom of
the dictyochophyceafApedinella radian§Lohmann) P.H. Campbell, 1973 (1.3 ¥ t@lls.I,
i.e.41.6 % of total abundances, Fig. 3-4). This comiguaiso comprised high abundances of
eukaryotes with flagella between 3 and 5 pm (6.9® cells.l', Fig. 3-4), and of
Prorocentrum cordatum(Ostenfeld) J.D.Dodge, 1975alias Prorocentrum minimum
(Pavillard, 1916) J.Schiller, 1933 (2.9 x°1¢ells.I', Fig. 4). Dinoflagellates dominated the
community in SB in December, mainly representedHayerocapsa minim#&omroy, 1989
(5.1 x 10, i.e. 34.2 % of total abundances Fig. 3), associatel Avitadians(4.8 x 16 cells.|

! Fig. 4). Microphytoplanktonic cells were scarce.g( Kryptoperidinium foliaceum
Lindemann, 1924: 3.7 x i@ells.I'; Cocconeissp.: 3.7 x 18 cells.I*; Prorocentrum micans

Ehrenberg 1834: 1.5 x 1@ells.I"). Conversely, we observed a bloomMgsodinium rubrum

Lohmann, 1908 (2.3 x f@ells.I, i.e. 78 % of the microplanktonic cells, Fig. 4).

In the sampling in April 2014, dinoflagellates domted the NB community mainly due to a
bloom of H. minima (3.7 x 16 cells.I', i.e. 35.8 % of total abundances, Fig. 3-4).
Bacillariophyceae were also abundant and distribataong the three size classes >3 um (3.1
x 10 cells.I*, Fig. 4) withe.g. Thalassiosirasp.,Diatomasp., andChaetocerospp.. The SB
community was dominated by phycocyanin-rich picomjgacteria (PC-cyanos, 6.4 x ‘10
cells.I', i.e. 49.6 % of total abundances, Fig. 3-4), Picoeukas/(Peuk) without flagella (5.6

x 10’ cells.I") and eukaryotes with flagella between 3 and 5 i x 10 cells.I*, Fig. 4).
The two latest morphotypes probably belonged togiieen algae according to the pigment
composition (data not shown)l. rubrum also bloomed as in December 2013 (1.6 X 10

cells.I*, Fig. 4).
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In the sampling in September 2014 the communitfeth® two stations were dominated by
PC-cyanos (9.4 x Pcells.I!, i.e. 92.7 % of total abundances in NB, 3.0 »¢ tells.I" i.e.
91.9 % of total abundances in SB, Fig. 3-4) andkReithout flagella (6.5 x 10cells.I* in
NB, 1.7 x 10 cells.I* in SB, Fig. 3-4), that most likely belonged to tireen algae according
to the pigment composition (data not shown). Theopaytoplankton in NB displayed high
abundances ofetraselmissp. (2.0 x 10 cells.I!), P. cordatum(8.2 x 1d cells.I') andH.
minima (3.2 x 10 cells.IY). Dinoflagellates dominated the microphytoplankterith
Prorocentrumsp. cf mexicanunOsorio-Tafall, 1942, an@Gonyaulaxsp. (10 cells.I!). We
also observed high abundancesGifaetocerospp., andCeratoneis closteriunichrenberg,
1839 (10" cells."). The ultra- and the nanophytoplankton in SB atsmtained high
abundances ofA. radians (1.6 x 16 cells.IY), Pyramimonas sp(8.9 x 1§ cells./"),
Plagioselmissp.,H. minima P. minimumand nanoplanktonic centric diatoms {&@lls.I*).
C. closterium,and Gonyaulax sp. cf spinifera (10° cells.I") were the most abundant

microplanktonic cells in SB (Fig. 4).
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Fig. 3. Contribution of the size classes <3 um5 [@m], [5-20 um] and >20 um to the total
abundances of cell counts in the two NB and SB iguglia lagoon at the three sampling

periods. Total abundances are specified on thefttipe bars.
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Fig. 4. Contribution of the main taxonomic clasgeshe abundances of the four size classes
<3 um, [3-5 um], [5-20 um] and >20 um in the twatisins of Biguglia lagoon at the three

sampling periods.

3.2. Phytoplankton net growth and mortality rates withearichment

Phytoplankton net growth rategg] without enrichment ranged from negative valuestii@r
microphytoplankton of NB in November 2013 and Ap#D14, to 1.91 ¢ for the
nanophytoplankton of SB in April 2014 (Table 3). Movember-December 2013, the total
phytoplankton displayed low net growth rates (0d45n NB and 0.48 d in SB), and similar
mortality rates (0.62 Hin NB to 0.69 ¢ in SB). In NB the ultraphytoplankton dominated by
picoeukaryotes (Peuk) displayed a two-fold highemgh rate, while its mortality rate was
three times higher than those of the total phytdgdian (Table 3). The nanophytoplankton,
mainly comprisingA. radiansand P. cordatum and particularly the microphytoplankton
comprising diatoms and dinoflagellates species,wskdoa loss of biomass after 24 h
incubation (Table 3). In SB, only the net growtlter§uy) of ultraphytoplankton could have
been estimated, but this size class dominated bk R&s shown a loss of biomass after the 24

h incubation (Table 3, Fig. S2A).

