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Abstract :

We conducted a mesocosm study to investigate the combined effect of organic enrichment and
sediment resuspension by shrimp on phytoplankton communities in shrimp aquaculture ponds. Hence,
the factorial design included two factors, i.e., (i) shrimp density with a concomitant increase of feed input
resulting in organic enrichment and (ii) with/without access of shrimp to the sediments. Increasing feed
input in the system raised the eutrophication state of the environment characterized by an increase in
phytoplankton biomass. Bioturbation enhanced (i) mineralization of organic matter via the microbial
loop, resulting in faster nutrient recycling, (i) an increase of primary production, and (iii) buffering
capacity against eutrophication consequences. The phytoplankton community showed both large
temporal variations of its taxonomic composition and resilience to treatments. A shift in species
dominance from Diatoms + Dinoflagellates to green algae was observed in all treatments and coincided
with meteorological and N pool changes. Results suggested that algal production was primarily limited
by phosphorus and light at low (i.e. low feeding) and high (i.e. high feeding) eutrophication states,
respectively. Growth rate appeared as an important factor of dominance in this highly dynamic
ecosystem. Consequences for water column management are discussed.

Keywords : Aquaculture, Litopenaeus stylirostris, Phytoplankton communities, eutrophication,
bioturbation
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Introduction

Shallow marine environments are primarily definedtheir high ratio of sediment surface
area to water voluméV(cGlathery et al., 2007 These features add complexity on how the
system responds to eutrophication particularly thu@ strong benthic-pelagic coupling. In
shallow eutrophic areas, organic matter loading eahance sediment respiration and the
release of nutrients into the overlying water catutimat sustain part of the primary producers
growth and production(loern, 2001; Porter et al., 201 utrophication may also promote
the proliferation of certain species, some of whithy often cause harm through the
production of toxins Heisler et al., 2008; O'Nell et al., 2012; Paert atten, 2018 a
phenomenon known as harmful algal blooms (HAB). rEvfethe different processes and
effects of eutrophication are well known and docoted (e.gCloern, 200), the effects on
phytoplankton community are not easily predicta@@ehmoker et al., 20)6especially in
shallow environment. In these areas, wind and sevants, tides, waves, wave-current and
bioturbation are involved in the dispersal of seshtnparticles leading to an increase of the
turbidity in the water columrReduction of light availability may become a limgjifactor for
primary production, with possible consequences dytgplanktonic communities and
productivity (Rochelle-Newall et al., 2011There is also evidence that all these physical
processes enhance nutrient flux from sedimenttimtowater column (e.gdaven, 1991that
may also affect phytoplankton biomass and commositiavens, 1993; Porter et al., 2010
Due to the complexity of the processes involved smdhe uncontrollable variability end
feedbacks, it is difficult to discriminate the farg influencing water eutrophication within
natural shallow ecosystems framsitu measurement$orter et al., 2010

Outdoor shrimp aquaculture ponds are artificialineasystems that are shallow (< 2 m) and
highly eutrophic associated with elevated nutrieputs. These systems show low diversity,

and simplified trophic chains, where phytoplankpdays a pivotal role in the flow of energy



and nutrients, due to their high abundance, efficieutrient uptake and high productivity
(Burford, 1997. Phytoplankton cell proliferation linked to ineseng inputs of nutrients
through feeding has been widely analysed (Egsé et al., 2008 Temporal changes of
dominant species due to dynamic variations of gnofactors such as light, temperature,
substrate supply (inorganic and organic nutriemiggdation and virus infection have also
been reportede(g. Burford, 1997; Casé et al., 2D0According to the ecological theory of
r/K selection, an unstable environment in pond aiomtg high nutrient levels is particularly
favorable to select for fast-growing organisms ppastunistic pathogen$¢ Schryver and
Vadstein, 201 This lack of stability linked to an imbalancetime N:P ratio may promote
the development of toxic algal species stresstusifoimp, playing directly or indirectly a role
in disease outbreaks in shrimp aquaculture pondéeim Caledonial(emonnier et al., 2006;
Lemonnier et al., 2010; Lucas et al; 2010; Lemoneial., 201h

However, while the role of phytoplankton in mainiag water quality in tropical shrimp
ponds has been studied in the field by severaloasitk.g. Burford, 199y few studies have
been conducted to distinguish the role of the obffié factors involved in the control of the
phytoplankton community and dynamic. "Stocking digtisdefined as the number of animals
per unit area, is one of the most important factBi@sing shrimp stocking density in ponds
requires increased organic matter input for shrieguling. As a result, more waste — mainly
faeces and unconsumed feed pellets — is produszdinly to an increase of the eutrophication
level of the pond ecosystenVigrtin et al., 1998; Bouwman et al., 2013he nutrients,
produced through organic matter degradation oret@drby shrimps, are rapidly assimilated
by phytoplankton. This results in low concentrasioof inorganic nutrients in the water
column @urford and Williams, 2001; Burford et al., 2003Moreover, shrimp act as

bioengineers in ponds and have large physical aogebchemical impacts on sediment



through their bioturbation. Therefore, any modificas of shrimp stocking density will affect
processes linked to the bioturbatightvo et al., 1997; Ritvo et al., 2004; Joyni ef 2011)

Due to the complexity of physical and biologicabgesses in the field, it is difficult to
distinguish the effect of each forcing variable gimytoplankton community, function and
dynamic. To overcome this difficulty, we set upiigcontrolled experiments in mesocosms.
This paper reports the results of an experimenthich i) different densities of shrimp with
their corresponding amounts of feed inputs andddess/no access to sediment were studied
according a factorial approach to disentangle ffexis organic matter input by feeding from
the effects of shrimp activity on sediment by brbation. Because few studies address both
changes to perturbation in composition and in finetity, making the generalization of
patterns difficult logales et al., 20)1phytoplankton communities were followed through
flow cytometry (FCM) and spectrofluorometry, in séorelationship with the biogeochemical
functioning of the water column. The aim of thiswas to improve our knowledge of
phytoplankton ecology in outdoor pond aquacultund, anore generally, in eutrophicated
ecosystems. By improving our knowledge in this djelthis should facilitate the
implementation of technical measures, to incredBeiemcy in recycling waste produced

during rearing and limit the risk of growth of hduhspeciesVibrio spp., harmful algae...).

2. Materials and methods

2.1. Experimental set-up

The mesocosm experiment was conducted over a 44dagd from 7 November to 21
December 2011 at the Saint-Vincent aquaculturearekecentre, located on the west coast of
New Caledonia (South Western Pacific — 21°55'36166°05’04 E). Sixteen cylindrical
polyethylene tanks, each with an effective volurhalmout 1600 | and a surface area of 1.72

m2, were used in an outdoor area. The bottom df easocosm was filled with a 20 cm thick



layer of dry and natural sediment. The sediment e@kcted on salted and unvegetated
intertidal zone between mangroves and agricultlaradl, which is where shrimp farms are
generally located in New Caledonia. Sediment gsae was predominantly within the silty
clay fraction and sediment organic content wasweél®. Each tank was filled with sea water
(0.8 m depth) pumped from the nearby bay (called "thaccessible" bay) and previously
filtered through a 4 mrfilter.

