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Abstract

A biogeochemical model for the Sacca di Goro Lagoon has been developed and partially validated with field data

from 1989 to 1998. The model considers the nutrient cycles in the water column as well as in the sediments.

Furthermore, phytoplankton, zooplankton, and Ulva sp. dynamics, as well as shellfish farming, are taken into account.

Due to the recent anoxic crises in the lagoon, the dynamic of oxygen has also been simulated. The actual version of the

model is a 0D with input fluxes from the watershed and exchange with the Northern Adriatic Sea. Nutrients from the

watershed, wet and dry deposition, temperature, light intensity, wind speed and shellfish production are considered as

forcing functions. The results show that the model is able to capture the essential dynamics of the lagoon, with values in

the same order of magnitude with the measurements from experimental campaigns. The coupling with a 3D

hydrodynamical model of the Sacca di Goro, as well as with the watershed model is presently under development.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

As a consequence of their location between land
and sea, coastal lagoons are characterized by large
fluctuations in physical and chemical conditions
(Kjerfve, 1994). Moreover, coastal lagoons are
subjected to strong anthropogenic pressures. They
receive freshwater inputs, rich in organic and
mineral nutrients derived from urban, agricultural
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and/or industrial effluents and domestic sewage. In
addition, several of them support strong shellfish
farming. Furthermore, they have been suffering
from multiple and uncoordinated land-use mod-
ifications undertaken with only limited sectorial
objectives in mind. For example: structural
changes in lagoon topography, increase of the
number of sea connections, changes in bathyme-
try, etc. All these factors are responsible for
important disruptions in ecosystem functioning
characterized by eutrophic and dystrophic condi-
tions in summer (high temperatures 25–30�C),
algal blooms, O2 depletion and H2S production
d.
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(Pugnetti et al., 1992; Cioffi et al., 1995; Harzallah
and Chapelle, 2002; amongst others).
The combination of all these different factors

affecting the Mediterranean lagoons make neces-
sary for their management, the development of
management tools that are able to consider the
different aspects in an integrated way. It is evident
that in this case one should be able to analyse and
assess lagoon fluid-dynamics, ecology, nutrients
cycles, river runoff influence, shellfish farming,
macroalgal blooms, as well as the economical
implications of different scenario analysis.
Obviously, to carry out such a task biogeo-

chemical models that take into account the
different mechanisms and important variables in
the ecosystem are fundamental (Chapelle et al.,
2000; Arhonditis et al., 2000). These models are
able to handle the complex link between human
activities and ecosystem functioning, which are
otherwise not possible to capture with more
traditional statistical tools.
In this work we have, based on previously

developed models (Lancelot et al., 2002; Tusseau
et al., 1997; Chapelle et al., 2000; Solidoro et al.,
1997a, b; Chapelle, 1995; Bacher et al., 1995),
implemented and tested a biogeochemical model
of the Sacca di Goro. The model considers the
nutrient cycles in the water column as well as in the
sediments. Furthermore, phytoplankton, zoo-
plankton, and Ulva sp. dynamics, as well as
shellfish farming, are taken into account. Due to
the recent anoxic crises in the lagoon, the dynamic
of oxygen has been also simulated. The actual
version of the model is a 0D with input fluxes from
the watershed and exchange with the Northern
Adriatic Sea. Nutrients from the watershed,
wet and dry deposition, temperature, light
intensity and wind speed are considered as forcing
functions.
Due to its characteristics and its economic

importance, the Sacca di Goro has been the object
of a continuous study and, hence, long-term data
is available (Viaroli et al., 2001). We have selected
to simulate the years from 1989 to 1998 for two
reasons. The first is that watershed data as well as
lagoon and coastal data concerning water fluxes
and quality started to be monitored monthly at the
end of the 80s and beginning of the 90s. The
second is related to the changes and variations that
Sacca di Goro has suffered during the selected
period. In fact from 1987 to 1992 the Sacca di
Goro experienced an abnormal proliferation of
macroalgae (Ulva rigida), which replaced gradually
phytoplankton populations (Viaroli et al., 1992).
This was a clear symptom of the rapid degradation
of environmental conditions and of an increase in
the eutrophication of this ecosystem. The decom-
position of Ulva in summer (high temperatures 25–
30�C) produced the depletion of oxygen. At the
beginning of August 1992, after a particularly
severe anoxic event which resulted in a high
mortality of farmed populations of mussels and
clams, a channel, 300–400m wide and more than
2m deep, was cut through the sand bank to allow
an increase in the sea water inflow and the water
renewal. This measure solved temporarily the
situation and in the following years a reduction
of the Ulva cover (Viaroli et al., 1995) and an
increase in phytoplankton biomass values were
observed (Sei et al., 1996). However, in 1997
another anoxic event took place with half of the
lagoon covered by Ulva, with an estimated
biomass of 100–150,000 tons. The economical
losses from the farmed populations of clams were
around 7.5–10 million Euro (Bencivelli, 1998).
2. Study area