In April, we were able to calculate tiig only for the nanophytoplankton (Table 3, Fig. S2B)
In NB, this size class dominated By minimadisplayed a high net growth raje € 1.13 d)
and a relatively low mortality rate (0.28" while in SB, it was dominated by Chlorophyta
and Cryptophyta cells, which displayed the highestimatedp, (1.91 d') and a high

mortality rate (0.83 d).
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In September, the net growth rates in NB rangedés 0.50 d for the ultraphytoplankton
dominated by PC-cyanos and 1.84' dor the microphytoplankton dominated by
dinoflagellates and Bacillariophyceae. The nanomithated byPlagioselmissp., Tetraselmis
sp.,and P. cordatumand the microphytoplankton showed the highest groates lo = 1.6
and o = 1.8 d, respectively) with similar mortality rateg € 0.57 d"). In SB, the total
phytoplankton and the ultraphytoplankton also dated by PC-cyanos experienced a loss of
biomass after 24 h incubation (Table 3). The nagtggiankton dominated 4. radiansand
Plagioselmissp. displayed high growth and mortality rates € 1.4 d; g = 1.1 d%). The
biomass of microphytoplankton at TO was too lovestimate their apparent growth rate, we

were not able to truly calculate its specific growand mortality rates.

Table 3. Net growth rate without enrichmept)(and maximal growth rates, with (i) full
enrichment |imay, (i) enrichment minus Np(n), (iii) enrichment minus Pu(p) for the NB
and SB stations of Biguglia lagoon in November-Delser 2013, April and September 2014.
g represents the mortality rate. Bold values speweifen the relationship between apparent
growth rate as a function of the dilution factondae explained as a linear model, although
for the minus N and minus P enrichments other nsodah also fit this relationship; the
Mo:Mmax ratio illustrates the impact of the full enrichmh@m phytoplankton growth; thatios
between growth rates with selectively N- or P-dmment (1.y or U.p) andpmax highlight N- or
P-limitations (Lx :idmax= 1 no limitation .x :imax <1 limitation of the lacking nutrient XJ.x

‘Mmax >1 limitation of the added nutrient).

Stations Samplings Fraction Mo g Mmax  Mo:Mmax M N i Mmax Mp Mp:Hmax
(d?) (d?) (d*)

NB Nov - Dec 2013 Total 0.45 0.62 <0 - <0 - 0.30 <0

Micro- <0 1.45 <0 - <0 - <0 -

Nano- 0.37 0.26 0.46 0.79 0.62 1.34 113 2.44

Ultra- 0.96 1.82 <0 - <0 - <0 -

April 2014 Total <0 <0 0.25 - 0.51 1.99 0.07 0.29

Micro- <0 1.01 0.24 - 1.59 6.70 1.01 4.24

Nano- 1.13 0.28 1.83 0.62 1.95 1.06 1.54 0.84

Ultra- <0 0.43 <0 - <0 - <0 -

September 2014Total 0.64 0.30 1.78 0.36 0.86 0.48 1.03 0.58
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Micro- 1.84 0.57 3.40 0.54 1.78 0.52 2.24 0.66

Nano- 1.60 0.57 2.70 0.59 1.77 0.65 2.13 0.79

Ultra- 0.51 0.45 112 0.45 0.51 0.46 0.52 0.46

SB Nov - Dec 2013 Total 0.48 0.69 0.41 1.19 0.26 0.64 0.53 1.31
Micro- 1.12 1.12 0.45 2.48 1.09 2.41 1.05 2.32

Nano- 1.17 0.50 0.90 1.30 0.78 0.87 1.07 1.19

Ultra- <0 1.10 0.14 <0 1.85 13.68 202 1494

April 2014 Total 0.17 <0 0.19 0.92 0.06 0.31 0.26 1.35
Micro- - - - - - - - -

Nano- 191 0.83 2.00 0.95 1.64 0.82 1.64 0.82

Ultra- <0 <0 0.01 <0 0.10 8.73 034 27.96

September 2014Total <0 0.16 1.79 <0 0.28 0.16 1.34 0.75
Micro- - - - - - - - -

Nano- 142 114 3.23 0.44 1.58 0.48 <0 <0

Ultra- <0 <0 0.87 <0 <0 <0 <0 <0

3.3. Bioassay experiments
In November and December 2013, the full enrichnieciuding NQ’, NH," and PQ* did
not enhance phytoplankton growth rates in the ttaions. The total phytoplankton, the
micro- and ultraphytoplankton in NB experiencedoas| of biomass after 24 h incubation
compared with the controls. Only the growth ratehef ultraphytoplankton of SB was higher
with the enrichment, and showed a linear relatignbletween the apparent growth rate and
the dilution factor. This indicates a nutrient liation for this class size (Table 3). In NB, the
enrichment minus N has only resulted in a highexgn rate of the nanophytoplankton. The
non-linear relationship between the apparent grovatie and the dilution factor for the
ultraphytoplankton (Fig. S2A) suggests the usetléioresources than the externally supplied
nutrients, or a saturation of predation in the lddsted samples. The enrichment minus P
partly released the total phytoplankton growth friRimitation, allowing a positive growth
rate. Ratios betweeny or Lp and pnax for the nanophytoplankton indicate an independent
co-limitation by N and P. The negative growth ratéthe micro- and ultraphytoplankton, and
the non-linear relationship between their appageoivth rate and the dilution factor with the

enrichments minus N and minus P more likely suggesb-limitation by N and P (Table 3,
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Fig. S2A). In SB, ratios betwegny or pLp and pnax Of the total phytoplankton and of the
nanophytoplankton, as well as their non-linearti@hship between apparent growth rates and
dilution factors suggest a single N-limitation (Tal3, Fig. S2B). The higher growth rate of
microphytoplankton with the enrichments minus N ardus P compared wiiliax (Table 3)
suggests a co-limitation by N and P. Ratios betwgapor e and pnax for the

ultraphytoplankton suggest an independent co-ltmiteby N and P (Table 3).