We crossed different densities of shrimp (D) witlcess or no access to sedimeritg$in a

2 x 2 factorial experiment run in triplicate. Englmes preventing access to the sediment (S)
were constructed with netting (mesh: 1.5 cm) ancevpesitioned in tanks about 20 cm from
the sediment. These enclosures prevented shrimp daressing the sediment and thus from
feeding on the benthic community and acting asubbattors of the sediment. However, they
did not alter sedimentation and water-sedimentienitexchanges to occur. The tanks were
stocked withLitopenaeus stylirostris juvenile shrimp, the species commonly reared invNe
Caledonia, at 4 shrimp fr(D4 for low density) or at 12 shrimp (D12 for high density).
The weight of each individual was 9.0 + 1.5 g amel $tocking density at the beginning of the
experiment in D4 and D12 tanks was about 37 andglrti3, respectively. D12 was designed
to mimic the density generally found in shrimp agpture ponds in New Caledonia.
Throughout the experiment, shrimp were fed twickg using feeding trays with commercial
pellets with 35-40% protein content. The mean di&Bd input was 1.3 g fnand 3.8 g i,
representing a total feed input over the 44-dayesrpent of 50 and 150 g fnfor D4 and
D12, respectively.

Four combinations were thus tested in triplicatiocated randomly to the 12 tanks: (1) high
shrimp density + access to the sediment (D},2@) high density — access (DIPE3) low
density + access (D45 (4) low density — access (D3SFour other tanks without shrimp

were used as controls, two without enclosure (PG®id two with enclosure (DOS The



water was renewed daily in each tank by pumpingewitbm the nearby bay (hamed the
"Inaccessible” bay), at 20% + 3% of the total votuas generally applied in shrimp farms.
The inner walls of the tanks were cleaned twiceklye® reduce the effect of periphyton
biomass and production on the experimental systenen and Kemp, 2004At the end of

the experiment, all shrimp were harvested so asatoulate the survival rate, mean final

weight, biomass produced in each tank.

2.2. Sampling anth situ measurements

Photosynthetically active radiation PAR (~ 400 -070m) was measured 1 m above the
mesocosms with a 1 s step and averaged each day aidil-COR quantum sensor and LI-
COR Li1400 data logger. Daily rainfall data wereasered at proximity of the experimental
facilities (< 100 m) and obtained from the localatveer forecast service (Météo-France,
Nouméa). Water temperature was automatically amdiracously monitored with a 1 h step
randomly in five tanks using thermo buttons (Propiss). In 8 tanks (two per treatment
D12S, D12S, D4S and D49, an automatic system associated with an YS| g&@be
provided continuous and hourly measurement of whffe parameters in the water column
(salinity, temperature, fluorescence and turbiditiiscrete measurements of salinity,
dissolved oxygen (DO) and temperature were alscenma@ach tank every morning (08:00)
using a portable conductivity meter (WTW cond33@ielheim, Germany) and an oxygen
meter (WTW 0oxi330i, Welheim, Germany). Twice a weekhe morning (08:00), tank water
was sampled at 50 cm below the water surface usi@g HCI-rinsed black polyethylene
bottle to monitor the phytoplankton communities awdhlyse various parameters including
pH, fluorescence, turbidity, nutrients and organatter. Due to the shallowness of the tanks,
this single water sample was representative oéthige water body, as tested in a preliminary

experiment (unpublished data).



2.3. Laboratory analyses

Immediately after water sampling, pH, fluorescenaed turbidity were measured in sub-
samples using a pH meter WTW pH315i (Welheim, Geayhaand an Aquafluor TM
Handheld fluorometer (Turner Design, USA). Watenpkes were then filtered through the ~
0.7 um pore size GF/F Whatman filter and sub-sadhfglethe different analyses.

Chemical analyses. Ammonium (NH™) and soluble reactive phosphorus (SRP) analyses we
carried out immediately on fresh water samplesJemtie other nutrients were measured on
frozen samples. Ammonium was analysed following @rasshoff and Johannsen, (1972)
method and SRP were measured in accordance witmahgdenum blue reaction described
by Murphy and Riley (1962)Nitrate and nitrite [(N@+NOs)-N] (NOx), were determined
using standard colorimetric techniques on a Brdruebbe AutoAnalyser II[[Raimbault et
al., 1990) Silicates were analysed only 5 times (d1, d11,d® and d39) during the
experiment, as previously describedMuyllin and Riley (1955) Dissolved organic nitrogen
(DON) was analysed following oxidation proceduresaéded byRaimbault et al. (1999)
Pre-oxidation dissolved inorganic nitrogen (DIN)ncentrations were subtracted from the
post-oxidation total dissolved nitrogen (TDN) conitation to derive the DON

concentrations.

Fluorometry. To analyse the Chlorophyl(chla) concentration in the water column, 25 to 50
ml water samples were filtered through Whatman GH#rs and then stored frozen (-20°C)
until they were analysed. Chlorophglland pheophytia concentrations were determined in
methanol extract before and after acidificationngsa fluorometer (Model TD700, Turner

designs, Sunnyvale, CA, USA) using the method desdbyHerbland et al. (1985)



Flow cytometry. Water column subsamples (1.5 ml) were preserved Wb Glutaraldehyde
(final concentration) and stored in liquid nitrogeending flow cytometric analys{¥aulot et
al., 1989) Samples were defrosted at ambient temperatursargbquently analysed using a
FACSCan flow cytometer (BD-Biosciences, San Jogg, €juipped with an air-cooled argon
laser (488 nm, 15 mW). Methodology and data analysed in this study are fully described
in Lemonnier et al. (2016)Based on cellular RALS and fluorescence propgriseveral
populations were conventionally distinguished (elgicas et al., 2000 two distinct
Synechococcus populations and five eukaryotes groups. The twaog@ianobacteria

populations (Syn) were pooled in a single group.