The Sacca di Goro (Fig. 1) is a shallow-water
embayment of the Po River Delta (44.78–44.83�N,
2.25–12.33�E) approximately triangular in shape
with a surface area of 26 km2, an average depth of
1.5m, and it is connected to the sea by two mouths
about 0.9 km wide each. Numerical models
(O’Kane et al., 1992) have demonstrated a clear
zonation of the lagoon with the low energy eastern
area separated from two higher energy zones, the
western area influenced by freshwater inflow from
the Po di Volano (PV) and the central area
influenced by the sea. The eastern zone is very
shallow (maximum depth 1m) and accounts for
one half of the total surface area and one quarter
of the water volume.
The lagoon is surrounded by embankments. The

main freshwater inputs are the PV River
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Fig. 1. General layout of the Sacca di Goro Lagoon in 1999.
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(B350� 106m3 yr�1), the Canal Bianco (CB) and
Giralda, which have approximately the same
discharge rates (20–55� 106m3 yr�1). Freshwater
inlets are also located along the Po di Goro (PG)
River and are regulated by sluices. There are no
direct estimates of the freshwater input from the
PG, which is usually assumed to be equivalent to
that of the PV. The freshwater system is mostly
located in a subsident area and is regulated by a
system of pumping stations (scooping plants). The
fresh water or hydraulic residence time oscillates
monthly between 2.5 and 122 days with a mean
value of 24.5 days, whereas the water exchange
time ranges from 2 to 4 days (Cattaneo et al.,
2001).
The tidal amplitude is ca. 80 cm. The bottom of

the lagoon is flat and the sediment is alluvial mud
with high clay and silt content in the northern and
central zones. Sand is more abundant near the
southern shoreline, whilst sandy mud occurs in the
eastern area.
The climate of the region is mediterranean with

some continental influence (wet mediterranean).
Precipitation is B600mmyr�1, with late spring
and autumn peaks. However, this pattern is
undergoing significant changes with an increase
of short-term intense events.
The catchment is heavily exploited for agricul-

ture, whilst the lagoon is one of the most
important aquacultural systems in Italy. About
10 km2 of the aquatic surface are exploited for
farming of the Manila clam (Tapes philippinarum),
with an annual production of about 15,000 tons.
The annual revenue has been oscillating during the
last few years around 50 million Euros.
In the last decade the N loading has been

persistently high, about 2000 t yr�1, whilst the P
loading has decreased from ca. 200 to ca. 60 t yr�1.
The lagoon is subjected to anthropogenic eutro-
phication, which causes extensive growth of
seaweeds, especially the chlorophyceans (Ulva sp.
and Cladophora sp.) in the sheltered eastern area
and phytoplankton in the deeper central zone.
Macroalgal growth is responsible for summer
anoxia and dystrophy, which usually take place
in the eastern area (for an updated review see
Viaroli et al., 2001). Recent studies have also
demonstrated that the clam stock can contribute
to the oxygen depletion and internal loading
(Bartoli et al., 2001).

2.1. Data provision

Several data sets have been gathering from
different sources, which include:

* Meteorological data concerning the PV meteor-
ological station from Agenzia Regionale Pre-
venzione e Ambiente (ARPA) Bologna (http://
www.regione.emilia-romagna.it/arpa/) from
1987 to 2000.