In April 2014, the full enrichment with Nand PQ* resulted in an increase of the growth
rate of the nanophytoplankton by 62 % and 5 % ind#8 SB respectively. The non-linear
relationship between the apparent growth rate &eddilution factor indicates that other
fractions in the two stations may have been limdedpite the full nutrient enrichment (Table
3, Fig. S3). In NB, ratios betweeny or pp and pnax Of the total phytoplankton and of the
nanophytoplankton suggest a single P-limitatione Trhicrophytoplankton displayed an
independent co-limitation of N and P, which was enpronounced for P. The negating
andp.p of the ultraphytoplankton, and the relationshipagen their apparent growth rate and
the dilution factor in the enrichments minus N anithus P also suggest a co-limitation by N
and P (Table 3, Fig. S3A). In SB, ratios betwgegyor Lp and pnax Of the total phytoplankton
indicate a single N-limitation, while those of thano- and of the ultraphytoplankton indicate
a simultaneous and an independent co-limitatioNkand P respectively (Table 3, Fig. S3).
This is also supported by the non-linear relatigm&ietween their apparent growth rate and
the dilution factor that may highlight the use dher N and P resources to cope with the

nutrient limitation (Table 3, Fig. S3B).

In September 2014, the enrichment with {lind PQ® led to more than the doubling of the

growth rate of most of phytoplankton size classesB (Table 3), indicating a strong nutrient
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543 limitation. The microphytoplankton of NB displayéte highestimax Of the two communities
544  for the three bioassays. In SB, the full enrichmbat allowed a release from nutrient
545 limitation of the entire community, especially fahe ultraphytoplankton and the
546  nanophytoplankton (Table 3). In NB, ratios betwgeR or Wwp and pnax Of the total

547  phytoplankton and the three size classes sugglsard P co-limitation, that was serial for
548 the micro- and for the ultraphytoplankton, and meledent for the nanophytoplankton (Table
549  3). In SB, ratios betweenyor Lp and pnax Of the three size classes indicate an independent
550 co-limitation by N and P for the total phytoplanki@ serial co-limitation by N and P for the
551 nanophytoplankton and a simultaneous co-limitabgrN and P for the ultraphytoplankton

552  (Table 3, Fig. S4B).
553

554 4. Discussion

555 In this study, we aimed to describe functionaltsraif phytoplankton communities in Biguglia
556 lagoon submitted to a strong anthropogenic impactlifferent seasons with contrasting
557 environmental conditions, and the response of thesamunities to various forms of

558 nutrients inputs simulating nutrient pulses to pretheir impact on ecosystem functioning.

559
560 4.1.Functional traits of phytoplankton communities iesponse to environmental
561 conditions

562  Biguglia lagoon was globally strongly influenced fsgshwater inputs from the watershed
563 and from the connection with one of the main riirertCorsica in the south of the lagoon.
564 These freshwater inputs have contributed to mairdadow salinity that prevailed in the two
565  sub-basins during the year 2014, despite theimdishydrological dynamics. This freshwater
566 influence has led to the dominance of species adsdcwith brackish or fresh waters in

567  phytoplankton assemblages. Phycocyanin-rich picoalyacteria (PC-cyanos) and flagellates
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from the Dictyochophyceae, dinoflagellates, Chldwips, and Cryptophytes were the main
representative groups in the two stations at theethsamplings. Their size structure,
community composition and productivity illustrateeir functional responses to lagoon

variability.

Biguglia lagoon was principally enriched by highrogen inputs, especially during the wet
periods. Indeed, high nitrate inputs from a hugsdnical accumulation are carried to the
lagoon by groundwater flows during strong episaa@imfall events (Erostate et al., 2018).
The negative correlations, both between temperatugdenutrient concentrations, and between
salinity and ammonium concentration also suppaat fheshwater discharge was the main
source for nutrient enrichment in the lagoon at ttimee sampling periods (Garrido et al.,
2016; Pasqualini et al., 2017). The important griéations in November 2013 and Marsh
2014 (150.4 mm and 92.6 mm respectively, https:wmfoclimat.fr/, Station of Bastia
Poretta) explain the high NOconcentrations and high TN:TP and DIN:DIP valueghe
autumn and spring samplings. In contrast, low dvgsbinorganic nitrogen and phosphorus
concentrations were observed in September, alththglsummer period corresponds to the
most important period for the recycling of ammoniand phosphate in the lagoon (Collos et

al., 2003).

