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Abstract: An ecosystem model based on nitrogen cycling and oxygen has been developed for the
Thau lagoon. It takes into account the specific features of this Mediterranean lagoon, a semi-confined
system with watershed inputs and oyster farming. The ecosystem model uses currents calculated by a
two-dimensional hydrodynamic model and integrated into a box model. This model is compared with a
year survey data and used to estimate nitrogen and oxygen fluxes between the different ecosystem
compartments. The yearly simulation shows that the ecosystem behavior is driven by meteorological
forcing, especially rain which causes watershed inputs. These inputs trigger microphytoplankton
growth, which is responsible for new primary production. During dry periods, nitrogen is recycled into
the lagoon thanks to oysters excretion, sediment release, microzooplankton excretion and
mineralization. Ammonium produced in this way is consumed by a population of pico- and
nanophytoplankton causing regenerated primary production. Consequently, the ecosystem remains
highly productive in summer even without external inputs. Shellfish farming also plays an important
role in the whole lagoon through biodeposition. Driven by biodeposition, sediment release is the major
source of nitrogen in the water column and causes oxygen reduction. The oysters contribute to the
recycling activity by excretion, which supports the regenerated primary production. They are also
involved in oxygen consumption by respiration which can cause local hypoxia. Further improvements
are proposed before this model may become a functional environmental model for a lagoon
ecosystem.
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Introduction

Located on the Mediterranean sea, the Thau lagoon is an important site for oyster
production (Crassostrea gigas) with a cultivated production of about 30 000 tons per year. It is a
shallow lagoon, 19.5 km long and 4.5 km wide with a mean depth of 4 m (Figure 1). The lagoon is
almost closed, with only narrow openings toward the sea. Its catchment area is about 300 km2,
including agriculture, industrial activities and urban waste. All these activities including
aquaculture in the lagoon interfere on the lagoon water quality, sometimes leading to dystrophic
crisis called "malaigue™ (Frisoni and Cepja, 1989). A previous program named Ecothau (Amanieu
et al., 1989) studied the general ecology of the lagoon. Emphasis was given to a static and
empirical description of the spatial and temporal evolution of biological descriptors connected to
hydrodynamics through the path analysis technique. As opposed to this previous methodology, the
Oxythau program (Deslous-Paoli, 1995) focuses on the interactions between oyster farming areas
and the whole lagoon. Five year studies (1991- 1995) were conducted to understand the
interactions between oyster culture, water column and sediment and the impact of watershed and
meteorological forcing on the whole ecosystem behavior. Deslous-Paoli et al., 1993, raised the
problem of sustainable oyster production in the semi-confined Thau lagoon. The modelling
approach developed within the Oxythau program intended to describe the dynamics of the lagoon
ecosystem, both biological and physical parts. First, different sub-models have been developped to
focus on some processes such as the transformation of organic matter in sediment and the nutrients
sediment-water exchanges (Chapelle, 1995 ; Chapelle et al., 1994), the influence of wind stress on
resuspension (Cugier et al., pers.com.) or the oysters evolution in the lagoon (Bacher et al., 1995).
Then, two different methods of coupling hydrodynamics from a 2D hydrodynamical model
(Millet, 1989) and nitrogen cycling have been developped and compared (Bacher and Chapelle,
accepted). One deals with spatial variability and the influence of meteorological forcing at small
spatial scale (Bacher et al, 1997). The other model, which is this paper purpose, focuses on the
improvement of the ecosystem description. This model could be considered as a first step in the
lagoon ecosystem modelling. The aim of this model is to quantify the dynamic relationships
between the different compartments of the lagoon ecosystem like primary production, zooplankton
predation, oysters filtration, sediment exchanges and watershed inputs. This study is based on
nitrogen cycling related to seasonal variability in a box model of the Thau lagoon.

Figure 1: Location of Thau lagoon

Volume: 250 Mm3
Surface: 70 km2
Maximum length: 18,5 km
Maximum width: 4,5 km
Mean depth: 4 m

Maximum depth: 10 m
Catchment area: 300 km2
Shellfish cuitivation areas B3




Model description

Biological framework

As nitrogen is the limiting nutrient in the Thau lagoon (Picot et al., 1990), the model
deals with nitrogen cycling through the different food web steps (Figure 2). Dissolved inorganic
nitrogen is split into ammonium (corresponding to the state variable : NH,4) and nitrates plus
nitrite (corresponding to the state variable : NO3) because their origin in the lagoon are different,
NH, being mostly recycled in the lagoon whereas NOg is the main form of watershed inputs
(Vaulot and Frisoni, 1986). Dissolved nitrogen is expressed in mmol.m>.

Figure 2 : Conceptual diagram of the thau lagoon ecosystem model.

Water e+
@D = = <
s
@ Fiffration 2
k)
@ :
£ gesPIatl, g
Lo 7
Inorganic Nitrogen & Phytoplankton Zooplankton
_g Pico-Nano phytoplankion ticrozooplankton
> P, ., 3
Nifrifi|cation Gro Microphytoplankton  Grazing Mesozooplankton
Gy O — D
A Excretion |
@ Excretion Morlality |
Detrital Nitrogen P
Mineralization 4 F:;t: ;2’

Diffusion

Biodeposits
@ Biodepaosition

Sedimentation

Diffusion b @\

v
Inorganic Nitrogen Detrital Nitrogen v
S — Nitrogen Biod A
Nitrification|d, reduction iodeposits

Yireraganon Gkl

Minerafization

@ Intersﬁtial k @ Panicuiate

Diffusion
> ©

water diffusion
diffusion

A
N

The model takes into account two types of phytoplankton, the small species (< 20u ; PN)
including picophytoplankton and nanophytoplankton and the larger species, the
microphytoplankton (20 - 200u ; MP). Dynamics of these two groups are different. Pico-
nanophytoplankton are dominant most of time in the lagoon (Courties et al., 1994 ; Chrétiennot-
Dinet et al., 1995) but microphytoplankton grow particulary after rainy events. Each group has
different nitrogen assimilation kinetics (Collos et al., 1997) and predators. Considering a Chloa/N
ratio of 1g/mol (Eppley et al., 1971), phytoplankton concentration can be expressed in mg
Chloa.m™ as measurements.