Soectrofluorimetry. Water samples (0.2 1) were filtered onto 47 mmiFSiiters and stored at
-80°C until analysis. Chlorophyll pigments wereraxted in 95% acetone and analysed by
spectrofluorometry with a Perkin Elmer LS55 spdtimometer following the method
described in Neveux and Lantoine (1993)and using qualitative and quantitative
improvements described irenorio et al. (2005andNeveux et al. (2010) Determination of
the different pigments was implemented from the ZBLxexcitation-emission matrix (806
fluorescence data) by the PARAFAC methaddjani et al., 200y adapted for pigments by
Chevalier (com. pers.). Concentrations (in figfor chla, chlb, chl 1+c2), chlc3, divinyl-
chla (dv-chl a) were estimated using external standards provioledDHI® Water and
Environment (Denmark). Chlorophyél was used as proxy for phytoplankton bulk, and the
other chlorophylls provided information on the camspion of phytoplankton communities

(Roy et al., 2011

2.4, Contribution of each taxa to Tehl
The chla associated with picocyanobacteria (ehloyand Was estimated using FCM counts

and a chla content of 0.94 pg céll (Lemonnier et al., 2096 The chla associated with



chromophytes and green algae (@@l,) was calculated by subtracting the @hkocyanofrom
Tchl a. A strong correlation (r = 0.99, n = 132) was obed between chéc., and chl
(ci+¢) for samples containing less than 0.5 @t chl b, leading to a mean ché.&c,)/chl
ac+p) ratio of 0.183 [fig. S1). Using this ratio and concentration of cli+c,), the chla
associated with chromophytes (chl)awas estimated in all the samples. Chloroplayll
associated with diatoms and dinoflagellatesagd:+dino)was calculated from chlgminus chl
alinked to cryptophytes and haptophytes. Since pglagtes and chrysophytes have never or
rarely been described in environments such as ghponds in New Caledoniaémonnier et
al., 2019, these taxa were not taken into account in oloutations. The contribution of
haptophytes (chdyapto) Was calculated using a ctB/chl a ratio of 0.161 recently found for
shrimp pondsl(emonnier et al., 20)6while chla associated with cryptophytes (Gqtrypy)
was estimated using FCM counts and aachbntent of 1.35 pg céll(Lafarga-De la Cruz et
al., 2006; da Silva et al., 200%inally, the chla attributed to green algae clitnioro) Was

equal to chb+p) Minus chla), as calculated above.

2.5. Water column metabolism and Daily N budget

2.5.1. Metabolism

Oxygen fluxes in the water column were measurdayitt and dark incubation bottles. These
bottles (300 ml) were made of borosilicate glasd had been soaked in dilute HCI (1%
vol/vol) for several days before the measuremenit® bottle were rinsed and filled with
water taken from the tanks at 50 cm below the serféncubation was carried out in 8 tanks
at mid-depth (two per treatment for DI2$12S, D4S and D4S. Oxygen sensor spot
method was used to follow oxygen as described/arkentin et al. (2007 SP-PST3-PSUP-
YOP-D5 oxygen sensor spots, also known as planardep (Presens GmbH, Regensburg,

Germany), and a fibre-optic oxygen meter (FiboR&sens GmbH) were used for this study.



Oxygen fluxes were assessed from the time coursayafen between 9 a.m. and 1 p.m. with
a 1 hour time step. Total Respiration (R) and Nem&y Production (NPP) rates were
deduced from the DO variations in the dark andtligbttles respectivelyBender et al.,
1987) Gross primary production (GPP) represented theduhe rate of R and NPP:

GPP (umolO2th') =R + NPP (Eq. 1)

2.5.2. Daily N budget
To calculate the total phytoplankton N demandp&bktometry of 6.6 between daily GPP and
daily phytoplankton N demand was used followtgmm and Morgan (1996)
N demand (umolN1day?) = (GPP x 12)/6.6 (Eq. 2)
We hypothesize that phytoplankton daily N demand sugported (1) by the N pool excreted
by shrimp and (2) by the internal N pool produckotigh mineralization processes in the
water column assuming that the nitrogen input Igweed water was negligible.
(1) Daily N input excreted by shrimp was deriveohfrfood, followingEbeling et al. (2006)
Daily N input (umol t day*) = ((daily feed input x PC x 0.144) /14)/V (EQ. 3
where daily feed input is in pgNfrday’, PC represents protein content in feed (45% & thi
study) and V is the volume of the tank.
(2) Potential N mineralization () was assessed using daily heterotrophic respirédRg.y),
deduced from total respiration (R) and correctenimfrphytoplankton basal respiration.
Phytoplankton basal respiration was fixed at 20%affy GPP following.angdon (1993)
Rnet (Mol It day’) = R x 24 - 0.2 x (GPP x 12)  (Eq. 4)
Heterotrophic respiration was used to obtain théeemal N mineralization following a
stoichiometry of 6.6 between,@onsumption and N mineralizatig@hapelle et al., 2000)

Nimin (LMol I* day’) = Rwe/6.6 (Eg. 5)



Daily N budgets refer to the difference between #ssimilation by phytoplankton and
production by shrimp excretion and potential mihization. A correction was applied to this
budget to take into account of the daily water excgje (Eq 6).

Daily N budget (umolt day') = (Daily N input + Nuin — N demand) - 0.2 x [NH]

(Eq. 6).

2.6. Statistical analyses

Results are presented as means * standard devigdidn). Statistical comparisons of
experimental data were carried out using XLStalvere 2011 (Addinsoft, Paris, France), at
each sampling date by a two-way analysis of vaga@dNOVA), with shrimp density (D)
(two or three fixed levels — function of the datt)sand with or without access to the
sediment (S) (2 fixed levels) as major sourcesasfamce(Scherrer, 1984)Data were first
checked for normal distribution and homogeneityvafiance using the Shapiro-Wilk and
Bartlett’'s tests, respectively. If data were notmally distributed, they were transformed for
normality using log-transformation, square rootmsine transforms. If data did not meet the
test criteria after appropriate transformationsmparisons were made using the non-
parametric Kruskal-Wallis test. Differences werensidered significant for p < 0.05. For
analysis, data were grouped within 2 periods adogrtb climatic conditions: day 8 to 18
(period A) and day 29 to 43 (period B); mean valtmseach response variable in each
mesocosm were calculated over each peftean data were transformed for normality and
submitted to a repeated-measures analysis of wariarodel where period was the two-level
repeated-measures variable and the treatmentstylamsi access to sediment were the two
main factors. This procedure was used to explorgomiiends in the phytoplankton

compartment over the entire course of the experimen



3. Results

3.1. Survival and growth of shrimp

Survival rates of shrimp at the end of the expenihtanged between 81 and 95% and were
not significantly different between treatmenisfle S1two-way ANOVA test). Inversely,
the final weight varied between treatments from10.2, 12.3+ 1.1, 145+ 0.4 and 16.1 £
0.5 g in D12S D4S, D12S+ and D4Bespectively. The growth was significantly higher i

thanks with low shrimp density (D4) and with accessediment (3.