Phytoplankton cell size decreased with the decredsBIN availability, which may be
explained by higher uptake affinities of small selinder nutrient-limiting conditions
(Litchman et al., 2007). High nanophytoplanktonrbasses in Biguglia lagoon have already
been related to the availability of oxidized forwisnitrogen (Cecchi et al., 2016). In this
study, ultra- and nanophytoplankton biomasses wather positively related to RO

availability. Dominance of fast-growing pico- andnoflagellates can be frequent in shallow
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lagoons exposed to high nutrient loads and subdnittiecontinuous inputs of freshwater or
discontinuous floods. These nutrient loads allow rilease of the limitation of cells >3 pm
that can coexist with fast growing and highly cotitpe picoeukaryotes (Bec et al., 2011,

Coelho et al., 2015).

Nanoplanktonic dinoflagellates were particularlyuatant during the samplings in the wet
seasons (autumn and spring). We particularly oleseblooms (>10cells.*) of P. cordatum

in NB in November 2013, and ¢i. minimain SB in Decembe2013 and in NB in April
2014. Blooms of. cordatumare frequently related to high N:P ratios in cabstnsitional
ecosystems characterized by brackish waters (Joh26d.5), and to freshwater inflows that
cause low salinities and high nitrate concentrati@deil et al., 2005; Coelho et al., 2007;
Cecchi et al.,, 2016). Moreove?. cordatum and some Heterocaspa species have
demonstrated potential mixotrophic abilities, esgplecunder N- or P-starvation (Legrand et
al.,, 1998; Jeong et al.,, 2005; Johnson, 2015). gitesence of potential preys such as
picocyanobacteria, Cryptophytes and small diatomay nthus have stimulated their

development despite the potential nutrient limasati

Biomass of the microphytoplankton, mainly composedl Bacillariophyceae and
dinoflagellates in the three samplings, has beesitigely related to the high NO
concentrations. Indeed, pulses of N®@specially favor fast-growing diatordsrring spring
blooms in river-dominated coastal ecosystems (Rdael., 2010; Donald et al., 2011; Glibert
et al., 2015). They were generally most abundatihénnorthern basin, probably due to their
resistance to turbulent environments, their higimigy for nitrate, and the high freshwater

inputs (Garrido et al., 2016).
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Picophytoplankton (picocyanobacteria and picoeuidas) often represents an important
component of phytoplankton communities in brackeagoons. Particularly, phycocyanin-rich
picocyanobacteria have shown blooms after floodennbalinities achieved their minimal
values (Bec et al., 2011; Lafabrie et al., 2018)ab cells have physiological advantages that
confer them a high competitiveness to acquire asel nutrients under limiting conditions
(Raven, 1998). They are especially competitive iarmer waters and under low N-
availability as observed during the summer periBdc(et al., 2005; Leruste et al., 2016;
Domingues et al., 2017). Moreover, they are ables®nitrate, ammonium as well as organic
N-sources in a highly efficient way (Domingues &t 2011), and are hardly inhibited by
occasionally occurring high ammonium concentrati@allos and Harrison, 2014). Bloom of
picophytoplankton in summer coincides with highamegration process, and a dominance of
ammonium that picophytoplankton can preferentiakg, while diatoms and dinoflagellates
preferentially use N@, and are able to show high growth rate in nitratle- waters

(Domingues et al., 2011; Glibert et al., 2015; Retedl., 2016).

These competitive trade-offs may thus explain trapetitive exclusion of the larger cells by
the PC-cyanos in September. Shift between diatordsdaoflagellates to picophytoplankton
from spring to late summer frequently occur in tabsquatic systems with the shift of
available N forms, from N© (>88% of the DIN in the two stations in Novembesdeémber
2013 and April 2014) to NH (>85 % of the DIN in the two stations in SeptemB6a4)
(Glibert et al., 2015; Domingues et al., 2017). ld@er, ambient nutrient concentrations are
measures of the residual nutrients after biogeod#aractivity, and may not reflect the real
available nutrient concentrations for phytoplankgpowth. The bioassay experiments gave

further insights about the relationship betweenrthenctional responses to the nutrient
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availability. This especially specified which newmt was potentially limiting for

phytoplankton growth at the three sampling periods.

4.2. Phytoplankton behavior under induced nutrient latidn
Temperate coastal ecosystems generally displapisalashanges of nutrient availability and
limitation, characterized by shifts from a P-lintitem during the wet seasons after high
nitrate-rich freshwater inputs, to N-limitation thg the dry season (Lomas and Glibert, 2000;
Kemp et al., 2005). In contrast, we did not obséin® pattern in Biguglia lagoon, despite the
high DIN inputs from the watershed during the weasons, reflected by high TN:TP and
DIN:DIP" values. The results of the bioassay experimentg witen show a co-limitation by
N and P for the phytoplankton communities. Nevdets®® some size fractions were limited
by one of these elements alorgg.the nanophytoplankton of the NB station limitedRyn
April 2014, and the microphytoplankton of the SBtisin limited by N in December 2013. A
review showed that co-limitation by N and P in fester and marine ecosystems is more
common than previously thought (Elser et al., 200merestingly, the single limitation for
some size fractions within a co-limited communigysch as observed in SB in September
2014 may indicate niche differentiation. We alsseted that the phytoplankton in SB was
more often N-limited than in NB despite high DINMDtatios. Conclusions from the dilution
experiment should be drawn with caution, becausehations have been conducted on small
spatial and temporal scales. The responses of playtikton communities at these scales can
differ from the overall ecology of the entire ecsi®yn (Piehler et al., 2004; Reed et al.,
2016). However, these results support that ambiatrient ratios do not necessarily reflect
the availability of nutrients for autotrophic comnities, particularly because of the known
variability of nutrient stoichiometry of phytoplatdn. The communities of the two stations

showed the strongest simultaneous or serial cddtion by N and P in summer while in the
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wet seasons they showed single N- or P-limitatmmadependent co-limitation depending on
fractions. The figure 5 conceptualizes our obséatfor the three samplings, and links the
environmental specificities, the differences in commity structure and composition, with the

calculated growth rates and the observed N- anohiation.