Phytoplankton predation is simulated by two groups of zooplankton, microzooplankton
(40-200u ; MiZ) grazing on pico-nanophytoplankton and mesozooplankton (>200u ; MeZ)
grazing on pico-nanophytoplankton, microphytoplankton and microzooplankton (Cirillo, 1994 ;
Lam-Hoai et al., 1997 ; Rougier and Lam-Hoai, 1997). These organisms play also an important
role in nitrogen recycling by ammonium excretion (Azam et al., 1983). Considering that nitrogen
corresponds to 10% of the zooplankton dry weight and that dry weight corresponds to 13% of the



wet weight (Lam-Hoai, 1994) zooplankton can be expressed in pg. m™ of wet weight, which is the
measurement unit.

Ndet represents the detritus pool resulting from phytoplankton and zooplankton mortality
and zooplankton feces. Biodeposits (BD) represent the oysters feces and pseudofeces. Ndet and
BD correspond to the detrital organic matter, expressed in mmol.m>,

To study the oxygen and the occurence of hypoxia events, we model dissolved oxygen
(O,) in gO,.m?® Dissolved oxygen concentration depends on reaeration at sea-surface,
consumption through respiration of phytoplankton, zooplankton and oysters, mineralization of
organic matter, nitrification and production by phytoplankton photosynthesis.

Nitrogen cycling and oxygen are simulated into the sediment. NH4, NO3 and O, are
dissolved in the interstitial water, Ndet and BD correspond to the particulate organic matter.

The cultivated filter-feeders play an important part in nitrogen cycling though they are
not represented as a true compartment. In fact, we consider that their biomass (calculated from
measurements in the three shellfish culture areas - Hamon et Tournier, 1990 -) is almost stable
over the year and can be described as a forcing function in the model. Filter feeders act on
nitrogen cycling in different ways, either as a sink, filtration, or a source, excretion and
biodeposition. They also cause oxygen sink by respiration. These processes are deduced from
measurements by metabolic enclosures (Mazouni, 1995 ; Mazouni et al.,1998) and include the
effect of oysters plus epibiota.

Another driving variable is nutrient inputs from the watershed. Since river inputs are
irregular and little, we do not simulate water discharge but nitrogen inputs. To simulate daily
nitrogen inputs, we multiply the annual nitrogen input estimated by Pichot et al. (1994), by the
daily percentage of rain (meteofrance data). As the estimation of ammonium or nitrate inputs are
not well known, we consider that all nitrogen inputs from watershed are nitrates, following Pichot
etal., 1994.

Other driving variables are light, wind and temperature. Light, wind direction and wind
intensity were measured daily, water temperature is given by in situ weekly measurements.

Equations and parameters

Phytoplankton growth (W) is function of light (), temperature f(T) and dissolved

nitrogen f(N) : 1 =pmax x F(1) x f(N) x f(T) where Umax IS the maximum daily growth rate
(a*).
Light function is described by a modified Steele formula (Steele, 1962) without photoinhibition
where lqp is the optimum light. Experiments have shown that phytoplankton from the Thau lagoon
do not exhibit photoinhibition even during high light exposure (Collos et al., 1997 ; Vaquer et al.,
1996) :

[
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Light function is hourly calculated and integrated over the depth (zinax)-

I is the light intensity at depth z calculated from the light surface intensity (Is) and the extinction

coefficient (equal to 4 m™). | =1  x el 047

Temperature function is : f(T) = ghrxT derived from Eppley (1972),

kr (°C™) corresponds to a Q=2 .

Dissolved nitrogen controls phytoplankton growth. Small algae show a preference for ammonium
while big diatoms grow especially on nitrate (Collos et al., 1997). Following this, we use the
Wroblewski formula (1977) for pico-nanophytoplankton wich describes a inhibition of NOg

NO NH
uptake by NHy : =3 e WwNHs T4
prake by NP4 - 1N) =g, 7k, *© "NH, +K,
K\ is the half saturation constants for nitrogen uptake and y the inhibitor factor.

For microphytoplankton we use a Michaelis-Menten formula : f(N) = NON03N+HNH4K
3 TINFg +Ry

with Ky the half saturation constant for nitrogen uptake.
NHy uptake and NO3 uptake are resumed by :



B NH, NH,
UPtypg = Hpy % (m/f(N)PNj X PN+ pyp x NH, +NO, MP

~ NO;  yuwm, j NO,
UPtyos = Hpy X (—NO3 Ky xe /f(N)PN x PN+ pyp ¥ NH, +NO; x MP
The Ivlev formula depicts zooplankton grazing (lvlev, 1955):
9= Oy xf(T)x(l— e’K'XmaX‘OPhy’Phy“))with Omax the maximum grazing rate, K, the Ivlev constant,

Phy, the total biomass of prey and Phyqy a threshold value. f(T) is the same function as for
phytoplankton.
For microzooplankton the prey correspond to pico-nanophytoplankton, for mesozooplankton the
preys are described as the sum of possible preys weighted by a grazing efficiency coefficient (eff)
between 0 and 1:

Phy = PN x eff,y + MP x eff,,, + MiZ x effy,;,

Assimilation (ass) is a constant percentage of grazing (Conover, 1966 ; Butler et al., 1969).

