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Nowadays human population expands and demands more food, that is why at the turn of the millennium, aquaculture will have to play a more and more definitive role in meeting the dietary need of an increasing world population while making up the decline in natural marine resources (Figure I‑1).

Figure I‑1. Evolution of wild capture and aquaculture production of fish in the world
(Aquaculture data for before 1994 are estimated ; Source: FAO)
In this context some European countries have developed fish production. Besides limitation of expansion by space and tourism competition, this activity is exposed to coastal pollution. Conversely pollution generated by these system can have a serious impact on the environment and wild fauna.

Frequently estuaries suffer more from human impact than any other marine environment (Lalli & Parson, 1994). Indeed some industries are concentrated in the Sado estuary and fish farms have been developed in the North East.

In a sustainable development perspective aquaculture will require a system to anticipate quality of water outflow in the estuary. In other hand modelling could permit to assess organic pollution of the surrounding water and sediment, and maybe reduce environmental disturbance.

The aim of this study was to complete an existing model to reproduce in simple view a trophic web in a aquacultring pond. These results could permit to predict quality of water discharges in the Sado estuary.

Sado estuary located on Portuguese Atlantic coast (Latitude: 35º60 N; Longitude: 08º20 W) is about 20 km long and 4 km wide (Figure I‑2 ). This humid zone represents an important ecological system and a large part is a natural reserve. The both species of fish raised are Gilt-head bream (Sparus aurata L. 1758) and European sea bass (Dicentrarchus labrax L. 1758). This activity represents an important part in the regional economy. 

Figure I‑2. Localisation of fish farm in Sado estuary.

Mariculture can be regarded as the marine counterpart of agriculture (Lalli & Parson, 1994). Fish production in farm ponds can provide protein and profit for fish farmers, by way of compensation they need to manage fish stock, planktonic  and abiotic compound; Pond are in contact punctually with the estuary water and this exchange is controlled by farmer. 

The objectives of this study are:

- add fish level and microbial loop in an model of water quality (Miranda, 1997);

- make time simulation of population dynamic;

- and evaluate impact of pond waste water in the estuary. 

I  Material and Method

Models in aquaculturing systems are often focused on few targets like fish excretion, feeding, and growth for example but none publication on an entire trophic model in fish farm was found. 

I.1 Aquaculture in  Sado estuary

The main objective of fish culture is to maximise both fish survival and growth rates for the least cost. It’s requires detailed knowledge about feeding practice, feed efficiency and decreasing of food ingestion by limiting factors. The improvement of feeding is not the unique priority; a better knowledge of waste output is also crucial.

Some biochemical parameters must be check up because of increasing concentrations of organisms in confined waters, along with high levels of food and nutrients, as well as waste materials, may pollute adjacent water. Moreover in concentrated populations of cultured organisms diseases may appear faster and increase rapidly. 

I.1.1 Situation

Estuaries are partially enclosed regions, where rivers enter in the sea, and are enriched by nutriment from the land drainage. Therefore they often used to developing mariculture (Lalli & Parson, 1994). Fish farm in this zone are localised on 700 ha mainly in the North-West (Marateca) where depth do not expand 5 meters. Fish are stocked in pond, punctually connected to the estuary for water exchange.

I.1.2 Management 

Techniques to produce larvae need more "investissement" for water quality control and feeding; in most cases fish farmer in Sado buy fishes at juvenile size, then this fishes are put in pond and raised until the commercial size. 
Three main kind of management exist for fish farm. The oldest is the "extensive farming systems" without artificial food input and where fish growth is totally dependent upon the natural productivity. Nowadays industrial fish farms are "intensive system", where fish growth is entirely dependent upon the external provision of nutritionally complete high quality diet. An intermediate solution is the "semi-intensive farming system", where fish growth is dependent upon the consumption of endogenously supplied live food organisms and external supplied food as a supplementary source of energy (Tacon & De Silva, 1997). Piscicultures in Sado estuary are generally small "exploitation" and corresponding to this third management.
The water is changed each 4-5 days (Oliveira, 1999) for "turbidity" and dissolved oxygen problems. The daily water exchange varies in an appreciable way, between the studies and depends on fish concentration.

I.2 Fish raised in the Sado estuary

Demand for Sea bass and guilt-head sea bream on the European Market is important, but their supply by traditional fishery is not sufficient that why a lot of temperate country have developed aquaculture, like Portugal, but also, Spain, Greece, and France.

Both species, Sparus aurata and Dicentrarchus labrax, are member of Sparidae family, widely distributed in the temperate zone (30°N-60°N) of the east coast of North-Atlantic ocean and Mediterranean sea (Whitehead et al.). For wild fish sexual maturity don’t appear before the fourthly years for North Atlantic population, and we assumed than reproduction does not appear in the pond.

I.2.1 Feeding and food ingestion 

Sea bass and Gilt-head sea bream are typical predatory fish species, which hunt preferably fingerlings (mostly sardines and mullets) and small crustaceans (Vivas et al., 2000).
The amount fed depends on the number of fish stocked and their average weight. More fish usually consume more food than they can use efficiently (Ramseyer & Garling, 1998). So is important to add just necessary food for fish stock, so as for pond culturing of this species, feeding seems to be the first expense after labour (Romagnoli & Venzi, 2000).

Daily ration added to the pond (r, mgC.d-1) is frequently expressed as a percentage of fish biomass (X), and to be apply to this model unit (mg C.L-1 for fish) it need to be transform. Humidity ratio in food (HFood) is not really important and can vary with sort of food used, if we take a value of 10% (da Silva & Oliva-Teles, 1998) and a carbon content (CFood) of 40% (Appendix A, Table. A-?), we can find the rate of food added to the pond in mg C.L-1 (RFood) with Eq. I‑1. In function of the kind of exploitation we can notice strong variation for X (cf. Appendix  A, Table ).