3.2. Environmental conditions and physico-chemical parameters

The experiment was marked by two significant pesidg. 1). The first period (A) was a dry
and cool period with mean water temperature arartiC and mean daily incident PAR
around 650 umol fis'. The second period (B) was rainy and hot, withearease of
temperature at the end of the experiment. Raindetiost continuously, with three peaks
centred on days 29, 34 and 39. This period brodgitt mm of rain in two weeks,
representing a mean dilution rate less than 2%hef water column per tank per day.
Precipitation events were associated with meary @R decreases down to 268 umof g

! The salinity in tanks increased from 34.5 to 3#uBing period A and decreased thereafter,
with minimum level (33.0) reached at the end of theeriment. Mean data in DO are
presentedigure 2a Minimum mean value was 1.4 mg [The results from the daily two way
ANOVA show a significant effect of D (p < 0.05) froday 4 to the end of the experiment,
with lower concentrations in treatments DE2g. 2a).Significant changes in DO were also
found in relation to S, but only from day 22 to thed of the experiment.” &reatment showed
higher values of DO than &eatment. pHKig. S2 varied from 7.8 to 8.5 with a decrease
from day 11 to day 22, followed by stabilizationdathen an increase during the last days.

This trend was similar in all treatments, but thephtude of variations changed with D and S,



especially from day 15 and from day 22 to the ehthe experiment (not significant at days
36 and 39). At each sampling date (except at dayuthidity was significantly different
(Kruskal-Wallis test; p < 0.05) between treatmemgan values ranged from 6.2 to 12.9
NTU and from 10.9 to 46.5 for D4%ind D12S, respectivelyFig. 2b) Turbidity in the other
treatments did not exceed 3.4 NTU. Note that inDRES, turbidity increased quickly after
shrimp stocking, with a maximum (32 - 46 NTU) ayda and decreased during the rainy

period (B) to a minimum (11 NTU) at day 36.

3.3. Nutrients (NH4", NOx, SRP) and DON

Ammonium concentration in tanks ranged from 0.0168 pmol T The daily two-way
ANOVA show a significant effect of S on NHfrom d22 to the end of the experiment
(except at d29 and d39), with lower concentrationS’ than in StreatmentgFig. 2c) The
effect of D was less evident and only occasionsaignificant, at days 4, 22 and 25. NOx
concentrations remained very low (< 0.3 umbl éxcept at the end of the experiment (days
32 and 39) in Stanks (D4Sand D129, with concentrations up to 1 umd! (Fig. 2d) Mean
SRP concentration$ig. 2e)were below 0.1 pmol*lexcept in treatments with high stocking
density (D12S and D129. These treatments showed values ranging from .0238 pmol
I with maxima observed in the second perRdsults show a significant positive D effect on
SRP concentrations from day 8 to 22 and at dayR36. (9. Conversely, access to the
sediment (S) did not significantly change the SBRcentration in the water column. Silicate
concentrations ranged from 0 to 35 pmdl No significant effect of S and D on Si
concentrations was shown. The daily repeated-measNOVA show a significant effect of
period for NH" and NOx but not for SRPTéble ). The N/P ratio (mole/mole) increased
from around 20 to values higher than 50 in treatsi@nthout shrimp and without access to

sediment (DOS, DOS, D4S and D129, especially during the second periodBilfle ). In



the other treatments, N/P values were generall@,<aeraging 24 + 21 and 26 + 15 in D4S
and D12S, respectively. The NHF/NOx ratio ranged from 0.2 to 40°¢ble ). The daily
repeated-measure ANOVA show a significant effecpefiod for The NH/NOx ratio but
not for the N/P ratioable 1.

After shrimp introduction, DON concentrations inesed whatever the treatméntg. 2d)
Significant effect of D was shown on daily mean @amtrations from day 11. Concentrations
were lower in Sthan in Streatments, but the difference was statisticatipificant only at

days 11, 25 and 32. Highest DON values were fooridé treatment D128> 35 pmol 1.

3.4. Phytoplankton biomass

Total chla exhibited the same patterns in all treatmentsasoimg shrimp, with an increase
from day 4 to day §Fig. 3) Moreover, it appeared that D and S both havesitipe and
significant impact on the Tcld concentrations even though the impact of S wableid4
days after that of D. Tchd maxima were recorded in D128eatment (> 15 pg') and the
lowest values (~5 pg') in D4S, when maximum values in D4@nd D12Swere similar and
around 10 pgl. Comparatively, concentrations in control tanks lgwitt shrimp) remained
low (< 2 pg M) and close to the initial concentrations (0.63.&80umol 1*). Concentrations
were not significantly different between periodsaAd B whatever the treatmeritaple 3.
Phaeophytira represented 20% to 57% of T@hlIThis ratio decreased during algae blooming
at the beginning of the experiment (day 8 to day, &Bd then increased toward the end.
Increase of the ratio was higher int&an in S, but the effect of S was only significant at day

32 (not shown).

3.5. Phytoplankton abundance and diversity

3.5.1. Pico- and nanophytoplankton abundance by ¢fometry



Mean abundances ranged between 5.5 % at@l 4.7 x 10 cells mi* (Fig. 49. S tanks
showed higher abundances thant&hks from day 11. However, due to the high data
variability, differences were significant (p < 0)0&nly at days 8, 39 and 43. Shrimp density
effect on picocyanobacteria abundance was obseraaty for the last sampling date.

Among the eukaryotes, the smallest were assignpitteukaryotes (Peuk) and the largest to
cryptophytes (Cry) Courties et al., 2005; Lucas et al., 2)11To make the presentation of
results easier, the three other eukaryote popuktiwere pooled in a single group named
nanophytoplankton (Nan). Mean abundances of Penfiethfrom 0 to 1.0 x focells mi*.
They increased from day 11 it 8nks(Fig. 41 as did picocyanobacteria, but due to the high
data variability, the effect of S was not statliiz demonstratedLikewise, no D effect was
observed. Nanophytoplankton was amongst the lessidaimt groups, with abundances
ranging between 0.3 x 160 3.0 x 16 cells mi* (Fig. 49. Maximum abundance was recorded
in the treatment D12SS did not show any significant effect exceptay @82 with a positive
effect. Abundances were significant with D at dags 22 and 39. Cryptophytes occurred in
85% of the samples, but their abundances (datahuwn) were always lower than 70 x*10
cells mi*. Factor D showed a significant positive effectiays 4, 15 and factor S a negative

and positive effect at days 18 and 39, respectively

3.5.2. Pigment-based phytoplankton composition

Chlorophyll (c;+¢;) quickly appeared in the water column just aftetinsph stocking, with
concentrations ranging from 0.07 to 5.08 [lg(Fig. 59. They were the main accessory
pigments in all the treatments during the firstigetrof the experiment (period A). However,
the steady decrease of the ¢hiHc,)/Tchl a ratio from 0.2 to 0.1 (data not shown) showed
that the amount of these red-brown algae fell thhowt the experiment, to the benefit of

green algae and picocyanobacteria, whatever thanent. Density factor regularly showed a



significant positive effect on cl{t.+c,) concentrations. Values were generally higher’in S
than in S caseqFig. 5a) and a significant positive effect was observedats 22 and 32.
Note that silicates disappeared in relation with iticrease of chic;+c;) concentrationsHig.