Phytoplankton and zooplankton mortality (death) are function of temperature according
to the Eppley formula : death = death,x x f(T)  with death,,, the maximum daily mortality rate
(d™) at 0°C.

Zooplankton excretion is a linear function of grazing (Goldman and Caron, 1985 ; Verity
1985) with a minimal rate of excretion, excrn,, depending on temperature according a Q0=2
(Wen and Peters, 1994) : excrzoo = max(g x excry,,eXcry, x f(T)) (d7)

Parameters values are different for the two groups of zooplanton (Table2).

In the water column, nitrogen mineralization and nitrification are function of temperature
and dissolved oxygen (Nankanashi et al., 1986 ; Henriksen and Kemp, 1988) :

0, 1 N 0, 1
[OpTam (d™) nit = nity x f(T) x [OpTan (d™)
ming and nity are daily rates of mineralization and nitrification at 0°C and K., and K, the half
saturation constants in gO,.m.

Oyster filtration, which represents the filtration of oysters plus epibiota, is function of
total oyster biomass (Oybiomass) and temperature (Deslous-Paoli and Vaquer, 1995 ; Mazouni et
al., 1997) : filt = filty x e77) x Oybiomass ~ (d™)
filty is the daily filtration rate at 0°C.

The group of oysters plus epibiota has a grazing efficiency (effO) for each prey, corresponding to
the prey size (Mazouni et al., 1997). So total predation of oysters is the sum of each :
pred = filt x (PN x effOpy +MP x effOyp + MiZ x effO,;, + MeZ x effOy, + Ndet x effOy ;)

Oyster excretion is function of temperature (Mazouni et al., 1998) :
Oyexcr = excry, x el™T)  Oybiomass, With excro,, being the daily excretion rate at O°C

minN = mingx f(T) x

(90,.d*.gDW™), and ker the temperature coefficient for oyster excretion (°C™).
Biodeposition is a constant percentage of predation (Mazouni, 1995).
In sediment, mineralization and nitrification are the same as in water. Denitrification

O2
0, Knitj (Chapelle, 1995)

occurs when oxygen is low : denit = denit, x f(T) x (1

where denit, is the daily denitrification rate at O°C.

To simulate the oxygen evolution we take into account production by phytoplankton
photosynthesis, exchange with the atmosphere at sea-surface, consumption by mineralization,
nitrification and respiration.

Oxygen photosynthesis is function of phytoplankton growth :
photos = Qpg x Rpg x (py xPN+pyp xMP)  Qps  is  the  photosynthetic  ratio

(dimensionless) and Rps the stoechiometric ratio (gO./mmolIN) bewteen O, produced and organic
nitrogen synthetized following the equation :

106CO;, + 106H,0 + 16NH3 + H3PO4, — (CH,0)106(NH3)16(H3PO,4) + 1060,

Respiration of phytoplankton and zooplankton are function of temperature, same as primary
production. Oyster respiration is calculated from the excretion and is temperature dependant
(Mazouni et al., 1998).



Consumption by mineralization and nitrification are inferred from the stochiometric ratio between
N and O5 in organic matter, following the reaction :

(CH;0)165(NHs):6(H;PO,) + 1060, — 106CO; + 106H,0 + 16NH3 + H3PO,

Resulting from this reaction, 0.212 gO2 is consumed for 1 mmol N mineralized and the equation
is: omin = 0.212 * minN * (Ndet+BD)

Nitrification follows the formula : NH, + 20, — NOz; + H,0 + H*

with 0.064g0,/mmolN is consummed. The nitrification process is : onit = 0.064 * NH4 * nit
Exchange at sea-surface depends on the gradient between dissolved oxygen concentration and
saturating oxygen in water (Oys) Which is calculated with temperature and salinity, from Aminot
and Chaussepied (1983) : oair = (O, — O, ) x reaeration

Reaeration (d™) is the daily exchange rate of oxygen at sea-surface, which depends on wind speed
(ws in mph which has to be converted into m.d™) and water depth (m) according to the relation of
Riley and Stefan (1988) :
0.641+0.0256 x (Ws/0.0447)

depth
The whole system of equations is presented in Table 1 and the parameter values in Table 2.

reaeration =

Table 1 : System of differential equations

Ammonium in water column
dNH,
dt

=minN x (Ndet + BD) — upty,, + Oyexcr + excrMiZ x MiZ + excrMeZ x MeZ — nit x NH,

Nitrate in water column
dNO,
dt
Pico-nanophytoplankton
(“:TN :(HPN _dPN —filtXeﬁOpN)X PN_gMiZ X MiZ—gMeZ X MeZX

Microphytoplankton
dMP
dt
Microzooplancton
dmiz
dt
Mesozooplancton
dMez
dt
Detrital Nitrogen in water column

ANTEL _ (i N — it x ffO gt ) x Nelet + dpyy x PN+ dpyp x MP

+(d miz + (1—assyiz ) x gMiZ) X MiZ+(d mez + (1—assyez ) x gMeZ) x MeZ

Biodeposit in water column

dB—tDzbd% x pred —minN x BD

= nit x NH, — upt o3 + Ninput — Nouput

effpy
Phy

:[HMP _de —fiItXeffoMp _gMeZ XMeZXefPfTMyP) x MP

. i .
= (aSSMiZ X gMiZ _dMiZ —EXCI’MiZ —filt x effOMiZ - gMeZ x MeZ x epr';/lylzj x MiZ

= (aSSpez X Omez — A mez — EXCliviez — filt x effO ez ) x MeZ

d
Dissolved oxygen in water column
d%z = photos + oair — respzoo — respphy — respoyst — 0 min— onit