Eq. I‑1
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Table I‑1. Composition used for this model

Symbol
Coefficient
Value
Reference

HFood
humidity ratio in food (%)
10
Ballestrazzi et al., 1994

CFood
carbon ratio in food (%)
52(1)
   from 22 KJ/g dry wt

Ballestrazzi et al., 1994

HFs
humidity ratio in fish (%)
68
Gouveia & Davies, 2000

CFs
carbon ratio in fish (%)
40
Jorgensen, 1991

(1) transformation obtained with: 
1 cal = 4.184 J   and  1gC = 10 Kcal
I.2.2 Assimilation and excretion

Difficulty to maintain normal condition in the pound come from fish excretion and uneaten food than represent the primary sources of aquaculture waste; TAN (Total Organic Nitrogen) excretion rate for fish ranging from 30 to 58% of the total ingested food (Dosdat et al., 1996) (Figure I‑1).

Although fish are able to utilise dietary more efficiently than homeothermic animal (Lovell, 1989, in Ballestrazzi et al., 1994), they use a large percentage of the protein for energy, and as a consequence they excrete a considerable amount of nitrogenous waste (Ballestrazzi et al., 1994). Experimental farming of Sparus aurata shown that only 8-10% of the offered pellet diet are converted to fish dry weight (Tandler et al., 1982). 
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This efficiency of food conversion could be attributed to the diet’s quality. Nitrogen excretion of fish is especially on dissolved form *contrary to the phosphor excretion. The mainly product of fish excretion is Ammonia (Porter et al., 1987) and must be excreted rapidly, this amount is function of the food intake (Durborow et al., 1992).

Figure I‑1. The fate of nitrogen contained in food (from Enell, 1987, in Pagand, 1999)

* : data from Ramseyer & Garling, 1998 for general fish.

Undigested and/or unabsorbed proteins are excreted in the faeces. To reduce this excretion it’s necessary to use the specific specie requirement and feeding practices. However, most of the N excreted by the fish (un-used amino acid and degraded metabolic products) is lost through the gills. Fish size, protein intake and temperature generally affect the amount of ammonia excreted (Ramseyer & Garling, 1998).


In most of cases, commercial feed is formulated to contain a slightly higher level of a nutrient than is required for maximum growth of species (Ramseyer & Garling, 1998). This safety margin is use to prevent than food is not completely assimilated by the fish. Unfortunately, these extra nutrients contribute to the production of excess wastes in fish farm effluents.

I.2.3 Respiration

Fish respiration led to a reduction of dissolved oxygen. It’s one of the main problems for fish farmer, in addition to the water exchange, they often had to add aeration system to balance this decreasing.

Even if some abiotic factors such as temperature and salinity have also a considerable effect on oxygen consumption (Tudor, 1999), we didn’t take an account of them.

Tudor (1999) shown than sea bass respiration showed a daily variation with the circadian rhythm. He expresses the mass specific consumption of oxygen rate (R, in g O2 kg-1 h-1) as time function (t, in hours), (R2 = 0.57 and n = 0.59):

[image: image45.wmf]10

6

 tonnes

capture

aquaculture


[image: image46.wmf]÷

÷

ø

ö

ç

ç

è

æ

+

=

+

Bac

Uptake

Sub

Uptake

Uptake

Bac

NH

PON

DON

a

a

m

4


Figure I‑2. Representation of the oxygen consumption (from the equation of Tandler) used in the oxygen simulation

I.2.4 Composition of body fish

The water content of Sparus aurata decrease with the age (68.8% for fish of 40g to 66% for 80g) (Marais & Kissil, 1979) but we can conserve a constant rate of 68% corresponding also to the value found for juvenile of Dicentrarchus labrax (69%) (Gouveia & Davies, 2000). Even if Protein rate increase in the chemical composition during growth (Marais & Kissil, 1979), principally linked to the composition of food ingested, we assumed than Carbon - Nitrogen ratio (in mass) and carbon proportion are constant for fish ((Fs and CFs) and a general value for fish is 45:7 and 40% respectively (Jorgensen, 1991) according to the result of the previous author for S. aurata. So, we assumed than the value to transform the fresh weight of fish (mg) in Carbon unit (mg C) is a factor of 0.40 x 0.32.

I.2.5 Density of fish

The proper number of fish should be stocked into ponds to ensure good fish growth and yield. Overstocking results in crowding and slow growth, equally understocking results in poor utilisation of the place and low fish yield.  For example a highest density (nine times superior) of gilthead sea bream can reduce the growth of 25% (Canario et al., 1998). In spite of this, limiting effect of density seems for the moment impossible to "modeliser", competition is just represented for natural food imitation.

Fish concentration is 53.2 g.m-3 in one of the farms from Sado estuary (Oliveira, 1999) this concentration is at least forty times taller than current concentration for intensive farm (2 to 8 kg.m-3, Canario et al., 1998; Kentouri et al., 1994).

II Model description

The model described below represents a simplified view of pelagic community occurring in an aquaculturing ecosystem. 

We started from an existing biological model consisting of autotroph and heterotroph continua used for "Water Quality” simulations in North-Atlantic Ocean (Miranda, 1997). For this study we have transformed this food chain (primary and secondary producers) in a food web, firstly with carnivorous (fish) addition, to represent the both species raised in the Sado estuary namely Gilt-head bream (Sparus aurata L. 1758) and European sea bass (Dicentrarchus labrax L. 1758). Secondly we added the microbial loop. These state variables represent functional groups where feeding mode is the main criteria for group distinction; and where size classes are not considered inside. *A subdivision of the nitrogen was already in place in the model, in based on biological availability, and we conserved this form. *This program represent a module of a global hydrodynamical model MOHID©  for estuary studies (MARETEC, IST) and was programming in FORTRAN© 90.

Fish pond is  a closed system with a mean depth of 1.5 m; in this context, boundary conditions are considered as non existent and transport by hydrodynamical processes (resolved by other module of this program) are expected to play a minor role on biological processes and are not considered in the results.*
II.1 State variables

Phytoplankton (Phy) represents autotroph from micro- and nano-plankton (2-200 (m). Determinate a representative group of phytoplankton community seems to be difficult; indeed Oliveira (1999) shown than phytoplankton dynamic of community and specific composition in fish pond vary strongly with the food used besides seasonal variation. From the same author, Diatoms (Bacillariophyceae) seems to be dominant in different situation, and addition of nutrient increases their contribution to the phytoplanktonic annual production (55% for a control tank to 98%).