* Coastal data in the form of temperature,
salinity, and nutrient concentrations was kindly
provided by ARPA Cesenatico from 1984 to
1998. For this evaluation, we have mainly used
data from Station 2 (Latitude: 44�4700700,
Longitude: 12�1504500; depth: 3m; distance from
coast: 500m), which is in front of Sacca di
Goro.

* Data concerning temperature, salinity and
nutrient concentrations for Sacca di Goro from
1989 and 1991 were obtained from Colombo
et al. (1994) and for 1997–1998 from Milan
(1999). Furthermore, long-term data concern-
ing nutrient concentrations, oxygen and Ulva

biomass, which has been collected during the
EU funded projects ROBUST (de Wit et al.,
2001) and NICE (Dalsgaard et al., 1999) has

http://www.regione.emilia-romagna.it/arpa/
http://www.regione.emilia-romagna.it/arpa/
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been used to compare with simulated results.
This data has been recently described in Viaroli
et al. (2001).

* Data concerning fresh water entering in the
Sacca di Goro (water flows and nutrient
concentrations) for CB, PV and PG from 1991
to 1999 were obtained from the database of the
Environment Sector in Ferrara.
3. Description of the model

Process formulations as well as relevant para-
meters have been taken from literature and
adapted to our ecosystem. The presented model
is largely based on Lancelot et al. (2002), Tusseau
et al. (1997) and Chapelle et al. (2000), for the
geochemical cycles and biological part. The Ulva

sp. submodel is based on Solidoro et al. (1997a, b),
whereas the sediment and oxygen was adapted
from Chapelle (1995). The influence of farmed
shellfish (mussels and clams) have been modified
from Bacher et al. (1995).
As a first approach, we have developed a 0D

version of the model, see Fig. 2. This is necessary
in order to study the influence of the different
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parameters, to analyse the ecosystem response to
changes in the initial conditions, and to investigate
the importance of different parameters on the
model’s output.

3.1. Choice of state variables

The state space of dynamical variables consid-
ered is summarized in Table 1. We consider 38
state variables: there are 5 for nutrients in the
water column and 5 in the sediments; organic
matter is represented by 16 state variables in the
water column and 2 in the sediments; 10 state
variables represent the biological variables: six for
phytoplankton, 2 for zooplankton, one for bacteria
and another for Ulva.
Nitrogen (nitrates plus nitrites and ammonium)

and phosphorous have been included into the
model since these two nutrients are involved in
phytoplankton growth in coastal areas. Silicate
has been introduced to distinguish between dia-
toms and flagellates, whereas oxygen is necessary
to study the evolution of hypoxia and the anoxic
events that have occurred in the Sacca di Goro
during the last years.
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Table 1

State variables in the biogeochemical model

Variable name Definition Units

Inorganic nutrients, water column

NO Nitrate concentration mmol NO3�/m3

NH Ammonium concentration mmol NH4
+/m3

PO Reactive phosphorous concentration mmol PO4
3�/m3

SiO Silicate concentration mmol Si(OH)4/m
3

O Dissolved oxygen g O2/m
3

Organic matter, water column

BSC, BSN Monomeric dissolved organic matter: carbon, nitrogen mg C/m3 mmol N/m3

DC1, DN1, DP1 Dissolved polymers (high biodegradability): carbon, nitrogen, phosphorous mg C/m3 mmol N-P/m3

DC2, DN2, DP2 Dissolved polymers (low biodegradability): carbon, nitrogen, phosphorous mg C/m3 mmol N-P/m3

PC1, PN1, PP1 Particulate organic matter (high biodegradability): carbon, nitrogen, phosphorous mg C/m3 mmol N-P/m3

PC2, PN2, PP2 Particulate organic matter (low biodegradability): carbon, nitrogen, phosphorous mg C/m3 mmol N-P/m3

DSiO Detrital biogenic silica mmol Si/m3

QN Nitrogen concentration in Ulva tissue mg N/gdwa

Biological variables, water column

DAF, DAS, DAR Diatoms: functional and structural metabolites, monomers, reserves mg C/m3

FLF, FLS, FLR Falgellates: functional and structural metabolites, monomers, reserves mg C/m3

ZS Microzooplankton density mg C/m3

ZL Mesozooplankton density mg C/m3

B Bacteria biomass mg C/m3

U Ulva biomass gdw/l

Sediments

SNH Ammonium concentration interstitial water mmol/m3

SNO Nitrate concentration interstitial water mmol/m3

SPO Phosphorous concentration interstitial water mmol/m3

SPA Inorganic adsorbed phosphorous in sediment mgP/g PSb

SO Dissolved oxygen interstitial water g O2/m
3

SPP Organic particulate phosphorous in sediment mgP/g PS

SPN Organic particulate nitrogen in sediment mgN/g PS

agdw is gram-dry-weight.
bPS stands for particulate sediment, i.e. dry sediment.