6), suggesting a high presence of diatoms in tlosigr

Chlorophyll c3, which is present in Prymnesiophytes, Chrysophyed Pelagophytes in
addition to chl ¢;+¢,), ranged from 0.00 to 0.52 pg (Fig. 55. The daily two-way ANOVA
regularly showed a positive and significant effettD. Concentrations were generally and
significantly higher in Sthan in Stanks. The chl#£Tchl a ratio was generally low whatever
the treatments (< 0.5). This ratio dropped througltloe experiment, indicating a progressive
decrease of the proportion of these taxa withinpmgoplankton communityNo significant
effect of S or D on this ratio (except at day 48uld be detected during the experiment.
Chlorophyllb can be used as a biomarker of green eukaryotasif®phytes, Chlorophytes,
Euglenophytes). Its concentration increased from & and reached 8 pi bt day 29 in
D12S (Fig 59. It was significantly and positively affected Isyocking density during the
second part of the experiment. There was no saamfi effect of S. The cHi/Tchl a ratio
increased from 0.0 to around 0.4 during the cowfs¢he experiment (data not shown),

suggesting an increase of the proportion of grégaean the phytoplanktonic community.

3.5.3. Contribution of each taxa to Tehl

Based on these estimatésgure 7shows the temporal variability of each group imte of

chl a in the different tanks. The chllinked to Cryptophytes was less than 1.2% of Tahl
with 96% of the values < 0.5%. Its contributionre®sed significantly between periods A and
B (Table 3. Haptophytes were also a minor component of thgtgplankton biomass,
representing less than 15% of T&hl but they were always detected in the samples. The

contribution of picocyanobacteria to Tankanged from 0 to 31%. With treatments D48d



D12S, values never exceeded 6%. The daily repeatedure@dNOVA show a significant
effect of period, D and S of the contribution otgiyanobacteria on Tclkd (Table 3.
Proportions of chla associated to the (diatoms + dinoflagellates) gréch agiat+dino)
decreased significantly between periods A and Btewe the treatmenti@ble 3, from 80%

of Tchl a at the beginning to 18% and 52% at the end. Gatgare became the predominant
contributor to Tchla in the second part of the experiment in all taifksble 3 and
represented between 40 and 65% of Echlrhe shift from diatoms + dinoflagellates to green
algae coincided with the occurrence of the rainggoe(Fig. 19. When generating the chl
versus chlachero Scatter plot diagram, three distinct and strongetations were observed
(Fig. S3, leading to a mean chlchl achioro ratio of 0.61 (assemblage 1), 0.86 (assemblage 2)
and 0.38 (assemblage 3). The three linear regressiere significantly different (ANCOVA,;

F = 261; ddl = 3; p < 0.0001).able 4shows the distribution of these assemblages aicgprd
to the treatment. Assemblage 1 was observed irthalltreatments, assemblage 2 in the
treatments with shrimp and without S, and assemabBagpainly in the treatments with shrimp

and with S, suggesting an effect of D and S orctmeposition of the green algae community.

3.6. Metabolismand N budget

Daily mean gross primary production (GPP) rangethfb.1 + 3.3 (D43 to 21.2 + 9.6 pumol
It b (D12S) (Table 5. The daily two-way ANOVA show a significant pdsi effect of D

on GPP at the end of the experiment and of S a& @d3ay25 and 43 (data not shown). Daily
mean respiration rates ranged from 1.5 * 1.2 to#5179 umol ** h?* for D4S and D128,
respectively. Significant positive effects of D aBdvere also regularly shown on respiration
from day 15 to the end of the experiment (datashotvn).

For the D4Streatment, phytoplankton N demand was more ordgsal to the nutrient input

by shrimp N excretion and N remineralizatioafle 5. For D4S, N demand of



phytoplankton increased from around 10 to 25 prialdy" The N budget decreased from
0.6 + 5.0 pmol f day* in D4S to -14.7 + 7.2 pmol™ day* in D4S, indicating a higher
capacity of the bioturbated system to recycle naihbk Results showed also that increasing

densities implied an increase of potential N remahzation.

4. Discussion

4.1. Effects of stocking densities and bioturbation on phytoplankton biomass

Both stocking densities and bioturbation increabedphytoplankton biomass and microbial
metabolism in our experiment. This result revedals importance of these two factors in
sustaining phytoplankton primary productiam shrimp farm ponds with a soft bottom of
sediment. Nevertheless, the pathways involved &hewnere not similar. Stocking density
determined the amount of nutrients entering in® slistem, directly enlarging the nutrient
pool available for primary production as alreadgared by several authors (eldartin et
al.,, 1998) This resulted in an increase in autotrophic plankbiomass in the D12S
treatment, reaching values 2.8-fold greater thalown shrimp density tanks (D4Sand 9.1-
fold higher than in the tank without shrimp (DPSLikewise, bioturbation by shrimp
increased phytoplankton biomass with values 2.8-fpeater in Sthan in Stanks, as well as
productivity for the same amount of nutrient emtgrinto the system. Thus, the maximum
biomass was recorded in DI28eatments with Tchl concentrations averaging 30 iy &
situation that is close to the biomass generallasueed in earthen semi-intensive shrimp
ponds in New Caledoni@homas et al., 2010; Pusceddu et al., 20Thg increase of water
column respiration rates and the decrease of DOSI tneatment compared to Suggest an
increase of the organic matter mineralization ratéhe water column as a consequence of
sediment resuspension by bioturbation. This outcooud be explained by an intensification

of bacterial production (BP) in the water columreda the increase of heterotrophic bacteria



attached to sediment particles (e&yfi and Bouvy, 199% In shrimp ponds in New
Caledonia, BP associated with particles (> 3 prapacts for more than 80% of the total BP
in the water column (unpublished data). The inereak mineralization rate theoretically
implies more nutrients available for primary prodigc which may partly explain the
significant and positive effect of bioturbation gmimary production and phytoplankton
biomasses. Resuspension of sediment was alreadstedo increase the mineralization rate
by a factor between 2 and 5 in coastal sedimésttsh(berg et al., 2006Thus, bioturbation
appeared to be a key process for internal nutrerycling in shrimp ponds. Another factor
should be taken into account to explain the in@eak Tchla in the water column in
treatments with S: the effect of bioturbation oa thicrophythobenthos (MPB) resuspension.
During this experiment, concentrations of Tehlin the first cm of the sediment ranged
between 86 and 151 mgvor D12S and did not show any significant change with time
(data not shown). These biomasses represented tin@ne80% of the primary producer
biomass (phytoplankton and MPB) in the system. slttherefore assumed that MPB
resuspension by shrimp could have a significantachpn Tchla measurements, as also
suggested for shallow syster(f3rito et al., 2012; Garstecki et al., 200The increase of
turbidity in D12S tanks between day 1 (before shrimp stocking) aay 41 (2 days after
stocking) due to the resuspension of sediment biynphcoincided with a small increase of
phytoplankton biomass from 0.4 to 0.9 ily This preliminary result suggests a relatively
limited effect of MPB on water column Tcla enrichment. However, further studies in