Bacterioplankton (Ba) from 0.2 to 2 (m represent only heterotrophic bacteria from the water column. There are other kind of bacteria in aquatic ecosystem, but in this model this term refers to free heterotroph planktonic micro-organisms, we did not take an account of autotrophic and benthic bacteria. 

We consider two kind of zooplankton, with different feeding behaviour:

Firstly unicellular zooplankton: Protozooplankton (2-200(m). Ciliates are included in Protozoa phylum, with other subgroup like Dinoflagellates, Zooflagellates, Radilaria or Foraminifera. The ciliate can feed on bacteria, small phytoplankton and small zooflagellate (Lalli & Parson, 1994) this group is often chooses to represent bacteria predator in the microbial loop and they are eaten by taller zooplankton. In this model we have chosen to use Ciliate like a representative group of Protozoan. Bacteria are supposed as the only source of food; grazing of small phytoplankton (frequently not collected in phytoplanktonic sample) and of other kind of zooflagellate are not considered. 

The second class of zooplankton considered regroup macro-zooplankton herbivores (grazer of phytoplankton and bacteria) or predator of other zooplankton. Copepods could be choosing as representative of Zooplankton (Zo)  (Monteiro, 1995). 

     Finally Fishes (Fs) represents the last trophic step. The higher predators of this system are fed by addition of pellet in the pond and eat zooplankton in complement.

The coupled biogeochemical model for organic Nitrogen consists to a dissolved pool, refractory (DONre) and non-refractory (DONnr) and a particulate one (PON). For the mineral Nitrogen, three kinds are distinguished: ammonia (NH4), nitrite (NO2) and nitrate (NO3).

Denitrification, decomposition particulate organic matter and excretion of living organisms produce ammonia, then is converted to nitrite and to nitrate secondary through a biologically (bacterial) intermediate process called nitrification.

This kind of model represent a simple view of a natural ecosystem, truncated on the higher part because we don’t take an account of fish predators pressure (Figure II‑1). 
Moreover this system is closed and feed is adding to a pond for the fish growth.  However this input of protein has a fertilizing effect and thus increases the amount of natural food in the pond by the way of trophic web. Indeed uneaten food produce ammonia used by phytoplankton, which in turn are grazed by Zooplankton and provide natural food for fish, this is the classical food chain. Bacteria use dissolved organic and inorganic nitrogen, then are preyed by Protozoan, which allow the regeneration of nutrients and permit the closing of the food web and reusing by phytoplankton and bacteria, it's the “microbial food web”. 
Animal excretion, phytoplankton exudation increase the concentration of Dissolved organic nitrogen (DON non refractory, flux on DON refractory is considered as null in this simulation) and bacteria convert it in particulate biomass attainable by protozoan, which in turn are grazed by Zooplankton (Moriarty, 1997).
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Figure II‑1. Conceptual diagram of the trophic web used in this model.

Nutrient uptake by phytoplankton or bacteria and food ingested by marine heterotrophs is used for growth, reproduction and respiration, with a certain amount non-assimilated. The model described here does not distinguish between growth and reproduction. Their evolution in time, sum of production and destruction is described by a first order differential equations in the form:

dB/dt = growth - excretion - natural mortality - mortality by predation


Where B is the concentration of Phytoplankton, Zooplankton, Ciliate or Bacteria and excretion represent the sum of egestion, excretion and respiration.

Time variation for fish concentration is given by:

dFs/dt = anabolism - catabolism - natural mortality
Details for each state variable are clarify in chapter: II.2.

According to the existing model, we use two units. Phytoplankton and marine heterotrophs are given in carbon unit (mg C.L-1) and non-living variables are in Nitrogen (mg of N.L-1). To link both units, Phytoplankton, Zooplankton, Ciliate and bacteria are assumed to have fixed N:C ratio in their biomass ((Phy, (Zoo, (Cil, (Ba respectively)

Computation method

We use a box model in which all variables are completely space averaged, the state variables are dependent of the time and vertical velocity. Their evolution in space and time is described by a partial differential equation.

Each equation is in the form:
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[image: image3.wmf]
B is a non-conservative property; z: vertical position; w: settling velocity and SB the first order ordinary differential equation.

*These equations are solved numerically using an implicit method, this resolution use the value at t+1 to estimate variation at each time step.
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II.2 Forcing by external variable

In this model we take an account of forcing by to three external variable: the temperature, the light and oxygen concentration. Temperature and light govern:

· growth and endogenous respiration of phytoplankton, 

· respiration and ingestion of Zooplankton and Ciliate,

-
respiration, ingestion and catabolism of fish, 

· and uptake of bacteria.

The unique impact considered of oxygen concentration is on  fish.

II.2.1 Temperature


The concept of Thornton and Lessen (1978, Miranda, 1997) has been adopted to represent temperature effect (((T)):

Eq. II‑1
((T) = KA(T) . KB(T)
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*Interval between Toptmin and Toptmax represent the temperature interval for optimal growth, and Tmax and Tmin, maximum and minimum tolerable temperature where growth rate is null. This parameters are fixed arbitrarily in function of other observation but need to be specified for species from the study zone, because temperature adaptation of organism could be really important, specially for the fish.

Remaining constants (K1, K2, K3 and K4) control the shape of the response curve of temperature effect. Due to the missing of knowledge on temperature effect on the different organisms of the pond, these values are assumed equal for all kind of organism in this model. 
II.2.2 Oxygen concentration


Dissolved oxygen calculation was based on mass balances in which production and consumption rate were simulated. Main process witch govern dissolved oxygen level are photosynthesis, respiration and nitrification (Cuenco et al., 1985c). 

dO2/dt =[  (Phy. (O:C Photosynth + (O:Cnitr. (Phy. (1 - (NH4)- rPhy ]. Phy  - rCil .Cil - rZo . Zo 

- rFS .Fs  - ( Bi o .BOD - ( Am . NH4
.