J.M. Zald!ıvar et al. / Continental Shelf Research 23 (2003) 1847–1875 1851
Concerning the biological components, the
model, as said before, considers two types of
phytoplankton and zooplankton communities,
respectively. The phytoplankton model based on
the AQUAPHY model (Lancelot et al., 1991)
explicitly distinguishes between photosynthesis
(directly dependent on irradiance) and phyto-
plankton growth (dependent on both nutrient
and energy availability).
The microbial loop includes the release in the

water column due to autolytic processes different
types of organic matter: dissolved and particulate,
each with two classes of biodegradability (Lance-
lot et al., 2002). Detrital particulate organic matter
undergo sedimentation. Furthermore, the evolu-
tion of bacterial biomass is explicitly taken into
account.
In shallow lagoons, sediments play an important

role in biogeochemical cycles (Chapelle, 1995). The
sediments have several roles: they act as sinks of
organic detritus material through sedimentation;
they consume oxygen due to bacterial mineraliza-
tion, nitrification and benthic fauna respiration.
Furthermore, they supply nutrients through reminer-
alization of organic matter: depending on the oxygen
concentration, nitrification and denitrification
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takes place in sediments, and for the phosphorous
the sediments act as a buffer through adsorption
and desorption processes.

Ulva sp. has become an important component of
the ecosystem in Sacca di Goro Lagoon. The
massive presence of this macroalgae has heavily
affected the Sacca di Goro ecosystem dynamics
and has prompted several interventions aimed at
removing its biomass in order to avoid anoxic
crises, especially during the summer. In this case,
apart from Ulva biomass, the nitrogen concentra-
tion in the macroalgae, following Solidoro et al.
(1997a, b), is considered as another state variable.
Shellfish farming is implicitly taken into account

through their biomass as a forcing function, and
its effects on nutrients and biota through filtration,
oxygen consumption and excretion that are
included in the respective differential equations.
Nutrients arrive from the watershed (Burana-Po

di Volano and PG) and from the airshed through
wet and dry deposition, and are exchanged with
the Adriatic Sea (AS). They are also exchanged
with the sediments and through production by
biota a fraction is converted to particulate organic
matter which deposits. The cycle is closed by
organic matter mineralization that occurs in the
sediments.
Due to mortality or grazing, all the species

produce organic matter in two forms: dissolved
organic matter (DOM), which may be taken up by
bacteria and particulate organic matter (POM)
that deposits in the sediments, where it may be
mineralized. These two compartments have also
two different degradation time constants. Follow-
ing Lancelot’s model (2002), small zooplankton
grazes flagellates and bacteria whereas large
zooplankton grazes small zooplankton and dia-
toms. Ulva and phytoplankton compete for
nutrients and oxygen is consumed by all species.
There is a specific mortality factor for all species
that depends on oxygen availability.

3.2. Model equations and parameters

The model may be divided into different
submodels: phytoplankton, zooplankton, Ulva

rigida, bacterial loop, nutrients, sediments, and
shellfish. Equations and parameters are described
in extenso in Appendix A.

3.2.1. Phytoplankton module

The phytoplankton model is mainly based on
the AQUAPHY model developed by Lancelot
et al. (2002) and Tusseau et al. (1997). Two
functional phytoplankton groups diatoms and
nanoflagellates are considered. Each phytoplank-
tonic community is described by three state
variables defined according to their metabolic
function: the monomers (S), the reserve products
(R), and the functional and structural macromo-
lecules (F).

3.2.2. Zooplankton module

The model considers two zooplankton compart-
ments: micro-(ZS) and mesozooplankton (ZL).
Feeding mechanisms of copepods (ZS and DA)
and microzooplankton (B, FL) are described by a
Monod-type kinetics with saturation of the specific
ingestion rate at high food concentrations.