Ammonium in sediment

INHa _ i N (Ndet + BD) x YO0 _ it NH,, + denit x NO,
dt ivol

Nitrate in sediment

d’\;?f* = nit x NH, — denit x NO,



Detrital Nitrogen in sediment
dNdet

i —minN x Ndet

Biodeposits in sediment
dBD

e —minN x BD
Dissolved oxygen in sediment
90, _ —0min- onit

dat
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Table 2 List of parameters

Parameter Definition Value Reference

Nitrogen

k'I_' Temperature coefficient 0.07 °c-1 Eppley ,72

ming Nitrogen mineralization rate in water at 0°C 0.2d1 Chapelle et al., 95
mings Nitrogen mineralization rate in sediment at 0°C 0.01d1 Chapelle et al., 95
nitg Nitrification rate at O°C 0.1d1 Chapelle et al., 95
Kmin Half saturation constant for mineralization 0.5 mg.m'3 Nakanashi et al., 86
Knit Half saturation constant for nitrification/denitrification 2 mg.m-3 Henrikson & Kemp, 88
denitg Denitrification rate at 0°C 0.3d1 Chapelle et al., 95
Piconanophytoplankton

Umax maximum growth rate at 0°C 0.8d1 Vaquer (com. pers.)
lopt Optimal light intensity 200 W.m2 Vaquer (com. pers.)
KN Half-saturation constant for N limitation 0.5 mmol.m-3 Collos et al., 97

" Inhibition factor 1.5m3.mmol-l  Wroblewski, 77

dpN Mortality rate at 0°C 0.005 d-1 Calibrated
Microphytoplankton . R

Hmax maximum groyvth ra_te at 0°C 0.8d-1 ) Vaquer (com. pers.)
lopt Optimal Ilght intensity o 100 W.m~ Vaquer (com. pers.)
KN HaIf—se}turatlon constant for N limitation 2 mmol.m-3 Collos etal., 97

dMP Mortality rate at 0°C 0.005 d-1 Calibrated
Microzooplankton

gmax Maximal grazing rate at 0°C 15d1 Calibrated

Kj Ivlev constant 0.1 m3.mmol-1 Ivlev, 55

Phyg Treshold 0 mmol.m-3 Calibrated

ass % assimilation 0.7% Conover, 66

excrog % of excretion 0.5% Lam Hoai, com. pers.
excrmin minimal rate of excretion at 0°C 0.025d-1 Wen &Peters, 94
deathmax mortality rate at 0°C 0.005 d-1 Calibrated
lg\/ln:e;gzooplankton Maximal grazing rate at 0°C 0.45d1 Calibrated

Kj Ivlev constant 0.05 m3.mmol-1 Ivlev, 55

Phyo Treshpld_ _ 0.1 mmol.m3 Calibrated

ass % a55|m|Iat!on 0.6 % Conover, 66

excrog %_0}c excretion _ 0.15% Lam Hoai, com. pers.
excrmin mlnlmgl rate of excretion at 0°C 0.025 d-1 Wep &Peters, 94
deathmax mort_allty rgte a_t 0°C o 0.01d1 Callbrateq

effpN grazing eff!cac!ty coeff!c!ent of PN 50% Lam Hoa!, com. pers.
eff\p grazing eff!cac!ty coeﬁ!c!ent of m!crophytoplankton 100% Lam Hoa!, com. pers.
eff\miz grazing efficacity coefficient of microzooplankton 80% Lam Hoai, com. pers.
gl)tlgter maximal filtratiqn rate at 0_°C 0.02d-1 Mazouni et al., 97
effOpN f!ltrat!on eff!cac!ty coeff!c!ent for PN 80% Deslous &Vaquer, 95
effomp f!ltrat!on eff!cac!ty coeff!c!ent for m!crophytoplankton 100% Deslous &Vaquer, 95
effOMiz f!ltrat!on eff!cac!ty coeff!c!ent for microzooplankton ~ 100% Deslous &Vaquer, 95
effOMe7 f!ltrat!on eff!cac!ty coeff!c!ent for mes_ozooplankton 0% Deslous &Vaquer, 95
effONget flltre}tlop efflcauty_ coefficient for detrital nitrogen 100% DesIous_&Vaquer, 95
eXCloy resp_lratlon (_e_xcretlon) rate at 0°C .025g0,.d"1gpw-1 Mazoun! etal., 98
bdos % biodeposition 0.3% Mazouni, 95

Oxygen

RPS 02 produced / N 0.212902.mmo|‘1 Stoechiometric rate
Qps photosynthetic ratio 15

rphy phytoplankton respiration rate at 0°C 0.05d1 Calibrated

rzoo zooplankton respiration rate at 0°C 0.084 d-1 Calibrated
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Box model

Hydrodynamics of the lagoon have been already studied, enlightening the importance of
the physics in the spatial distribution of the ecological variables (Jarry et al., 1990 ; Jouffre et al.,
1991 ; Picot et al. 1990). As the biological complexity (9 state variables) and the simulation length
(a year) are high, we choose to couple the biological sub-model not directly to an hydrodynamic
model but to a box model in order to shorten daily calculations. A twodimensional model gives the
advection field according to a spatial discretization of 250 m in the two horizontal directions
(Millet, 1989). The tidal currents are negligible compared to the currents generated by the wind.
Wind statistics showed that 40% of the wind directions are from the North-West, 13% from the
North, 11% from the West and that 70% of the wind speeds lie between 2 and 8 m.s™. So the
hydrodynamic model has been applied to four cases corresponding to the more frequent wind
directions, 45°, 110°, 265° and 325°. To simulate the hydrodynamics during a real year thanks to
only four wind cases, we use, each day, the case the real wind direction is closer to and we
modulate the current velocities proportionnally to the measured wind speed.