With: (Phy : growth rate of phytoplankton; (O:C and (O:Cnitr : Oxygen Carbon ratio for photosynthesis and nitrate consumption; (NH4: phytoplankton ammonia preference factor; rPh,, rCil , rZo ,, rFs : respiration rate of phytoplankton, zooplankton, ciliate and fish; ( Am oxygen sink nitrification rate; ( Bio: oxydation rate of BOD:

The formula for the concentration at the saturation used by Miranda (1997) in the existing model was determinate by APHA, (1992):

CDOsat = e (
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With:

a1 =1.575701.105        a2 = - 6.642308.107       a3 = + 1.243800.1010
a4 = - 8.621949.1011   a5=3.1929.10-2              a6= 3.8673.103
and the Chlorinity: 
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Oxygen production is due to photosynthesis by Phytoplankton; but photosynthetic process is dependent on solar radiation and the production of oxygen occurs only during day light hours (Thomann, 1972 in Tudor, 1999). In addition nitrate (NO3) consumption by phytoplankton produce oxygen. An other source of oxygen is the dissolution of oxygen from atmosphere (CDOsat). 

Consumption terms considered include Phytoplankton, both zooplankton and Fish respiration, organic matter oxidation (BOD
) and nitrification. 
Low oxygen can kill fish. The decay of excess feed and organic fertilizer consumes oxygen by increasing of BOD. Fish can die of asphyxiation if too much oxygen is consumed. Ponds receiving large applications of fertilizer and/or feed must be closely monitored to determine if oxygen levels in the pond are satisfactory for fish. Low oxygen occurs most frequently just before sunrise because of photosynthesis stopping during the night.

Table II‑1. Specific coefficient for oxygen simulation.

Symbol
Coefficient
Unit
Value

  ( BOD 
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aBOD
   Oxidation coefficient 
-
1.047

(BOD
   Oxidation reference rate                 
1/T
0.18

 KBOD
   Oxygen saturation constant                        
1/T
0.5



  ( Am 
 O:N ratio for denitrification process                         
mgO2.mgN-1
32 : 14
















II.3 Ecological processes 

II.3.1 Phytoplankton

Phytoplankton are pelagic organism capable of photosynthesis, it means that light energy is absorbed, transformed and used, after a succession of biochemical reaction, to incorporate CO2 into sugar and protein.

So photosynthesis is the basis process that produces yield with energy and mineral nutrients, because all organisms have to oxide ingesting matter in CO2 by metabolic process, and photosynthesis restores the balance by oxygen production and carbon dioxide fixation.

dPh/dt = ( (Ph – rPh – exPh – mPh). Ph – IPhy/Zo.Zo

With: (Ph : growth rate of phytoplankton; rPh : respiration endogenous and photorespiration ; exPh : excretion rate ; mPh : natural mortality rate ; IPhy/Zo : ingestion by predator (zooplankton).
Growth

(Ph = (max . ((N)Ph .((E)Ph .((T)Ph

The model assumed than light, temperature and nutrient concentrations affected maximum growth rate of phytoplankton ((max). The effect of this last parameter assessed using Michaelis-Menten kinetics
· To the nutrient effect (((N)Ph) in this model, we assumed than only nitrogen limit phytoplankton growth. New nitrogen (nitrate) and regenerated component (ammonia) are considered in the same pool. But difficulties could be encountered to subtract phytoplankton uptake to the ammonia and nitrate pool, so we can resolved this problem with ammonia preference factor ((NH4) “intervention”. The nutrient limitation is expressed on the Michaelis-Menten form, with a half saturation constant (KN).

· Temperature limitation is expressed in the same way for all organisms in this model, this forcing is considered as an external variable (see: II.2.1).

· The Light effect (Steele,1962) on photosynthesis is expressed by: 

Eq. II‑2
((E)Ph = 
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with
 E(z) =
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With: E0 : is the effective solar radiation at the water surface, simulated by a model; k(p) is the light extinction factor; EoptPh : best light intensity for photosynthesis, z is the vertical position.

Respiration 

Respiration of phytoplankton is divided in two parts, dark respiration and photorespiration.
rPh = ker . exp(0.069. Tº )  +  kp (Ph 


With: ker: phytoplankton endogenous respiration constant; kp : photorespiration factor

Excretion

A large proportion of phytoplankton's photosynthates can release to the water as extracellular dissolved organic material (DONnr). This excretion not really known for phytoplankton, du to the difficulty of measure (Archambeau, 1996). The excretion rate take in account that the lower or higher solar radiation increase excretion of phytoplankton (Collins, 1980, in Miranda, 1997).  

exPhy  =  (Ph. (Ph (1- ((E)Ph)

With: (Ph :excretion constant 
Natural mortality


The non-grazing mortality use a modified Michaelis-Menten formulation proposed by Rodgers and Salisbury (1981, in Miranda, 1997).

mPhy =  mmax/Phy .
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II.3.2 Bacteria

Most of bacteria in a pond are saprophytic heterotrophs (Moriarty, 1997), detritus, like* natural mortality of plankton, faecal pellets and food* non-assimilated, decomposition provide them energy and organic matter for growth and in return* they contribute to the ammonia regeneration, by their excretion. Although we assume there is no nitrate uptake by bacteria in this model, but they are competitors with phytoplankton for ammonia.

The influence of bacterial activity is the utmost importance, we can distinguish to kind: autotrophic nitrifying bacteria and heterotrophic bacteria, who are present around in the same concentration (Bancheton, 2000). Unfortunately very little is known* about the kind of heterotrophic bacteria that are present in recirculating system.

dBa/dt = ((Ba - exBa- mBa).Ba – IBa/Cil.Cil

With: (Ba: uptake total of bacteria (mgC. L-1); exBa: excretion rate (day-1), mBa: natural mortality rate and IBC/Cilia. predation rate by Ciliate.