shrimp pond ecosystems are needed to clarify thigt.p

4.2. Limiting factors for phytoplankton growth
Several limiting factors should be taken into actdw understand phytoplankton dynamics

in the different treatments. In the case of highsity (D12) with and without S, the high



turbidity due to bioturbation and/or high phytoteon cell abundances led to a limited
increase of GPP compared to biomass. This finduggeasts that in this condition, photo-
limitation including self shading by phytoplanktorould limit upper levels of GPP
(Giovannini and Piedrahita, 1994 a previous experiment conducted in the samkstand
similar zootechnical conditions, we showed a sigaift increase in photo-limitation of
around 50% between surface and bottom. Becaushkiofight limitation, it is likely that
nutrient products from organic matter mineralizat{8RP, NH', NOx) were accumulated in
the water column, as they are not efficiently m&ll by phytoplankton. This situation mainly
occurred in the second part of the experiment, wR&R values decreased due to
cloudy/rainy conditions. In treatment D12Sthe negative effect of bioturbation on
productivity of the system due to light limitatios probably mitigated by an increase of
turbulent mixing. This process might favour thetioad displacement of phytoplankton to the
surface and therefore it nutrient uptake capaditypdintyre, 199% This possibility could
explain why NH" accumulation was significantly lower in DI2&an in D12S except
during bad weather conditions (day 29) when thiet Mgas too weak for primary productivity.
Another limiting factor identified during this expeent was phosphorus. In D4&nd DO
treatment cases, the N:P atomic ratio was far altbgeRedfield ratio of 16:1, which is
required for optimal phytoplankton growth. Phosptsodepletion could limit GPP in the
water column in these treatments assuming thatemisr were not in excess in the water
column (Fable 9. In D4S, the N:P ratio was generally close to the Redfiatib, suggesting
that phytoplankton growth may not be theoretichityited by either P or N.

To conclude, light which depends on weather, tutpicell abundance, depth and vertical
mixing should be taking into account to understahgitoplankton dynamics in the shrimp
pond ecosystem. A second factor is nutrient avidithaliinked to feed input, which depends

on the N/P ratio and the organic matter minerabmarate. With an increase of shrimp



biomass and/or density, P becomes less limitingievight becomes more and more limiting,

implying a trend towards nutrient (NHand NOx) accumulation in the water column.

4.3. Phytoplankton community dynamic and structure

Shrimp stocking with the corresponding daily feedput triggered the onset of a
phytoplankton bloom after 2 days. Growth dynamitglojtoplankton were typical, with an
exponential increase, a short peak after 7 dajyew#el by a decline of biomass (day 13) until
the start of a new bloom. Apart from the changéhanbiomass, a shift in the phytoplankton
assemblage was significant in all treatments. Qupariod A, the increase of c{dl+c2) in

all tanks suggest that the group (diatoms + digeilates) was dominant whatever the
treatment. Note that the abundance of this group pesitively correlated to the increase of
shrimp stocking density, suggesting that diaton® dinoflagellates were strongly favoured
by eutrophication. The spectrofluorometry dataefhiko discriminate dinoflagellates from
diatoms. In shrimp ponds, diatoms are often repoaitea major component of phytoplankton
biomass even though several studies, based on soapir observations, suggest that
dinoflagellates could become episodically dominamtse et al., 2008; Burford, 1997; Yusoff
et al., 2002)In this environment characterized by high organatter content, dinoflagellates
are mostly heterotrophics@rceés et al., 200&apata et al., 20)2The organic matter content
and the depletion of SRP in the water column iattrents characterized by high N/P ratio
(Table 2 could be the factors promoting the dinoflageBasgainst diatoms during this first
period (famamoto, 2003; Collos et al., 200%urther confirmation with microscopic
observations and/or molecular approaches are ndedautlerstand the adaptive response of
diatoms and dinoflagellates to eutrophicataord to conclude on the dinoflagellates trophic

regime in pond ecosystem.



During period B, the proportion of chicl+c2) decreased steadily and green algae
(chlorophytes and prasinophytes) became dominamtifd?ation of tiny prasinophyceae
belonging to the picoplankton and small nanophyokion was already observed in shrimp
ponds in New Caledoniaémonnier et al., 20)6vhere they accounted for 10 to 53% of Tchl
a in the present studghift from diatoms to chlorophytes in coastal eanment, which have
been particularly subjected to eutrophication psses, are often described as the
consequence of nitrogen pool change (Bgnald et al., 2011; Collos and Harrison, 2014,
Glibert et al., 2016 The effects of change in the proportion of AlHand NOx on
assemblages were recently well illustrated and cenmted byGlibert et al. (2016) When
NH," is the dominant form (reduced form), flagellateganobacteria and chlorophytes may
proliferate while diatoms more likely dominate und®O; enrichment conditions.
Chlorophytes are not only physiologically betteapigid to use N but also more tolerant to
toxic values than diatoms. In the present studygaificant effect of period on the NHNOx
ratio was shown in the different treatments sugggshat N pool change could lead to a the
shift from diatoms to chlorophytes. Several authieported that diatom populations generally
decrease in ponds due to silica depletion in thér@mment(Yusoff et al., 2002; Casé et al.,
2008) However, this depletion was not observed in meaits without shrimp (DJSand
D0S), whereas the community shift did occur.

Beside the nutrient changes, T° and light changawden period A and period B due to
adverse weather conditions could also be impliethenshift from diatoms to chlorophytes
observed in tanks. With an increase of 4°C, tempegacould enhance the effect of nutrients
on phytoplankton community composition as repoitediterature (e.gDeng et al., 2014).
The temperature increase could also increase ¢femeeated production and therefore modify
the N pool, the production of NH favoring indirectly the observed shift. Beside the

temperature, a possible effect of the light onghit could also be suspected. Indeed, in our



case, the change in phytoplankton populations apdeduring the rainy period characterized
by low radiation as also reported hgruste et al. (2016n hypertrophic shallow lagoons
The availability and quality of light are known doive fluctuation in phytoplankton species
(Huisman et al., 1999)Diatom abundance was increased by light fluctuatiavhile
cyanobacteria and green algae dominated at lowhagid constant conditiond.ifchman,
1998. However, the community shift was similar in tatments characterized by different
turbidity levels.

Concerning the green algae community blooming mgadnking period B, three assemblages
were distinguished according to their ¢i€hl achioropnytesratios. Interestingly, the chd/chl
achiorophytesfatios calculated for each assemblage (0.86; @&B) from spectrofluorometry
data were close to those measured in a shrimp pond HPLC data using CHEMTAX
software, i.e. 0.81, 0.65, and 0.3&inhonnier et al., 20)6According to the authors, the ratio
0.81 was associated with Prasinophytes type 3 (ariésinoxanthin) and the ratio 0.65 with
Prasinophytes type 1-2 (without prasinoxanthirgtésa et al., 2004The ratio 0.35 identified
as Chlorophytes by HPLC was slightly lower than tredue found in our study (0.38).
Because Chlorophytes (assemblage 3) were more einfiguobserved in Stanks than
Prasinophytes (assemblages 1 and 2), we considérthis assemblage could be more
efficient in an environment characterized by higitrient recycling rate and high ammonium
concentrations.