To reproduce spatial heterogeneity, the lagoon is divided into ten water boxes (Figure 3).
The three oyster culture areas are joined in two boxes, (grey boxes in figure 3). North and east
boxes (6 boxes) receive the watershed inputs. As sea exchanges are very limited, they are not
simulated at this moment. Each box is homogeneous and contains several physical cells. Under
each water box we take into account three sediment boxes corresponding to the three layers 0-1
cm, 1-2 cm and 2-10 cm in order to model the oxygen characteristics - sediment surface layer
being oxic and the deeper one being anoxic. Therefore, total number of boxes is 40.

ELISE, an interactive software (Ménesguen, 1991), calculates the exchanges between
water boxes according to the fine grid current fields, by adding all the advective fluxes between
two adjacent boxes. A empirical diffusion coefficient is used to described vertical exchanges
within the sediment and between sediment and water column (Chapelle, 1995 ; Chapelle et al.,
1994). Resuspension is neglected in the Thau lagoon because of the relative high depth (Cugier et
al., pers. com.).

Time step used for simulation is 0.1 day and results are shown each day at noon.

Figure 3 : Box model. Current field and box exchanges for a 110° wind.
(grey boxes are shellfish farming boxes)

2D hydrodynamic
grid and currents

Advection field
between boxes

EE?E Shellfish area
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Results

Simulation of the 1993 year

The model is run with ELISE software for the year 1993. This year was sampled weekly
or fortnightly within the Oxythau program. Figure 4 gives some simulation results compared to in
situ data (Deslous & Vaquer, 1995) for a shellfish box.

Figure 4 : Simulated (—) and observed () values during the year 1993 for an oyster box
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Simulated ammonium never exceeds 2.5 mmol.m-3 while simulated nitrate has very variable
concentrations from nearly 0 to 20 mmol.m-3. The high nitrate concentrations occur especially
during spring and autumn while, in summer, ammonium is more abundant than nitrate. Compared
to the measurements, the model underestimates ammonium in autumn and, on the contrary, shows
overestimated nitrate spikes at the same period. Different explanations may be given to understand
this discrepancy. First, measurements are made each week and it is possible that data do not catch
the maximum nitrate concentration in the lagoon. Another possibility is that we consider that all
watershed inputs are nitrate while urban wastes rather provide ammonium. The last explanantion
may be that inputs from watershed are delayed into the model boxes more than in a river plume.

Microphytoplankton grows in winter, spring and autumn. In automn the bloom reaches
more than 10 mg Chloa.m3. On the contrary, pico-nanophytoplankton are more stable the whole
year long, with maxima in winter and autumn which do not exceed 8 mg Chloa.m3. In summer,
microphytoplantkon biomass is negligible and piconanophytoplankton are dominant. We can only
compare the simulated chlorophyll which corresponds to picoplankton plus microplankton with

chlorophyll data. Then, the model shows the same big autumnal bloom but overestimates
chlorophyll in winter.
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Microzooplankton grow during spring and summer and reach 600 mg.m'3 fresh weight.
Mesozooplankton show a first development in spring after the microphytoplankton spring bloom,
but decrease drastically afterwards. Rougier and Lam-Hoai measurements (1997) give smaller
concentrations for the year 1994 (no measurements in 1993), with maximum microzooplankton
biomass around 50 mg.m'3 fresh weight and the same for mesozooplankton. Following this
comparison, even if simulation and data do not correspond to the same year, we can conclude that
the model may overestimate microzooplankton and underestimate mesozooplankton. In
consequence, it will be necessary to improve this trophic level in the model.

Anyway in term of nitrogen, the ratio of piconanophytoplankton/microzooplankton corresponds to
10/1 which is quite realistic (600mg WW/5mgChloa).

In sediments, ammonium is the major form of nitrogen in interstitial water. Simulated
concentrations are between 40 and 50 mmol.m3 in summer and 50 - 60 mmol.m-3 in winter. We
can compare them to in situ data (Table 3). In summer, the centrifugation method is uncertain
because of the sediment structure and simulation results agree with measurements with diffusion
membranes (Mesnage et al., 1993). Winter simulated results agree with the range of data obtained
by both methods.

Table 3 : Dissolved nitrogen measured in interstitial water (mmol.m'3)
a : by diffusion membranes (Mesnage, 1994)
b : by centrifugation (Deslous-Paoli et al., 1991)

Summer Winter
a b a b

0-1cm 40 267 - 537 | 100 33-40
NHg4 1-2 cm 60 412 - 495 |120 55 - 58

2-8 cm 80 119 - 258 |150 51-61

0-1cm 0.3-0.7 0.25-0.6
NO3 1-2 cm 0.3-0.6 0.2-0.3

2-8cm 0.2-04 0.2-0.55

Oxygen evolution in the water column shows a minimum in summer in the model and in data
(Souchu et al., 1997). This summer mininum can be explained by the oxygen solubility decrease
at high temperature and by an increase of mineralization, nitrification and organism respiration. In
the first centimetres of sediment, oxygen concentrations are much lower than in the water column
particularly under the shellfish areas. Other boxes remain oxic during almost the whole year.
Deeper sediment is anoxic.

Even though the annual evolution is similar between boxes of the lagoon, Figure 5 shows
the spatial distribution of some simulated variables for the two periods, summer with no rain, and
rainy autumn.

Ammonium concentration is greater in shellfish areas, especially in summer, where it is three
times higher. On the contrary, phytoplankton concentration (piconano + microphytoplankton) is
minimum in the shellfish boxes. This corresponds to measurements, which give chlorophyll
concentrations lower in shellfish areas than elsewhere, to an extent of 0.3 mg Chlo.m=3 in winter
to 10 mg Chlo.m3 during diatom blooms (Souchu, accepted). In shellfish areas microzooplankton
is more than three times less abundant, corresponding to Rougier and Lam-Hoai observations
(1997).