Uptake

*In addition to using organic substrate for growth, marine bacteria can also utilize ammonium to supplement organic nitrogen when there is a readily available carbon source (Anderson, 1992), we can consider that is the case in a fish pond.  So pelagic bacteria assimilate three kind of nitrogen substrate: dissolved organic nitrogen non-refractory (DONnr), particulate organic nitrogen (PON) (Baretta et al., 1988) and ammonia (NH4) (cf. II.4). *The modelling of the pelagic bacteria is based on the assumption that growth of population is governed by two most important factors, the concentration of organic available organic substrate (NX) (Baretta et al., 1988) and the temperature (Moriarty, 1997).*  

Uptake of bacteria (NXUptake) on non-living pool is expressed in mg of Nitrogen.L-1 by mg C of bacteria. A Michaelis-Menten kinetics is used for the nutrient limitation with a condition for uptake: *

IF  PON < SubMinBac  and  DONnr < SubMinBac   
  THEN
( NX UptakeBac = 0
ELSE


NX UptakeBac =
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With: Upmax/Bac is the uptake maximum for bacteria common for the three substrat; Knsat/Bac: the half saturation constant for bacteria uptake and ((T)Bac: the temperature limitation (cf. II.2.1).

*We need to convert this nitrogen absorption in carbon unit and for that we use the N:C ratio of bacteria ((Bac) with the assumption than uptake of ammonia need carbon in the corresponding rate to keep a constant composition;  for the transformation of DONuptake we use the N:C ratio of dissolved organic matter ((Sub). 
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Excretion

Excretion should be linked to uptake (Anderson,1992), but to simplify the approach we use a simple rate to limit excretion in case of non absorption of substrate, therefore we applied a condition for excretion:

IF         NH4UptakeBac> Upmin/Bac                THEN            excretion = exBac

   ELSE                                        excretion = 0
Predation 


The rate of bacteria grazed by Ciliate (IBa/Cil) is given on next paragraph.

II.3.3 Zooplankton: Ciliate and macrozooplankton

The biology of the two groups is modelled in a similar way: they perform the same elementary physiological processes of assimilation (with two different sources of food for zooplankton), excretion and mortality, but have different constants for this processes. Parameter values for protozoa will be derived from data from ciliates (Cil), which is frequently the dominant protozoan group (Porte et al., 1985 in Anderson, 1992). And zooplankton is represented by Copepod.

We can express the time variation of ciliate and zooplankton concentration as:

Eq. II‑1
dCil/dt = (IBac/Cil – exCil– mCil) . Cil – ICil/Zo .Zo 


Eq. II‑2
dZo/dt = (IZo– exZo– mZo) . Zo – IZo/Fish.Fs

With: IBac/Cil : ingestion of Bacteria ; exCil : excretion rate ; mCil : natural mortality ; ICil/Zo: ingestion of ciliate by predator (zooplankton).

And IZo : ingestion of Ciliate and Phytoplankton by Zooplankton; exZo : excretion rate ; mZo: natural mortality ; IZo/Fs: ingestion of Zooplankton by predator (fish).

Ingestion 

Ciliate ingestion

IBac/Cil =  aCil. ImaxCil .(Bac/Ci) . ((T)Cil

With: ImaxCil : Ingestion maximum of Ciliate ; aCil : assimilation coefficient of Ciliate for Bacteria; (Bac/Cil : limitation by concentration of bacteria  and  ((T)Cil: limitation  by temperature
Once more to modelled the prey limitation we use a Michaelis-Menten form and we used concentration of accessible food (concentration of prey multiply x capture efficiency) minus threshold standing stock (GrazminX) below which predation cease. Observations suggest that zooplankton cease feeding at a low concentration of food and this concentration represent a kind of refuge for bacteria (or for phytoplankton and ciliate, for zooplankton ingestion). If the available food is lower than this concentration, limitation of ingestion will be max ((prey/pred=0). 

(Bac/Cil = 
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With: ECil : capture efficiency of Bacteria ; GrazminCil : threshold standing stock of bacteria below which predation cease; ImaxCil : maximum ingestion rate and King/Cil : half saturation constant for ingestion.
Zooplankton ingestion

IZo = aPhy/Zo . IPhy/Zo + aCil/Zo . ICil/Zo

With: With: IPhy/Zo and Icil/Zo : ingestion of phytoplankton and ciliate ; aPhy/Zo and aCil/Zo : assimilation coefficient of phytoplankton and ciliate by zooplankton.

IPhy/Zo =(Phy  . Imax . ( Phy/Zo. ((T)Zo

ICil/Zo =  (1-(Phy). (Cil/Zo . ((T)Zo
 With: (Phy: proportion of phytoplankton in zooplankton ingestion; (Bac/Cil and  ((T)Cil:  limitation by concentration of bacteria in Michaelis-Menten form and  limitation  by temperature (cf. II.2.1)
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With: ECil : capture efficiency of Bacteria ; GrazminCil : threshold standing stock of bacteria below which predation cease; ImaxCil : maximum ingestion rate and King/Cil : half saturation constant for ingestion.

Excretion

The excretion rate (exx) is given by Andersen and Nival (1989) as a temperature function:

ex x = ax .bx T

With : ax : excretion rate at 0 °C; bx : shpe factor for the excretion curve and T: the temperature.

Natural mortality

We consider than zooplankton (Zooplankton and Ciliate) mortality is related to starvation. The mortality rate (mx) is directly related to the concentration of prey (BX) and below a threshold concentration of this prey (BminX), the mortality is high and constant (mmaxX) (Andersen et al., 1987). 

IF      BX > BminX

THEN
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With BX for Ciliate is Bacteria concentration and for Zooplankton is Phytoplankton and Ciliate concentration; amX : is the shape factor for mortality curve.