3.2.3. Ulva module

The Ulva rigida model has been adapted from
Solidoro et al. (1997a, b). In this case the variation
of Ulva’s biomass is expressed by the specific rates
of biomass growth and losses, whereas the rate of
mortality is composed of two terms (Solidoro et al.,
1997a, b). The first represents the intrinsic mortal-
ity, where the second is related to the difference
between the oxygen demand and the availability of
dissolved oxygen.

3.2.4. Degradation of dissolved organic matter

module (microbial loop)

The microbial loop model is based on the model
developed in Lancelot et al. (2002), which has been
adapted from the model developed by Billen
(1991). In this model all organisms undergo
autolytic processes which release in the water
column dissolved (DOM) and particulate (POM)
polymeric organic matter, each with two classes of
biodegradability. In order to consider Ulva decom-
position a specific number of terms that take into
account its decomposition has been added to the
original model. Ulva decomposition is given by
deathU multiplied by the corresponding parameter
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depending on the element (C, N, or P) considered
(in the case of N, the nitrogen Ulva content, QN, is
used in the calculation instead of a constant
factor). Then this quantity is divided between the
different model’s compartments, i.e. ulvaBSC,
ulvaBSN, ulvaDC1, etc., using data from Viaroli
et al. (1994). From these data, 58% of the total
phosphorous from Ulva decomposition is released
as soluble reactive phosphorous, whereas the rest
is divided between organic dissolved and particu-
late forms. On the contrary, the percentage of
nitrates and ammonium is not higher than 5% and
in consequence all the Ulva’s nitrogen content has
been divided between the organic dissolved and
particulate forms.

3.2.5. Nutrients module

The nutrients included are nitrogen in the
oxidized and reduced forms, phosphorous, silicate
and oxygen. Phosphorus was, in principle, not
considered as a limiting nutrient in Sacca di Goro
(Pugnetti et al., 1992), however in order to assess
the influence of different nutrients ratio and the
role of the sediments in the Sacca di Goro
dynamics, it has been taken into account. Further-
more, Silica has to be considered to distinguish
between diatoms and flagellates and their different
dynamics (Tusseau et al., 1998). Finally, in order
to consider anoxic crises and to study their
triggering factors, oxygen dynamics has been also
simulated.

3.2.6. Sediment module

Due to the shallowness of water in Sacca di
Goro, sediments play a fundamental role in
understanding the nutrient dynamics (Barbanti
et al., 1992; Bartoli et al., 1996). In fact, in this
shallow environment, sedimentation rates of par-
ticulate matter are extremely high. Furthermore,
particulate matter undergoes mineralization and
through resuspension or diffusion reaches the
water column. The sediment equations have been
adapted from Chapelle (1995) who studied and
simulated the sediment fluxes in a French Medi-
Nutinput ¼
FPV NutPV þ FCBNutCB þ FPGN

VSG
terranean lagoon: the Etang de Thau. In our case,
as we are using a 0D model, we have considered
only the first layer.

3.3. Forcing functions

Nutrients fluxes from the watershed, wet and
dry deposition, temperature, light intensity, wind
speed and shellfish production are considered as
forcing functions.

3.3.1. Watershed

Water flows: In order to run the model, we have
considered runoff fluxes from the watershed
Burana-Po di Volano and from PG. The total
flow from Burana-Volano (see Fig. 3a) may be
obtained by adding PV and CB flows. However,
an exact estimation of the water runoff entering
into Sacca di Goro is difficult since we have not
found data on the amount entering from PG due
to the continuous changes of connections between
the river and the lagoon. According to Bencivelli
(private communication) a 10% of the total flow
from Po river is discharged to the AS through the
PG branch, and from this flow around 200–
300,000m3/day were entering into the Sacca di
Goro until 1994 when the direct connection
between the Sacca and the PG was closed. This
value is of the same order of magnitude of PV.
After the closure in 1994 of the direct connection
and the installation of sluices the flow was reduced
considerably. In order to take the PG flow into
account, we have considered that 5% of PG
entered into the Sacca from 1989 to 1993 and
after only 1% (see Fig. 3b). In this way similar
values to those of PV are obtained.