From d11 to the end of the experiment, the phytdfitan assemblage underwent another
modification, with a major growth of picocyanobadiein S treatments. These treatments
were characterized by an increase in nutrient texydy the microbial loop, enriched with
NH;" and urea from shrimp excretion and protein-rigkdfgiven to cultured specie3i(ford
and Williams, 200). This finding was reported in various environngeahd by large scale

manipulation experiments (e.gonald et al., 2011 In their review on this topic;libert et al



(2016) reported that picocyanobacteria as well as chlytgs (see above) may be
physiologically better adapted to use reduced fofril, mainly NH;", than diatoms even if
diatoms have a high nitrogen affinity, especialtyadi-size speciesL{tchman et al., 2009
Indeed, these fast-growing prokaryotic algae asro#mall cells are known to be more
efficient than larger cells in nutrient uptakégawin et al., 2004;Furnas et al., 2005
Because of their high surface to volume ratiosp@yanobacteria are able to use resources
more efficiently than larger cell&kaven, 1998)The rising temperature from period A to
period B could enhance the effect of ammonium anopacterial biomass and dominance in
the second periofD'Neil et al., 2012)As suggested by results from thet&atmentsTable

2), a low N:P molar ratio may also be a major factarofang cyanobacteria dominance in
aquaculture pond&aerl and Tucker, 1995%everal authors reported that abiotic factors, as
salinity or turbidity, explained part of the variltly in the diversity of marin€Synechococcus
populations in coastal waterdir{g et al., 2009; Liu et al., 20L4The next step should aim at
investigating picocyanobacterial and more generallyer taxonomic groups diversity in
shrimp ponds, in order to better understand howmghrpond environmental (nutrients,
temperature and/or light) conditions might affee¢ces-specific differences of this group.

To conclude on the phytoplankton community dynaamd structure, the differences between
treatments remained limited whatever the periods Tihding suggests high resilience of the
phytoplankton community to feed input and bioturdiat and consequently to nutrient
enrichment, N:P ratio and turbidity in the shrimpnd ecosystem. Even if N pool was
probably the main factor, data do not allow us eédrdtely conclude whether the shift from
diatoms to chlorophytes observed in all treatmeessilted either from the modification of N
pool or from an external common factor (T°, ligHEurther specific experiments are needed

to define precisely the effect of each factor.



4.4. Importance of phytoplankton in maintaining the pond water quality

DON is a major (30 - 40%) component of the N wasteluced during rearing and most of it
is leached from the feed given to the reared shr{Byford and Williams 200\ In this
experiment, the accumulation of DON in the watelucm with the highest feed inputs
(D12S) comparatively to lowest feed inputs (D}Suggested that DON production is higher
than the recycling capacity of the system. Conseilyjethe dissolvedss particulate ratio
increased in the water column with the increasieed input. This organic matter enrichment
directly impacted the stability of the system, armis of daily pH and DO fluctuations.
Indeed, the pH decrease observed in the water colannelation to feed input was likely
linked to the increase in G@roduction through bacterial metabolism. This tesuggests a
substantial reduction in the acid—base bufferinmacdy of the system with increasing shrimp
density and feed inputs. Conversely, supplied acgamatter in the water column also
stimulated respiration, which in turn caused degled in the morning. Based on the N daily
budget calculations in the different tanks, it ma&lgo be shown that increasing stocking
densities entailed an increase of phytoplanktoreiahd coupled with an increase of both of
potential N mineralization and shrimp N excretidralfle 9. As a result, the turnover of N
increased. As seen above, bioturbation by shrimgg fievour organic matter mineralization
by heterotrophic bacteria and then rapid nutrigoteke by phytoplankton, which limits the
increase in the dissolved/particulate ratio. Beeausnproved the recycling of organic matter
in the system by the microbial loop, bioturbationtigated the accumulation of products
(ammonia and nitrites) and the drop of DO and phtcivlare stressful parameters for shrimp
(e.g.Lemonnier et al., 2004; Mugnier et al., 2008he buffering capacity of the system to
recycle N waste is however constrained by a thidsfar the turnover of N. Indeed, as
presented in Fig. 8, NA accumulated in the water column when the N turnawe

exceeded -10 pmol*ldays', while no accumulation was observed for a N tuemorate



below this value. By limiting the primary produati@nd consequently the uptake of NH
light is assumed to be the main factor limitingstheécycling rate (see 8§ 4.2). To conclude on
the importance of phytoplankton in maintaining thend water quality, this compartment
counterbalances "negative" effects of organic mati@eralization. However, this mitigation

effect is governed by light availability in the s331.

4.5. Consequences for water column management

The better understanding of the relative importasicivod input and shrimp bioturbation in
the phytoplankton dynamic could be useful for sirippnd management. At low biomass, in
our experiment, the system had strong resilienaaki to efficient nutrient recycling and to
the robustness of primary production to the climatndition changes linked to moderate
turbidity. At higher density, the system became enamstable due to the greater sensitivity of
primary production to light availability. By usingertilizers in shrimp ponds, we can
reasonably hypothesize that increasing phytoplankiomass would thus be inefficient in
stabilizing the system and even might lead to aennmistable conditions. In that case, stability
of the water column might be more efficient througdrbon input, in order to stabilize the
nutrient pool through heterotrophic assimilatiord dhus buffer system oscillationsidri et
al., 2004. This result partly explain the success of theflBc system sometimes used to
stabilize the water column at high stocking dengityab et al., 2012; Martinez-Cérdova et al.

(2015)
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Table 1: F values from repeated-measured ANOVA for nutger8ignificant results are

highlighted by asterisks.

Treatment NH' NOx SRP N/P NH/NO
D (1) 6.769* 0.001 99.383***  14.212*** 4.425*

S (2) 5.383* 11.525***  0.532 1.333 0.190
Period (3) 9.204** 48.545*** 0.334 1.392 20.676***
1x2 5.467* 5.482* 1.777 13.597** 0.316
1x3 0.076 0.206 2.390 1.725 0.775
2x3 7.863* 16.746** 2.177 0.246 0.117
1x2x3 4.406* 4.539** 0.403 9.449*** 0.356

* < 0.05; * p < 0.01; ** p < 0.001



Table 2: Temporal variability of N/P (mole/mole) ratio aNtH,/NOXx ratio in the different

treatments. N refers to ammonium + NOx

Period A

Days 1 11 18 25
N/P D0S 22 16 34 > 50

DOS' 19 > 50 > 50 > 50

D4Ss > 50 19 > 50 > 50

D12S 16 16 23 > 50

D4S' > 50 9 16 23

D12S 35 12 7 26
NH, /NOx DOS 10 17 2

DOS’ 8 4 11

D4Ss 18 5 6

D12S 6 15 17 30

DAS' 5 8 1 2

D12S 6 40 6 18




Table 3: F values from Repeated-Measures ANOVA for conegiain of total chia (Tchl a)

and contribution of each algae group to @hbignificant results are highlighted by asterisks.