For dissolved oxygen, the spatial results show also differences between shellfish culture areas
where concentrations are smaller than in the rest of the lagoon.
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Figure 5 : Spatial results of the simulation for two periods : dry summer and rainy autumn.
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Sensivity analysis of parameters

As this is the first step of the Thau lagoon modelling, it is judiceous to analyse the impact
of all the parameters on the simulation results. Each parameter is +10% or — 10% modified and
the results of each run is analysed, using a sensivity index to calculate the variation of each

X. — X!
variable for 1% variation of the parameter : |S = (100) % 1 % i'it'
p i=1 X

With p the % of the parameter variation (+ or — 10%), n the day number simulated (365), X; the
new variable value and X;' the 1993 year variable value. Mean of +10% and —10% IS is
calculated. The result is also averaged over the 10 water boxes.

Figure 6 shows the sensivity results for the water state variables. Parameters giving less
than 1% variation for all the variables are not shown (nito, PN, den, loptve, Qmp, EXCIMinmiz,

deathmaxmiz, PhYomez, €XCr%mez, Kmin, Knit, denity, effOnge, QPS, rphy, rzoo). Oxygen is also not
represented as there is less than 1% variation for all parameters.
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Figure 6 : Average of the sensivity analysis results for water boxes for each state variable
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First seeing is that microphytoplankton and mesozooplankton are the most sensible variables in
the model. In fact, 13 parameters modify microphytoplankton and 26 mesozooplankton, for more
than 1%. Furthermore, microphytoplankton and mesozooplankton are highly changed by the two
parameter, assMiZ and excr%MiZ.

It is a fact in this kind of model that the higher trophic levels, not controlled by other predators,
are often very sensible and not well modelled. This is confirmed by the sensivity results as well as
the mesozooplankton evolution along the year. In conclusion for that trophic level, a serious
investigation in parameters and processes should be undertook with in situ data (Lam Hoai, pers.
com.). As mesozooplankton directly control the microphytoplankton, that may explain the high
sensivity of this variable even if the involved parameters are microphytoplankton physiological
parameters (assimilation and excretion). Whatever it would be also necessary to verify these
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parameters and the chosen equations for these processes with experimental studies (Vaquer, com.
pers.).

Microzooplankton and NOs are sensible for respectively 11 and 10 parameters for more than 1%.
This can be explained by the fact that microzooplankton is grazed by mesozooplankton and NO; is
assimilated more by microphytoplankton, which are sensible variables. In fact, NH, and
piconanophytoplankton are much less influenced .

Detritic nitrogen, biodeposits and oxygen are stable considering parameter variations.

In conclusion to this sensivity analysis, it will be necessary to adjust with experimental studies the
processes governing microzooplankton as 2 parameters are very sensible (Collos, pers. com.) and
to better calibrate mesozooplankton evolution.

Discussion

Origin of nitrogen in the lagoon

The difference between the simulation of nitrate and ammonium along the year can be
explained by the origin of dissolved nitrogen in the ecosystem (Figure 7). This figure shows the
different simulated fluxes of nitrogen production for the shellfish areas (Oy), for the non shellfish
area (Lag-Oy) and for the whole lagoon (Thau) in two seasonal cases, dry summer and rainy
automn. Nitrate production corresponds to watershed inputs and nitrification, the other fluxes
correspond to ammonium production.

Figure 7 : Dissolved nitrogen fluxes in the model (in mgN.m—2.d‘1) for the the oyster areas (Oy),
the rest of the lagoon (Oy-Lag) and the whole lagoon (Thau). For two different meteorological
cases, dry summer and rainy event.
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First, it appears that the bigger inputs are the watershed inputs during autumn. This process is
responsible for the high level of nitrate observed in the simulation. Nitrate inputs reach for the
whole lagoon 329 mgN.m'z.d'1 in autumn. Compared to this flux, nitrate production by
nitrification inside the lagoon, which accounts for 4 mgN.m'z.d'l, is negligible in autumn and still
low in summer. So, for nitrate, the external flux is then much more important than the internal
flux.

Ammonium feature is different. Several fluxes contribute to ammonium production but
all of them belong to internal processes (i.e. recycling of nitrogeneous material). In fact we ignore
ammonium watershed inputs but these are presumed little. In the model sediment release is the
major process of internal recycling, reaching 38 mgN.m‘Z.d'lin summer. The role of sediment as a
source of nitrogen is a characteristic of coastal areas with shallow waters (Pomeroy et al., 1965 ;
Zeitschell, 1980). This result is compared to in situ measurements with benthic bell jars (Mazouni,
1995). Simulated fluxes extend from 31mg.m.d™* outside the shellfish area to 43mg.m?.d* inside.
Measurements show a greater variability from -10.8 mg.m?.d™ to 216 mg.m?.d™* (Mazouni et al.,
1997). The negative value is due to an uptake of ammonium by a high biomass of macrofauna
which was a hon common situation. As the model does not consider this compartment, it can not
be reproduced. The highest measured values were correlated to the case of bottom hypoxia. So
considering the mean measured values (43.2 mg.m™2.d™ in the oyster culture area and 36mg.m?2.d™
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in the rest of the lagoon), simulation of sediment release fluxes, due to sediment mineralization
and nitrification, is correct.

Mineralization of organic matter in the water column is the second important process of
nitrogen cycling in the lagoon, reaching 16 mgN.m'z.d'1 in automn for the whole lagoon in the
model.

If the mesozooplankton excretion is negligible as the excretion coefficient and the
simulated biomass are low, the microzooplankton excretion reaches 15mgN.m2.d1 in summer.