Picocyanobacteria, dinoflagellates and other pHsitdgton groups have demonstrated
numerous ways to acclimate to temporally and varyir and P-limitation (Lin et al., 2015).
For example, luxury P& uptake prior to sampling for the bioassays coaldehprovided the
necessary intracellular P for phytoplankton growtluring the 24 h incubation.
Picocyanobacteria may have used high P-storaggiebithat could have allowed them to
maintain their bloom despite low P-availability (8kin and Dallocchio, 2008). Moreover,
they have shown high inorganic P-uptake efficieatlow levels of available soluble reactive
phosphorus (Collos et al., 2009). Alternativelye tiigh dissolved and particulate organic N
and P stocks in the sediment of Biguglia lagoon maye been used by the phytoplankton to
thrive despite low dissolved inorganic N- and PHadlity. Indeed, the very low dissolved
inorganic phosphorus concentrations at the thremplags may have stimulated the
production of alkaline phosphatase, allowing the ofsdissolved organic phosphorus (Piehler
et al., 2004; Lin et al., 2015). Moreover, high attfances of potentially mixotrophic species
amongProrocentrum HeterocapsaGonyaulaxand other genera, and idesodinium rubrum
(Collos et al., 2014; Fischer et al., 2016; John&{i15) have been observed during these
experiments. Mixotrophy is an advantageous behaligsponse under nutrient limiting
conditions, allowing cells to reduce direct comjpeti for inorganic nutrients (Jeong et al.,
2005; Mitra et al., 2014; Johnson, 2015). Hence,high abundances of picocyanobacteria,
physiologically able to cope with P-limitation, anfl potentially mixotrophic dinoflagellates

and nanoflagellates, could explain the N and Rroddtion of the communities despite high
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DIN:DIP ratios (Burson et al., 2016). Indeed, thebgsiological and behavioral capacities
may have offset an inorganic P-limitation, eithgrtbe ingestion of starving preys that may
benefit from the added inorganic nutrients, or igédlved organic substances. This may have
led to a N and P co-limitation rather than a siri@gdmitation (Burson et al., 2016; Fischer et
al., 2016). Mixotrophy is also stimulated by nuttidimitation, and would have been
particularly competitive in Biguglia lagoon durirtbe three sampling periods. This may
explain the bloom of the mixotrophMesodinium rubrun(Tong et al., 2015; Seong et al.,

2017) in the southern basin in the autumn and gmamplings (Fig. 5).

Autumn sampling

. . Independent N/P
Nutrient enrichment co-limitation

loss of
biomass e
Single N-limitation

Single P-limitation f\f’

Nutrient enrichment 2

I nano
growth

> rate
Single N-limitation ) Noy
N/P co-limitation D NH,
PO

Phycocyanin-rich
picycyanobacteria

® Picoeukaryotes

) Prorocentrum cordatum

Nutrient enrichment (., Heterocapsa minima

AAD Apedinella radians
all Independent or % Mesodinium rubrum
‘ growth serial N/P co- = Bacillariophyceae
rates limitation § Cryptophyceae

R Water temperature

@ Salinity

Fig. 5. Schematic representation of the environalermharacteristics, phytoplankton
community composition and their relationship withtnient availability during the three
bioassays periods in the two stations of Bigughigobn. For each sampling, the schematic
representation specifies the water temperaturesaheity, the freshwater influence, and the

35



706
707
708
709
710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

nutrients inputs whether they come from the watislor from the sediments. Main
phytoplankters are specified as pictograms. Phgtdqbn co-limitation by N and P is
inferred according to ratios between growth rateleunexperimentally induced N- or P-

limitation and maximal growth rate (see Results).

4.3. Assumptions about responses of phytoplankton cortiesuto a nutrient pulse
Bioassay experiments can provide valuable insigiisut relationship between nutrient
dynamics and phytoplankton physiological respon3éss can simulate a nutrient pulse,

helping to predict algal-based expression of ednicgiion (Xu et al., 2012).