Treatment Tchh Diat + Dino  Chloro Picocyano Hapto Crypt
D (1) 148.871*** 0.502 1.943 4.150* 9.701** 2.046

S (2) 16.910** 0.007 3.420 9.181* 0.020 0.642
Period (3) 1.229 72.576***  115.796*** 16.926*** 1.306 8.847***
1x2 4.525* 2.351 4.429* 2.579 1.385 3.554
1x3 0.516 3.092 3.255 3.913* 0.472 0.466
2x3 4.139 0.469 7.276* 5.637* 0.035 0.114
1x2x3 1.236 3.890* 5.024** 4.156* 0.219 1.597

* < 0.05; * p < 0.01; ** p < 0.001



5 Table 4: Green algae assemblages identified in each tardaelh sampling date and distinguished by treatni@ata indicate chb

6 concentrations in pg'l

Assemblage 1 Assemblage JJJJll  Assemblage 3
Treatments D0S- DO0S-| | DOS+ DOSt D4S- D4S- D4%{ D12S- D12S- DI2S- DAS+ DAAS+| | D12S+ D12S+ D123+

Time / Tank numbers 1606 1612 1614 1616 1601 1604 161[L 1607 1608 1609 1603 1610 5 161 1602 1605 1613

1 0.03 0.01 0.04 0.04 0.04 0.04 0.05 0.04 0.0p 0.01 0.03 0.04 5 0.0 0.03 0.06

4 0.01 0.02 0.02 0.01 0.01 0.01 0.01

8 0.11 0.11 0.08 0.09 0.11

11 0.03 0.06 0.05 0.08 0.24

15 0.07 0.01 0.03 0.03 0.04 0.58 0.23 0.07

18 0.10 0.08 0.03 0.17 0.23 1.79 o.5

22 0.18 0.04 0.10 0.41 2.44 0.02 1.3 0.28 1.8 1. 0.14 2.79 10.010.94

25 0.09 0.05 0.14 0.36 0.03 0.07 1.87 [N 5.49 0.14 1,00 3.97

29 0.08 0.18 0.13 0.18 0.13 1.59 2.44 4.28 1652  2.05 4.44

32 0.36 0.21 0.19 0.37 0.91 3.14 1.25 5.34 4.29 1287

36 0.44 0.35 0.22 0.25 0.28 0.12 0.41 0.95 335  11.B5 111 1.82

43 0.29 0.55 0.25 0.60 0.15 0.44 2.39 1632  0.94 1.p 4.01 474 735

Empty cells: no chb. Green algae assemblage in samples containinghi@s®.4 ugt of chlorophyllb were not able to be identified.

o O



Table 5: Metabolic rates and daily N budget (umdhY) in the different treatments. Mean +

SD (n=13)
D4S D4S D12S D12S
GPP 51+£33 12.4+5.1 10.2+5.5 21.2+9.6
(20-13.0) (3.1-20.2) (1.4-19.00 (6.1-38.6
Respiration rates 15+£1.2 24+0.9 28+13 7419
(0.3-4.3) (0.5-3.3) (0.2 -4.8) (3.1-8.4)
Phytoplankton N demand -9.8+6.7 -25.7+10.1 .02011.1 -38.4+20.4
Potential N mineralisation 3.9+34 49+20 2%#4.0 129+7.8
Shrimp N excretion 6.5+£04 6.5+0.6 195+1.3195+1.3

Daily N budget 0650 -142+7.2 6.6+88 .06195
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Fig. 1. (a) Temporal variations of daily rainfall (squgresxd mean daily photosynthetic
active radiations PAR (diamonds). A and B referdty and rainy periods. (b) Temporal
variations of daily mean temperature (N = 24; diadg). Squares and triangles represent the

daily minimum and maximum values.



a —o—D0OS+ —e—DO0S- -2- D4S+ b
-4-D4S-  ~8-D12S+ -m-DI12S-

Dissolved oxygen (mg?)
Turbidity (NTU)

45

@]
o

20 -
*+

n
S e
£ S
= 1S
1S =
S >
= 3
o
S Z
£
<

e 45
= a
6 —
£ £
= =
[a N
& )
o a

'45
Days Days

Fig. 2. Temporal mean (xS.D.) variations of (a) dissolvexygen, (b) turbidity, (c)

ammonium, (d) nitrates and nitrites (NOx), (e) &tdureactive phosphorus (SRP) and (f)

dissolved organic nitrogen (DON) in the differereatments. Values are means (xS.D.) of

three (D4S D4S’; D12S and D129S) or two (DOS and DOS) replicate tanks per sampling

time in each treatment. Signs (*) and (+) indicatsignificant density and access to sediment

effects (p < 0.05), respectively (using two-way lgsia of variance). Sign (x) indicate

significant differences (p < 0.05) between theydadlues (using the Kruskal-Wallis test).
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Fig. 3: Temporal mean (xS.D.) variations of chlorophgliconcentrations in the different
treatments. Signs (*) and (+) indicate a significd@nsity and access to sediment effects (p <
0.05), respectively (using two-way analysis of &age). Sign (x) indicate significant

differences (p < 0.05) between the daily valuesm@the Kruskal-Wallis test).
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Fig. 5: Temporal mean (£S.D.) variations of water pigmeonticentrations as analysed by
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effects (p < 0.05), respectively (using two-way lgsia of variance). Sign (x) indicates

significant differences (p < 0.05) between dailjues (using the Kruskal-Wallis test).
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Table S1: Summary of the zootechnical results after 44 @ effects of shrimp density (D) and access to
the sediment (S). Statistical comparisons werdezhout by a two-way analysis of variance (ANOV&jth
D and S as major sources of variance (F-valuestayen in the right part of the table). Values indbtype

are significant at P < 0.05.

Mean and standard deviation in each treatment WWapANOVA F-
values
D4S D4S D12S D12S D S DxS
Survival (%)* 90+ 16 95+8 815 90+0 3.7 0.70.11
Weight(g)** 123+1.1a 16.1+05b 11.2+0.2a 54.0.4b 13.3 96.3 0.45
Growth (g ) 0.07 £0.02a 0.16 £ 0.01b 0.05 +0.00a 0.13+0.01c 13.3 96.3 0.45

Biomass gain (i) 8.1+5.4a 258+43b 0.4+509a 50.6+4.2c 89 140.C 32.1

* Survival data were transformed Arcsifbefore ANOVA
** |nitial shrimp weight =9.0 £ 1.5 g
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