Oysters excretion, which occurs only in the oysters farming areas is higher in summer
reaching 15 mgN.m'Z.d'l. This process is highly correlated with temperature (Mazouni et al.,
1998). This simulated flux is calculated for the total shellfish area. As only 10% of this area
correspond to the filter feeders, we can compare the simulated flux*10 with measurements of
ammonium production by metabolic enclosures for the same year, that is for summer, a range
from 124 to 1152 mgN.m'z.d'1 depending of the localization (Mazouni et al.,1998). Keeping in
mind that the model gives only the oyster excretion flux whereas the measurements include all
processes hapenning into the enclosure (major one being oyster excretion but also zooplankton
excretion, mineralization), the calculated model fluxes are similar to the measurements.

New and recycled primary production

In summer, dissolved nitrogen production is dominated by ammonium flux. Growing on
the ammonium fluxe, piconanophytoplankton are responsible for the regenerated primary
production, while, in autumn, microphytoplankton, assimilating nitrate, are responsible for the
new primary production. In summer, as there is no external input,frimary production corresponds
to regenerated primary production and reaches 10mgN.m?2.d-1 for the whole lagoon (90%
correspond to piconanophytoplankton production). On the contrary, in the 1993 rainy autumn,
new primary production, due to microphytoplankton bloom, is the most important, reaching 75
mgN.m?.d-L for the whole lagoon. 1993 primary production measurements show values between
10 and 20 pmolC.I"1.h-1 (Fouilland et al., 1995) which can be converted to 42 to 84 mgN.m2.d"1.
Primary production model results are in the data range but conversions applied to data must be
taken with care. Following these results, simulation shows that the Thau lagoon has two different
behaviors : as an open system depending on watershed inputs with new primary production or as a
closed system during dry season with internal nitrogen cycling and a regenerated primary
production. For the 1993 year, in the whole lagoon, simulation gives 31 gNm™ for regenerated
primary production and 20 gNm for new primary production. This can be compared to the total
annual primary production of 60.44 gNm estimated from data (Vaquer , data not published).

Impact of shellfish cultivation

Spatial distribution of the simulated variables has shown the differences between
shellfish boxes and the rest of the lagoon. In the shellfish areas, ammonium concentrations are
higher while concentrations of phytoplankton, zooplankton and oxygen are smaller. This is
directly related to the oyster influence. These organisms take up particulate organic matter (such
as phytoplankton and zooplankton), consume oxygen and release ammonium via direct excretion.
Moreover, as written before, sediment release is higher in the shellfish area because of the high
level of organic matter in the sediment produced by the oyster biodeposition. Water mineralization
is also more effective in the shellfish boxes with a mean autumn value of 29 mgN.m'z.d‘l against
12 mgN.m2.d"L in the rest of the lagoon (Figure 7). This can be explained by biodeposition which
enhance organic matter in the water column, even if the biodeposits fall to the sediment. On the
contrary, the model shows that microzooplankton excretion is higher outside the cultivated areas.
This is because microzooplankton, filtered by the oysters, has a smaller biomass in the shellfish
areas (Lam Hoai et al., 1997).

Simulation of oyster particulate nitrogen uptake, simulation gives values ranging from
102 mgN.m'z.d'1 in summer to 343 mgN.m'z.d'1 during autumnal blooms, whereas
measurements give values between 20.9 mgN.m‘z.d'1 in winter to 270 mgN.m‘z.d'1 in summer
for the year 1992 (Mazouni, 1995). Considering that 1992 primary production was higher in
summer than in 1993 and that autumn 1993 was exeptionally, rainy not as 1992, we can probably
conclude that the simulated fluxes are in accordance with the range of the measured fluxes. In
summer, pico-nanophytoplankton are the major prey for oyster in the model, reaching 93% of the
total filtration. This agrees with an higher retention efficiency measeured for the assemblage of
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filter-feeding organisms present on the oyster ropes than for isolated oysters, especially for little
phytoplankton species (Mazouni et al., 1998). Simulated oyster filtration on microphytoplankton
biomass is low in summer as microphytoplankton biomass is negligible but is the main process (55
% of total filtration) during autumnal bloom.

In the whole lagoon, in summer, results of the model show that pico-nanophytoplankton
filtration by oysters equals microzooplankton predation (28 mgN.m'Z.d' ). However, in autumn
when oyster filtration is halved (14 mgN.m2.d"1) microzooplankton predation is fourteen times
less important (2 mgN.m'2.d'1), microzooplankton biomass being lower. Mesozooplankton
impact is negligible as its biomass is low in the model. Integrated over the year, total predation on
piconanophytoplankton is 16 gNm?, with 44% due to microzooplankton and 56% to oysters. For
microphytoplankton predation is due to oysters and equals 7 gNm™ per year. Total predation on
phytoplankton corresponds to 52% of the regenerated primary production and 32% of the new
primary production.

In order to test the impact of oyster biomass on the ecosystem, the oyster biomass has
been halved. Simulated phytoplankton show higher concentrations reaching 10 to 20 mg Chloa.m’
% (Figure 8). In fact, reducing oyster biomass in the model decreases the oyster filtration on
phytoplankton, which is half of the precedent estimation. Increasing phytoplankton biomass and
reducing oyster filtration is also responsible for the higher simulated zooplankton biomass.
Piconanophytoplankton primary production is 24% enhanced and for microphytoplankton primary
production is 20% enhanced. This is the combined result of oyster predation reduction, of
zooplankton predation increase (especially mesozooplankton) and of the reduction in ammonium
regeneration by oyster excretion. Furthermore the oyster biomass reduction modifies the
succession and the dominance of the two populations of phytoplankton as well as zooplankton. In
summer, microphytoplankton and piconanophytoplankton both are growing.

In conclusion, the influence of oyster biomass is quantitatively and qualitatively
important on the Thau lagon ecosystem behavior. At the moment, further investigations are
developped on the filter-feeders impact on the ecosystem as to possibly model the filter-feeders
evolution joined with the ecosystem model.