Nutrient fluxes: Concerning the input of nutri-
ents from the watershed, nitrates (plus nitrites),
ammonium, phosphate, total phosphorous, reac-
tive silica and oxygen are considered.
Nutrient inputs and outputs take into account

the nutrient runoff from PV, CB and PG and the
nutrient exchanged with the AS. They can be
calculated as
utPG þ FASNutAS þ NutDD þ NutWD;
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Fig. 3. Freshwater flows to Sacca di Goro (1989–1999): (a) from Burana-Volano watershed, Po di Volano(o), Canal

Bianco(+)(Bmonthly frequency) and (b) from Po di Goro (daily frequency).
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Nutoutput ¼
FASNutSG

VSG

;

whereas F is the volumetric flow (m3/h), Nut

represents the nutrient concentration (mmol/m3),
VSG is the total water volume in Sacca di Goro,
and NutDD, NutWD represent the atmospheric
nutrient fluxes from dry and wet deposition,
respectively.

3.3.2. Adriatic Sea

Water flows: Water fluxes between Sacca di
Goro and the AS have been obtained using the
procedure recommended by Yanagi (2000), and
adopted by land ocean interactions in the coastal
zone (LOICZ), which consists in estimating the
value of the horizontal dispersion coefficient DH

(m2/s) by the following equation, in the case of
dominant horizontal shear (wide and shallow
estuarine system) recommended by Taylor (1953):
DH ¼
1

120

W 4

Kh

� �
U

W

� �2

;

where W (m) is the length of the open boundary,
that is the width of the open system mouth; U (m/s)
is the residual flow velocity at the surface layer of
the open boundary and Kh is the horizontal
diffusivity (m2/s), which may be estimated using
the following relationship (Okubo, 1971):

Kh ¼ 18W 1:15;

where Kh is given in m2/d (for LOICZ notation).
Once DH is calculated then the water exchange

flow, FMS; can be evaluated using the following
equation:

FMS ¼ DH

A

F

� �
;

where A denotes the cross sectional area of the
open boundary of the system (m2) and F is the
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Table 3

Data for the calculation of FAS for the Sacca di Goro Lagoon

Variable/system Sacca di Goro

L (m) 2270

Wmin (m) 1200

Wmax (m) 2580

H (m) 1.5

Amin (m2) 1800

Amax (m2) 3870

F (m) 4760

U (m/d) 11490a

aFrom Ciavola et al. (2000): mean 0.133m/s; min.

6.0� 10�3m/s; max. 0.42m/s; standard deviation 0.125m/s.

Table 2

Width evolution of the Sacca di Goro mouth(s) from 1980 to 2000 (Ciavola et al., 2000)

Year 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000

W (m) 2580 2580 2580 2480 2383 2286 2189 2092 1995 1900 1700 1500 1350 1200 1284 1368 1452 1536 1626 1716 1790
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distance (m) between the geographic center of the
system and the observation point for oceanic
salinity.
As the Sacca di Goro mouth has suffered several

changes during the years, we have evaluated its
variation during the last 20 years (Table 2) using
data from Ciavola et al. (2000). During these years
the principal mouth of Sacca di Goro has suffered
a progressive decrease. In order to compensate this
decrease a channel was opened in 1993, this
channel has evolved in a second mouth (B860m)
whereas the main mouth has continued to decrease
(B930m). Table 3 shows the relative parameters
used for the calculation.
Fig. 4 represents the exchange flows calculated

following Yanagi (2000) procedure. The points
represent the calculation based on the salinity
budget, Cattaneo et al. (2001).

Nutrient fluxes: In order to evaluate the nu-
trients exchange with the AS, we have taken into
account historical data from ARPA Station 2,
which is in front of the Sacca di Goro. The model
considers exchanges in oxygen, nitrogen (nitrates
+ nitrites and ammonium), phosphate, total
phosphorous, total nitrogen and chlorophyll a.
For the last three variables, there are specific
manipulations since they have to be split into
several model’s compartments.