The composition of nutrient enrichments used atttliee sampling periods was based on
previous studies and assumptions about ecosystantidning, and may have not always
reflected the real environmental conditions or thatential nutrient pulses threatening
Biguglia lagoon due to its high variability. Themerichments may thus have not always been
the most suitable to involve an optimum responsthefphytoplankton communities. Hence,
the addition of the full enrichment has not alwallswed the estimation of maximal growth
and mortality rates probably because the underlgisgumptions of this method were not
always fulfilled. For almost the half of the framtis (11 out of 24) the relationship between
the apparent growth rates and the dilution factas won-linear. Non-linear trends may
indicate microzooplankton feeding threshold or s#tan depending on the curve pattern
(Chen et al., 2014). Indeed, the shape of somleesktplots (Fig. S1, red lines) may indicate a
strong nutrient limitation and suggests the useotbier nutrient resources such as those
regenerated through cell lyses, grazing and mizetadn that increase with the proportion of

undiluted sample (Andersen et al., 1991).
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The responses of the phytoplankton communitieshéo rtutrient enrichment in the three
bioassays have reflected contrasting environmettakerability of Biguglia lagoon to short-
term nutrient enrichment. Nutrient limitation caawvie many indirect effects on phytoplankton
productivity, e.g.a modification of the internal cell stoichiomethat changes its nutritional
quality and modify predation rates (Harpole et 2011). In November-December 2013, the
addition of the full enrichment comprising a mix@wf nitrate and ammonium (10 uM each)
seems to have had a negative impact. In certagscasnmonium can negatively affect nitrate
uptake and assimilation, especially in nitrate-doated systems (Domingues et al., 2011,
2017), and particularly for dinoflagellates, theade ammonium-tolerant group (Collos and
Harrison, 2014). Hence, the addition of ammoniunemvinitrogen was mainly available as
nitrate, and dinoflagellates were the most abundaay have inhibited its uptake and led to a
decrease of growth rate (Dodds and Whiles, 201i@e@let al., 2015). As nutrient addition is
expected to increase limitation by other resoureesegative response may also reflect
strongly constrained N:P stoichiometry. This is gegjed by high TN:TP and DIN:DIP
values. Rather than re-equilibrating these ratimgirient addition may have led to an
exacerbated internal stoichiometric imbalance airid P nutrients with negative impact on

phytoplankton growth (Harpole et al., 2011).

In general, the phytoplankton maximal growth rdt@owed a predictable seasonal trend,
with minima in autumn and maxima in summer. Thelsanges are correlated with water
temperatures and photoperiods length, providing emtavorable growth conditions in
summer. Lower temperatures and light availabiltyautumn may have altered the uptake rate
of phytoplankton (Dodds and Whiles, 2010; Domingetal., 2011; Reed et al., 2016). This
is also consistent with the community composititre picophytoplankton dominating the

community in September potentially having highesvgh rate than the nanophytoplankton
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dominating the autumn and spring samplings (Bed.eR011). Phytoplankton was thus more
reactive to a nutrient addition during the summessen when the nutrient demand is the
highest. This suggests that Biguglia lagoon isrigst vulnerable to nutrient inputs during

summer.

Conclusion

Experimental enrichments bioassays are particulappropriate to explore cause-effect
relationships between nutrient availability and goipjankton dynamics, which can reflect the
vulnerability of the whole ecosystem. This is arpaortant issue for managers to draw up
appropriate nutrient loading budgets, and to helgluating the efficiency of subsequent
nutrient reduction strategies. In our study, N ispyarticularly N@ during the wet periods
and NH," in summer, stimulated phytoplankton growth in Rjlia lagoon emphasizing the
need to mitigate these inputs. The phytoplanktomroanity was strongly influenced by
freshwater and nutrients inputs that have led tber@int physiological and behavioral
responses over seasons. During autumn and sprgigDhN:DIP ratios have been associated
with blooms of potentially harmful dinoflagellategshich are increasingly observed in

Biguglia lagoon.

The absence of a significant positive effect of émeichment could be explained through
several hypotheses. The first is the presence fiitismt amounts of dissolved inorganic
nutrients in the water column to sustain the phigiolton growth during the incubation time.
The second could be a more intensive use of o#smurces than the external pool, such as
internal or regenerated inorganic nutrients. Thedtltould be a strong competition for
available nutrient with the bacterial communiti€d.increasing concern is thus the potential

for organic nutrients and high abundances of sqmalys to promote mixotrophic species,
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some of which are potentially harmful. It would ingportant to quantify the availability of
dissolved organic nutrients and its effect on pplokton growth and trophic modes. This
should be linked with a study about the interacbetween phytoplankton and bacteria, such
as competition for organic and inorganic availailgérients. The impact of bacterial activity
on the available nutrients stocks has also to Ipoead. Indeed, bacterial communities can
play an essential role in nutrient cyclirggg. through the remobilization of organic matter,
leading to a tight phytoplankton-bacterioplanktoeugling (Caroppo, 2002). The possible use
of external, internal and regenerated N and P paslsvell as the mixotrophic abilities of the

phytoplankton communities also need to be studied.
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7. Supplementary material

Table S1. Net growth rategl) measured in incubations without enrichment ancimal
growth {Umay and mortality ratesgj subsequently calculated using full N and P emnieht in
the two NB and SB stations of Biguglia lagoon. \ésuvere estimated according the linear
Landry and Hasset (1982) equation. This model leas lcompared to alternative models by
mixed-effect multiple linear regressions of appargmowth rates, based on ClHd
concentration from dilution experiments. The pamiyof the different models was checked
by the AIC criterion. The linear model was only egted when it presented a delta-AI€2
with respect to the most parsimonious model (sethdts). AIG-w describe the strength of
explanation by the model of the modef: Roefficient of determination. Thgo:max ratio
reflects the impact of the nutrient enrichment be phytoplankton growth (1: no effect; O:
high enhancement of growth), highlighting the rentilimitation under natural conditions.
*** p-value <0.001, *p-value <0.01, p-value <0.05.