Respiration

Carbon losses by respiration are take in account in excretion process, this next rate is only used for the oxygen simulation. We consider than oxygen consumption of heterotroph is a constant ((X) with a limitation by temperature. The respiration rate (rXl) used in oxygen differential equation is given by:

rX = ( X . ((T)X
II.3.4 Fish

In the literature different kind of model are described to simulate fish growth. The difficulty was to "cummuler ?", firstly a distinction of artificial and natural food ingested to be able to "prelever ?" this part on the Zooplankton concentration. Secondly, be able to introduce the rate of energy lost (principally on the ammonia form) by the fish in the chemical variable.

Finally we choose to use a simple metabolic model describing growth as the difference between what enters the body and what leaves it (Eq. II‑1). It is elaborated assuming that synthetic processes (anabolism) are consuming energy supplied by process of decomposition (catabolism) (Ursin, 1967). Increasing of weight results from antagonist effects, anabolism and catabolism. 

Eq. II‑1
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This fish model has been developed by Boltle et al. (1994, in Jamu & Piedrahita, 1995) and then adapted by Jamu and Piedrahita (1995) to take an account of the effect of feeding rate on the growth (Eq. II‑2). Anabolism and catabolism processes are described as a function of food taken, temperature and weight of fish. For this model we changed the unit use by author and the rate of natural mortality was added. 

Eq. II‑2
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With for anabolism: a : fraction of food non assimilated by catabolism process (unitless); f : relative feeding level (unitless); bI : efficiency of Assimilation for ith food resource; dRi/dt : Intake rate of each kind of food (Ri in g .j-1).

And for catabolism: kmin : minimum coefficient of catabolism ; s : constante (ºC-1); T : water temperature (ºC); Tmin :  minimum temperature for the specie (ºC); n : exponent of body mass for catabolism (g 1-n.day-1).

II.3.4.1 Anabolism
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IFood and IZoo are the concentration of artificial food and zooplankton ingested by fish; aFood and aZoo these assimilation rates; aCata :fraction of food assimilated that is used for feeding catabolism (unitless) and ((N:C)Fs is the limitation by quality of  eaten food (ratio Nitrogen on Carbon).

Ingestion of artificial food and zooplankton:

When food is provided in excess, food consumption rate (IX) is a function of fish weight, temperature, dissolved oxygen and NH3  and metabolic rate is a function of food consumption and feeding metabolism (Cuenco & Stickney, 1985).

Intake rate of each kind of food is given by Eq. II‑1 and Eq. II‑2."par raport à ?" Jamu and Piedrahita (1995) model we have add temperature limitation according to the result of Lanari  (2000) and Anthouard et al.(1993) for sea-bass.

Eq. II‑1
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Eq. II‑2
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With: Q : coefficient of food consumption ( (mg C.l-1)m-1.day-1); ((Zoo)Fs and ((Food)Fs limitation by concentration of prey or artificial food available; ((T)Fs : the limitation by temperature and ((UIA)Fs limitation by unionised  ammonia and m is the exponent of body weight for catabolism.

fFood and fZoo are the relative feeding level (unitless) for artificial food and zooplankton 

(0<f<1) given by (Yi, 1997) :

Eq. II‑3


f = r / R = 1-exp (-j. P/B)
With: r : actual daily ration (mgC.d-1); R : maximal daily ration (mgC.d-1); j : coefficient of food proportionality; P : quantity of natural food (g C m-3/j); B : standing crop of fish ( mgC.L-1).

We assumed than fFood is equal to the second term of the Eq. II‑1, and  fZoo to the third.

II.3.4.2 Catabolism
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kmin is the minimum coefficient of catabolism ; s : constant (ºC-1) ; T : water temperature (ºC); Tmin :  minimum temperature for the specie (ºC) ; n: exponent of body mass for catabolism ((mgC.L-1) 1-n.day-1).

We have "exprimer" fish excretion in nitrogen form, with Nitrogen-Carbon ratio ((Fs) in function of catabolism. This approximation correspond to the affirmation of Guerin-Ancey, (1976, in ?) about influence of body weight and water temperature on excretion. 

eFs =  (Fs  . Catabolism
Then this excretion of nitrogen is "répartie" on each biochemical variable. According to Porter (1987) inorganic and organic fraction represent the same rate (30% of food ingestion). 

Natural mortality (mFs)

Mortality rate is take as a constant rate.

II.3.4.2.1.1 Temperature limitation



In moist of case water temperature in pond varies spatially, and we can considerate than variability at the same depth are usually small (Cuenco et al.,1985c). The well-mixed pond is assumed because thermal stratification is destroyed by wind or artificial means.


     This parameter is represented in the same way for all living variable (cf. II.2.1).

The temperature where occurred the growth rate of sea bass peaked  (28 °C) was  slightly higher than the optimum temperature for feed intake (25 °C)  (Lanari, 2000).
II.3.4.2.1.2  
Effect of the quality (N:C ratio) of artificial and natural food : ((N:C)Fs
Dietary protein quality affect weight gain of fish (Dias et al., 1997), we translate that by effect of Nitrogen-Carbon ratio of food ingested ((Fo/Zo, natural and artificial). 
The effect of feed quality on growth was incorporated in the model using Sterner and Hessen's approach (1994, in Jamu and Piedrahita, 1995).
IF 
    (crit > (Fo/Zo

THEN   
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(crit is the critical rate of N:C for fish ingestion; Kc : growth gross efficiency of fish and (Fo/Zo  is the average between N:C ratio of artificial food and N:C ratio of zooplankton.


II.3.4.2.1.3 Effect of unionised ammonia (UIA): ((UIA)Fs

The total ammonia nitrogen is composed of toxic ammonia (NH3, unionised form) and non toxic form (NH4+, ionised). A balance exist between the two forms:





H+ + NH3    NH4+
Accumulation of metabolic waste (like unionized ammonia) is one of the major factors affecting fish production (Hepher 1978 in Cuenco et al.,1985c). In such systems, ammonia toxic form (NH3) may increase as a result of increasing ammonia levels and decreasing oxygen concentration following crashes of phytoplankton populations for example (Wajsbrot et al., 1991). In most cases aeration system compensate this problem.