Figure 8 : Phytoplankton simulation when oyster biomass is halved
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Sensitivity to the watershed inputs

As well as we have studied the oyster biomass influence on the ecosystem, we can try to
evaluate the importance of the watershed inputs by running the model with half nitrogen inputs.
Results show that simulated NOg is lowered in the lagoon as well as microphytoplankton and
mesozooplankton (figure 9). Annual primary production is then lowered, from 40% for
microphytoplankton production to 15% for piconanophytoplankton production. Nitrogenous
inputs, in fact, is an enrichment factor for the lagoon. They act particularly on new production but
also interfere with regenerated primary production as regenerated primary production corresponds
to the ammonium regeneration inside the lagoon which a part comes from new production
remineralization. By the extreme, if nitrogen inputs to the Thau lagoon stopped, at least, the
lagoon would not be no aymore productive.
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Even if the oyster biomass is not modeled, we can conclude that reducing nitrogen inputs
interferes with oyster production, as oyster predation on phytoplankton is halved. So, nitrogen
inputs from watershed and oyster cultivated biomass both influence the productivity of the Thau
lagoon and interact each other.

This analysis on watershed inputs should be pursued in describing the inputs with more details
like nitrate and ammonium distinction, origin and situation of the loadings (industrial activities,
urban wastes, agriculture loadings...) and relation with meteorological events. This will be the next
step to study the real impact of the watershed on the lagoon ecosystem and to forecast the impact
of modified activity on the ecological status of the lagoon.

Figure 9 : Nitrate, Phytoplankton and Zooplankton simulation when watershed inputs are halved.
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Oxygen sensibility and dystrophic events

Figure 10 shows the oxygen consumption modelled fluxes in the water column for the
two seasons. Apart from benthic demand, mineralization in the water column is the major process,
reaching 2.7 gO,.m™2.d* in automn for the whole lagoon. This process is greater in the shellfish
area because of the biodeposits mineralization. In situ measurements of oxygen fluxes by
metabolic enclosures in sumer 1993 give an oxygen consumption varying from 15 to 69 gO,.m2.d
! depending on the geographic localization of oysters (Mazouni, 1995). These data include all the
oxygen processes in the metabolic enclosures : oyster plus epibiota respiration, phytoplankton and
zooplankton respiration, organic matter mineralization, nitrification and also phytoplankton or
epiflora photosynthesis. We can add these modelled fluxes, keeping in mind that oysters fluxes
correspond to 10% of the shellfish area, in order to compare the sum that is 6 gO,.m?2d? in
summer or 19.1 gO,.m2.d™ in autumn to data. The oxygen modelled fluxes are below those
measured. Some explanations could be undertook. In the above hypothesis we consider the same
oxygen flux for mineralization inside and outside the oyster assemblages but inside the organic
matter concentration is greater because of the oyster biodeposition. So the modelled fluxes are
probably underestimated compared to the data. Further experimentations should be drawn to
evaluate the respective role of oysters and epifauna on the environment.
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Figure 10 : Oxygen fluxes (g.m-2.d-1) in summer for the the oyster areas (Oy), the rest of the
lagoon (Oy-Lag) and the whole lagoon
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Oxygen benthic demand is the major process involved in oxygen water concentration.
The model shows high oxygen fluxes in the shellfish area, about 300 times higher than in the rest
of the lagoon. In fact, oyster cultivation produces biodeposits enhancing benthic activity (Grenz et
al,, 1990 ; Kautsky and Evans, 1987). This explains the difference of sediment oxygen
concentration in the oysters areas and outside. It is difficult to compare these modeled fluxes to
benthic fluxes measured by bell jars for several reasons. One is that the model does not take into
account the production or consommation of oxygen in the sediment by algae or fauna, it only
includes the diffusion of oxygen that is consummed by mineralization and nitrification. Further
improvments could be made by including the influence of macrophytes and microphytobenthos
(Barranguet and Alliot, 1995 ; Gerbal and Verlaque, 1995), which are neglected at the moment in
the model.

Following this study on the oxygen budget, it appears that shellfish areas are a sensible
area for the oxygen depletion, principally because of the high oxygen benthic demand sediment.
With further developments, the model will be applied to understand the environmental conditions
leading to anoxia crisis.

Conclusion

The model presented in this study is the first stage of a more general lagoon ecosystem
model. The major variables implied in the ecosystem evolution have been determined as well as
the impact of forcing functions. It has been shown that it is necessary to simulate both the new and
the regenerated primary production to understand the annual primary production. Each one uses a
different trophic link, nitrate - diatoms - mesozooplankton for new primary production, highly
controlled by the watershed inputs, and ammonium - piconanophytoplankton - microzooplankton,
based on internal nitrogen cycling. Further improvements should be made considering more
detailed watershed inputs, as nitrate or ammonium and with spatial and temporal variability.
Simulating the origin of the inputs, agriculture inputs, leaching with rain, industrial inputs,
domestic sewage should allow to model the impact of each economic actvity on the lagoon
system. Moreover, the atmospheric inputs, the inputs from ground water and exchanges with the
sea should be evaluated.

Another point of the Thau lagoon originality is oyster production. This affects greatly the
nutrient cycle and the oxygen budget. To improve the knowledge of the influence of the shellfish
farming on the system, the model should take into account the exportation of nitrogen by
harvesting. Experiments and formulation of the relative role of oysters and biofouling should
improve the model.

Finally, to improve the global ecosystem model, the macrophytes compartment should be
developed, as it reacts with the nitrogen and oxygen evolution.

Validating this model on the Thau lagoon on several years and different meteorological cases will
be the next step then, this model would be applied to other mediterranean lagoons as to compare
the response and the specificities of each ecosystem.
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