Stations Samplings Fraction dlo Hmex d N AICc AAICc AICc-w R?  Ho:Hmax
(d%)

NB Nov - Dec 2013 Tot 045 <0 062 8 115 145 0.33 0.31. <0
Micro <0 <0 145 7 371 6.05 0.04 -0.05 -

Nano 0.37 046 026 8 6.4 354 0.13 0.10 0.79

Ultra 09 <0 18 8 247 0.00 0.55 0.45* <0

April 2014 Tot <0 025 <0 7 14 425 0.10 0.19 <0

Micro <0 0.24 101 8 24.0 239 0.19 0.13 <0

Nano 113 183 028 8 -52 0.00 0.50 0.53* 0.62

Ultra <0 <0 043 8 99 226 0.21 0.23 -

September 2014T ot 064 178 030 9 -107 0.00 0.68 0.64** 0.36

Micro 184 340 057 9 32 0.00 1.00 0.58* 0.54

Nano 160 270 057 9 -41 0.00 1.00 0.76** 0.59

Ultra 051 112 045 8 220 0.86 0.39 0.48* 0.45

SB Nov - Dec 2013 Tot 048 041 069 10 1.7 0.00 0.54 0.65** 1.19
Micro 1.12 045 112 9 453 4.40 0.09 -0.09 2.48

Nano 1.17 0.90 0.50 10 20.3 2.62 0.18 0.05 1.30

Ultra <0 014 110 8 93 0.00 0.93 0.70** <0

April 2014 Tot 0.17 019 <0 7 151 5.18 0.07 0.08 0.92

Micro - - - - - - - - -

Nano 191 200 0.83
Ultra <0 0.01 <O

12.8 0.37 0.33 0.59* 0.95
14.3 4.46 0.09 -0.01 <0
September 2014T ot <0 179 0.16 -21.1 0.45 0.44 0.88** <0
Micro  0.39 10.08 0.39 27.9 4.80 0.05 -0.09 0.04
Nano 142 323 114 10 116 0.69 0.40 0.65** 0.44
Ultra <0 087 <0 10 96 0.67 0.32 0.38* <0

© N|0
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Fig. S1. Apparent growth rate as a function ofdhetion factor in bioassays with full N and
P enrichment in NB and SB station of Biguglia lagao (A) November-December 2013, (B)
April 2014, and (C) September 2014. From the leftthe right, total phytoplankton,
microphytoplankton >20 um, nanophytoplankton betwe® and 20 pm, and
ultraphytoplankton <5 pm. The line correspondslinear equatioR(X) = Pmax— gX, With k

the apparent growth rate, x the fraction of undilutéaington, umax (@s Y axis intercept) the
maximum growth rate, ang the grazing rate. Blue lines highlight when theeér model

best-fitted the relationship between the apparemwt rates and the dilution factors.
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Table S2. Net growthu(y) and mortality ratesg) subsequently calculated using enrichment

minus N in the two NB and SB stations of Bigughgdon. Values were estimated according

the equations from Andersen et al. (1991). Thealimeodel has been compared to alternative

models by mixed-effect multiple linear regressiofi@pparent growth rates, based on €hl

concentration from dilution experiments. The pamiynof the different models was checked

by the AIC criterion. The linear model was only egted when it presented a delta-Al€2

with respect to the most parsimonious model (sethtis). AIG—w describe the strength of

explanation by the model of the modef: Roefficient of determination. *-value <0.001,

** p-value <0.01, p-value <0.05.

Stations Samplings Fractionu.y g n AIC, AAIC, AICw R,
(d?)
NB Nov - Dec 2013 Total <0 0.19 8 -5.3 1.75 0.30 0.28
Micro- <0 1.70 6 - - - -0.13
Nano- 0.62 0.29 8 -9 0,00 0.93 0.70**
Ultra- <0 1.82 8 24.7 0,00 0.55 0.45*
April 2014 Total 0.51 0.71 9 -5 0,00 1,00 0.84***
Micro-  1.59 2.57 8 19.4 0,00 0.93 0.70**
Nano- 1.95 0.83 10 -6.1 0,00 1,00 0.86***
Ultra- -1.59 0.13 8 - - - -0.03
September 2014Total 0.86 0.71 10 -1.3 0,00 0.99 0.73*
Micro- 1.78 0.55 9 10 0.02 0.50 0.33.
Nano- 1.77 0.99 10 12.6 0,00 0.93 0.56**
Ultra- 0.51 0.73 9 1.3 0,00 0.98 0.73*
SB Nov - Dec 2013 Total 0.26 0.39 10 -9.7 0,00 0.98 0.65**
Micro- 1.09 2.14 9 35.8 0.38 0.45 0.30.
Nano- 0.78 0.15 9 - - - -0.08
Ultra- 1.85 0.82 10 3.1 0,00 0.99 0.69**
April 2014 Total 0.06 0.03 9 - - - -0.14
Micro- - - - - - - -
Nano- 1.64 0.42 10 - - - 0.08
Ultra- 0.10 0.50 9 4.1 0,00 0.71 0.45*
September 2014Total 0.28 1.06 10 1.2 0,00 1.00 0.83***
Micro-  9.80 1.11 10 8.7 0,00 0.99 0.70**
Nano- 1.58 1.01 10 -3.6 0,00 1,00 0.87***
Ultra- <0 1.25 10 7.1 0,00 1.00 0.78***
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1103  Table S3. Net growthu(p) and mortality ratesgj subsequently calculated using enrichment
1104 minus P in the two NB and SB stations of Bigugéigdon. Values were estimated according
1105 the equations from Andersen et al. (1991). Thealimaodel has been compared to alternative
1106  models by mixed-effect multiple linear regressiofi@pparent growth rates, based on €hl
1107  concentration from dilution experiments. The pamimof the different models was checked
1108 by the AIC criterion. The linear model was only @gted when it presented a delta-AlI€2
1109  with respect to the most parsimonious model (sethis). AIG—w describe the strength of
1110  explanation by the model of the modef: Roefficient of determination. *#-value <0.001,
1111  ** p-value <0.01, p-value <0.05.