The proportion of Total Ammonia Nitrogen (TAN) in the toxic form increase as the temperature and pH of the water increase (Coves, 1997; Durborow et al., 1992) and oxygen decrease (Wajsbrot et al., 1991). At every pH unit increase, the amount of toxic unionised ammonia increases about 10 time (Durborow et al., 1992). 

To determinate the amount of NH3  in the pond we use the table of Durborow et al., (1992, adapted from Emerson, et al., 1975) which give ratio of NH3 (% of TAN) in function of the temperature and the pH. According to the study of Sado’s estuary of  Sobral et al. (1991) we have take a constant water temperature of 25ºC (23 to 27ºC for July and August:) and a pH value of 8 ( 7.5 - 8.5). The fraction of toxic ammonia in aqueous solutions is 0.0538 is approximately the same than Wajsbrot et al.(1991) used. Ammonia concentration (NH3) is given by:

[NH3] = 0.0538 . [TAN]
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With  TAN = NH4 + NH3
Cuenco et al. (1985a) indicated that food consumption was not affected when UIA was below a critical limit (UIAcrit) and food was not consumed when UIA reached a maximum level (UIAmax), between food consumption decreased with increasing UIA 
IF
         UIA < UIAcri    

THEN
       ((UIA)Fs = 1

ELSE IF   
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 ELSE 
 
(UIA > UIAmax )

      ((UIA)Fs = 0


II.3.4.2.1.4 Limitation by oxygen concentration: ((DO)Fs


This effect is not reversible, and a higher DO period can nott compensate for a low one (Cuenco et al., 1985c). Sea bass and Gilt-head sea bream are more exigent than other Sparidae like Dentex dentex for oxygen concentration in water; they necessitate  between 6 and 7 mg.L-1 (Lanari, 2000; Kentouri et al, 1994).


To provide optimum condition for fish growth, oxygen concentration must be maintained above a critical level, we could imagine putting more phytoplankton to increase photosynthesis rate but there is also a higher risk of plankton die-off resulting in near anoxic conditions (Cuenco et al.,1985c). That why is the most common approach to maintaining high DO is to use mechanical aerators.


IF 
O2 < DOmin


THEN  
((DO)Fs = 0


IF 
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IF 
O2 > DOcrit     

THEN     
((DO)Fs = 1
DOmin : oxygen minimum concentration for fish and DOcrit : oxygen critical concentration for fish 

II.4 Biochemical processes 

In the initial model each of this six form of nitrogen was already include in the program, but we made some modification to separate different composition of organism excretion. Then nitrogen source due to organisms *added was also take on.

*First we have a subdivision of organic and mineral nitrogen, then a second division is made according their degradation rate in the water column. The dissolved organic Nitrogen non refractory (DONnr), including small molecular substrates, is assumed to be degraded on the day of production, contrary to the dissolved organic Nitrogen refractory (DONre) with a longer turn over. Refractory carbon available, in the literature (Baretta et al., 1988), represent a small fraction for aerobic bacteria, between 0.00001 and 0.01 day-1 (for particulate and dissolved material), so until find more information about this process, we assume than DONre can not be use by bacteria*. 

Main sources of Ammonia are metabolism (of Zooplankton, Protozoan, Fish and Bacteria) and organic matter decomposition (faeces and uneaten food) (Cuenco et al., 1985c), in other hand sink are caused by Phytoplankton and Bacteria assimilation and nitrification process. Then Nitrification process convert ammonia in nitrite, which in turn is converted in nitrate; this process, due to bacteria activity is represented here by a rate function of temperature.

We can consider than one part of the nitrate component go out from the system by denitrification process ((3N).

In fish farm the main sources of Dissolved Inorganic Nitrogen (DIN) are fish excretion and transformation of organic nitrogen by bacteria. 

All the processes of the six next equations are given in the Error! Reference source not found., and constant used for the model in Error! Reference source not found..

Inorganic form

Ammonia
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II.5 Initial  values

Because of the missing of data about pelagic organism and non living substance, we have try to run the program on different conditions which appear as representative of eutrophic and oligotrophic situation .

We choose to start on june and run the program until the end  of august, because these months represent the most dangerous time for fish survival.

III  Results &Discussion

The model was run using initial conditions(Table III‑1), which seems the most representative of the Sado estuary. Once more, natural condition in the estuary may be slightly different.  

Table III‑1Initial values used for the first simulation

Variable
Symbol
Unit
Initial concentration

Phytoplankton
Phy
mgC.L-1
0.1

Bacteria
Bac
“
0.05

Ciliate
Cil

0.0003

Zooplankton
Zoo
“
0.022

Fish
Fs
“
6.80   (d=0.02)(1)

Ammonia
NH4
mgN.L-1
0.015

Nitrite
NO2
“
0.02

Nitrate
NO3
“
0.035

Particulate organic nitrogen
PON
“
0.02

Dissolved organic nitrogen non   refractory
DONnr
“
0.001

Dissolved organic nitrogen refractory


DONref
“
0

Temperature
T
ºC
25ºC

Salinity
S
-
30

Oxygen concentration
O2
mgO.L-1
8

(1) d:  fish density 
III.1 Fish growth results

Individual weight of fish, is derived from the state variable fish concentration (Fs) on the density parameter. This last parameter usually decrease with the mortality rate during the run, but in this part natural mortality  was suppressed to only studded growth of one fish. Representation of this individual growth permit to anticipate proper coefficient for Sparus aurata parameterisation.

Unfortunately, to our knowledge none study has been conduct on evaluation of bioenergetic parameter for Sparus aurata or Dicentrarchus labrax. Consequently we have determinate best parameter to reproduce growth of gilthead sea bream by approximation. Unique data found for physiological parameters of this kind of model are for two different species. Firstly, species the most similar, the stripped sea bass (Morone saxatilis) in the POND© software which use a similar growth model; and the second is a fresh water specie, Nile Tilapia (Oerochromis niloticus) from data of Yi (1997). Then we have tried to conserve the magnitude of common parameters and fit the curve obtained by the model with result for growth of Sparus aurata obtain by Sobral et al.(1991) (one measure by month) and linear regression between fish weight and day growth given by Tandler et al.(1982) in the Eq. III‑1, for fish of  0.5 - 15.0 g, (r2=0.815 ; F regression = 194.49 ; P<0.05). 