Stations Samplings Fraction pp g n AIC, AAIC. AIC-w R?
(d?)
NB Nov - Dec 2013 Total 0.30 0.24 9 -1.9 1.16 0.36 0.24
Micro- <0 <0 10 - - - -0.12
Nano- 1.13 0.44 10 1.9 0,00 0.74 0.40*
Ultra- <0 <0 10 - - - -0.12
April 2014 Total 0.07 0.41 8 1.9 0,00 0.65 0.50*
Micro- 1.01 1.46 4 - - - 0.27
Nano- 1.54 0.44 8 8.2 1.35 0.34 0.31
Ultra- <0 0.53 6 7.4 1.14 0.36 0.71*
September 2014Total 1.03 0.24 10 -4.8 0.15 0.48 0.26 .
Micro- 2.24 0.58 10 12.3 0.01 0.50 0.27
Nano- 2.13 0.29 10 -5.2 0,00 0.67 0.37*
Ultra- 0.52 0.31 9 -0.1 0.12 0.49 0.32.
SB Nov - Dec 2013 Total 0.53 0.78 10 -0.6 0,00 1.00 0.75***
Micro- 1.05 2.65 9 25.7 0,00 0.95 0.65**
Nano- 1.07 0.48 10 3.5 0,00 0.74 0.40*
Ultra- 2.02 0.83 10 5.2 0,00 0.98 0.65**
April 2014 Total 0.26 0.57 9 -9.5 0,00 1.00 0.86***
Micro- - - - - - - -
Nano- 1.64 0.52 9 3 0,00 0.83 0.53*
Ultra- 0.34 0.69 9 -7 0,00 1.00 0.87**
September 2014Total 1.34 0.03 9 - - - -0.14
Micro- 11.72 -0.17 10 - - - -0.06
Nano- <O 2.45 8 - - - 0.15
Ultra- <0 0.19 9 -4.6 1.65 0.30 0.19

1112
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Fig. S2. Apparent growth rate as a function of diletion factor in bioassays with full FH
enrichment minus N and minus P, in the NB (A) ai(B) stations of Biguglia lagoon in
November-December 2013. From the left to the righligtal phytoplankton,
microphytoplankton >20 um, nanophytoplankton betwe®& and 20 pm, and
ultraphytoplankton <5 pm. The line correspondsh ltnear equatioR(x) = 1 — gx, with k
theapparent gross growth rate, x the fraction of undd planktonp (as Y axis intercept) the
gross growth rate, arglthe grazing rate. However, we assume that thisetnmach not best-fit
the relationship between apparent growth rate aaction of undiluted plankton in nutrient

limiting conditions, due to the potential use deahative resources (Andersen et al., 1991).
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Fig. S3. Apparent growth rate as a function of dilation factor in bioassays with full F
enrichment minus N and minus P, in the NB (A) al(B) stations of Biguglia lagoon in
April 2014. From the left to the right, total phptankton, microphytoplankton >20 pm
(absent in SB), nanophytoplankton between 5 angdr@Pand ultraphytoplankton <5 pm. The
line corresponds to the linear equatigr) = 4 — gx, with k the apparent gross growth rate, x
the fraction of undiluted planktomp, (as Y axis intercept) the gross growth rate, grttie
grazing rate. However, we assume that this modelnod best-fit the relationship between
apparent growth rate and fraction of undiluted ktan in nutrient limiting conditions, due to

the potential use of alternative resources (Andeetal., 1991).
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Fig. S4. Apparent growth rate as a function of dilation factor in bioassays with full H
enrichment minus N and minus P, in the NB (A) aml(B) stations of Biguglia lagoon in
September 2014. From the left to the right, totaltpplankton, microphytoplankton >20 pm,
nanophytoplankton between 5 and 20 pm, and ulttaplankton <5 pm. The line
corresponds to the linear equatikfx) = pu — gx, with k the apparent growth rate, x the
fraction of undiluted planktory (as Y axis intercept) the growth rate, anthe grazing rate.
However, we assume that this model can not besiditelationship between apparent growth
rate and fraction of undiluted plankton in nutriéntiting conditions, due to the potential use
of alternative resources (Andersen et al., 1991).

54