Eq. III‑1
Ln G = 1.9218 - 0.4831 Ln W

With : G is the relative daily growth rate (% weight increase.g-1 fish weight.day-1); W: fish weight (g).
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Figure III‑1. Simulated weight of individual fish (g) from the model simulation    (       ) compared to the function of Tandler (1982) for Sparus aurata growth (        ) and data recorded by Sobral et al., (1991) (  .)

Sensitivity Analyse of the fish growth model

In this case a current formula for sensitivity analyse does not give a sufficient exactitude and we preferred use a coefficient ever used for a fish bioenergetic model (Nath et al., 1996).

The model used for fish growth was subjected to a generalized sensitivity analysis with regard to 9 parameters (M) listed on Table III‑III‑1. For all these analyses we conserve initial conditions from the first simulation. Results from these multiple runs were compared to model output (referred to as the standart run) generated by the use of the original parameter set. For all the scenarios,  the difference was calculated day by day (represent the data out put time) and absolute sensitivity (AS) was summarized in terms of mean change in individual fish weight (W)over three month. 
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N: number of days of the run; WM((10%): the weight value for a variation of + or - 10% of the parameter M.

Further, in order to rank the sensitivity of the parameters on the basis of the magnitude of their effects on fish weights, relative sensitivities (RS) were also calculated as follows:
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Wm: mean fish weight (g) for the base run; Mi : base value of the ith parameter (Table III‑III‑1).

Table III‑III‑1. Base values of bioenergetic parameters choose for gilt head sea bream, with relative (RS) and absolute (AS) sensitivities of individual guilt-head sea bream weight to a (10% change of parameters . Parameter are ranked according to the magnitude of the sensitivities and negative values indicate that fish weight decreases with an increase in parameter value.

Bioenergetic Parameter
Base value
RS
AS

Anabolism exponent (m)
0.59
4.395
7.903

Feeding catabolism coefficient  (acata)
0.5
-1.004
-1.806

Food consumption coefficient (Q)
0.8
1.001
1.801

Assimilation efficiency of artificial food (aartfood)
0.95
0.596
1.071

Assimilation efficiency of zooplankton (azoo)
0.85
0.012
0.022

Catabolism exponent  (n)
0.75
-0.007
-0.013

Food proportionality constant (j)
18
0.002
0.004

Minimum Catabolism coefficient (kmin)
0.00015
-0.001
-0.003

Temperature parameter (s)


0.0132
0.000
0.000

Result of the sensitivity analysis (Table III‑III‑1) indicates that the model is strongly sensitive to the anabolism exponent (m), followed by feeding catabolism coefficient (acata) with a conversely proportional influence and food consumption coefficient (Q). This most influent parameters are represented in the Figure III‑2.

Future physiological studies on both species have to focused on this parameters principally for a better parameterisation.

Comparison of these results with the model developed by Nath et al. (1996) for Nile tilapia shows also an extremely sensitive to n, with an RS  of 5.34 ( for a run of five month) and high value for other parameter in comparison to own result.

Figure III‑2 Results of sensitivity analysis

III.2 Time simulation

A fish pond is an enclosed system and do not represent a natural ecosystem, fish farmer intervention is crucial to feed the fish, control dissolved oxygen, change a part of the water. As we ever say fish farm in the Sado are small exploitations and water composition records are expensive, so we just find few data on specific composition of phytoplankton and zooplankton, but records are give in cell.L-1 and are not usable. In addition we try to add water discharge module to simulate the punctually water exchange with the estuary, but this procedure is for the moment impossible to "mettre en place".

Nitrogen
Ammonia dynamics show a strong relation with phytoplankton concentration.  Use of constant rate between ammonia and nitrite, and nitrite and nitrate, result in a same "profil". 
Phytoplankton

Bacteria

Ciliate

Zooplankton

Fish

Figure III‑1. . Simulated phytoplankton, zooplankton and bacteria concentration over a 3     month run.

Figure III‑2. Simulated concentration of the both zooplanktonic organisms.

Figure III‑3. Simulated concentration of ciliate and bacteria 

Because of the data missing to calibrate this model, we have chosen to simulate different condition. Initial concentration specially for fish seem have a important effect on the dynamic result.

Eutrophic condition 

Finally we notice than initial condition seems play an important role in the dynamic of planktonics organisms. This observation translate the strong attention than pond need to keep stable and viable condition for organisms.

III.3 Temperature effect

The temperature represent one of the reason which made of the summer a dangerous time for fish raising. Indeed a temperature increase involve a diminution of the dissolved oxygen in the water and this process is amplify by wind diminution, which mix the water surface.

Because of the missing of temperature record on fish pond of Sado estuary, we have conserved a constant temperature for each run. But in order to record  impact of an increasing or decreasing of temperature, we compare results at different temperature conditions. From observations of Sobral et al. (1991) the pond water seems to not exceed 30°C during summer and  stay over 12°C in winter; consequently we made eight simulations at 12, 15, 18, 21, 24, 25, 28 and 32°C. of    a Even if this impact is also important on zooplankton and phytoplankton we just represent on the Error! Reference source not found. its effect on fish concentration.

How we can expected We can noticed than PON is strongly linked with fish production.

Figure III‑1[image: image53.wmf]10

6

 tonnes

capture

aquaculture

. Fish concentration in the pond after a 3 month simulation in different condition of temperature

Figure III‑2. Results of simulation for 9 days at different conditions of temperature.

Conclusion


With th increasing development of aquaculture waste water control is now essential in sustainable aquaculture. 

Eutrophic system like fish pond are characterised by dominance of one or a few species and a "par conscéquent" reduction of the biodiversity.
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� BOD: Biological Oxygen Demand of micro-organisms to oxidised organic matter in the water column.
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