3.3.3. Atmosphere

Concerning meteorological data, total irradi-
ance, wind speed and precipitation are introduced
into the model as forcing functions. Total irra-
diance is used to compute the photosynthesis,
wind speed is used to calculate the oxygen mass
transfer rate between the atmosphere and the
water column, and precipitation affects the atmo-
spheric input of nutrients to the Sacca di Goro.
The nutrient fluxes through atmospheric wet

and dry deposition have also been considered in
the model in a similar procedure as described by
Arhonditis et al. (2000). The estimation of these
fluxes was based on existing literature for the
Mediterranean (Herut and Krom, 1996; Medinets,
1996) and on local precipitation data from the
meteorological station of PV for the years 1989–
1998. For wet deposition, the rainfall and the
mean nutrient concentration in rain water samples
of: 31.1 [NO3

�], 16.7 [NH4
+], 0.48 [PO4

3�], 1.3
[Si(OH)4] mmol/m

3 were used to calculate nutrient
fluxes (Herut and Krom, 1996). For dry deposition
annual mean values of 110 [NO3

�], 275 [NH4
+],

13.9 [PO4
3�] in kg/km2.year have been used to

obtain constant nutrient fluxes during the year
(Medinets, 1996).

3.3.4. Biota: bivalve filter feeders

Data on bivalve filter feeders biomass have been
obtained from Ceccherelli et al. (1994) and
Bencivelli (private communication) and are sum-
marized in Table 4. These values are introduced in
the model assuming that shellfish farming takes
place during the whole year (Ceccherelli et al.,
1994). This allows to estimate the number of
individuals present in the Sacca de Goro and to
simulate their feeding needs in terms of nutrients
and oxygen. However, shellfish biomass is treated
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Table 4

Estimation of Bivalve filter feeders (tons) in Sacca di Goro

Year Clamsa Clamsb Musselsb

1987 175 35

1988 1261 1600

1989 4871 5300 300

1990 9300 400

1991 15500 350

1992 14300 400

1993 8500 700

1994 7000 700

1995 9000 800

1996

1997 6000

1998 6500–5500

1999 6700–6500

aCeccherelli et al. (1994).
bBencivelli (private communication).

J.M. Zald!ıvar et al. / Continental Shelf Research 23 (2003) 1847–18751856
as a forcing function independent of anoxic crises,
or other variables that certainly would affect their
life cycle. In a next step bivalve filter feeders will be
introduced explicitly as a state variable(s) in the
model.
The clam model was adapted from Bacher et al.

(1995) and it is based on computation of the
filtration, ingestion, assimilation and respiration
rates as functions of the number of individuals,
body dry weight, temperature and food quantity.
Once these values are calculated they are intro-
duced into the corresponding mass balances, see
Appendix A.
The model has been written and implemented in

FORTRAN and used a Runge–Kutta–Merson
with adaptative stepsize control to solve the 38
ordinary differential equations. At each time step
(B1–4 h) there is a linear interpolation to recalcu-
late the forcing functions. A typical 10 years
simulation takes B10–15min in a Pentium III
500MHz PC. The initial conditions of measured
variables were interpolated from experimental
data, whereas equilibrium was assumed between
the water column and the interstitial water. This
accounts for 10 variables. The others were
initialised from general literature values from
Sacca di Goro or similar lagoons for example,
Etang de Thau for the sediments (Chapelle, 1995).
4. Results and discussion

The results of a complete 10 years simulation are
summarized in Figs. 5–11. As can be seen, from
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the comparison with available data, the model is
able, in general terms, to capture the essential
dynamics of Sacca di Goro.
The comparison between experimental and

simulated nutrients is given in Figs. 5–9, whereas
the mean values and standard deviation from
experimental as well as for simulated values is
given in Table 5. In general terms, the model
shows the typical behaviour of nutrients in Sacca
di Goro with an increase during autumn and
winter and the subsequent depletion during spring
and summer. Concerning nitrate concentrations,
the peaks simulated for the model are higher than
the peaks found from experimental data. This is
probably produced due to the poor sampling of
the values from the watershed, which are used as
forcing functions. It has been seen, by comparing
close measurements, that there may be a change of
one order of magnitude for a particular nutrient in
two successive measurements. As we are inter-
polating linearly between two monthly values
(typical sampling time), this variability is lost and
two high concentration measurements will pro-
duce a peak in the Sacca di Goro simulated
concentrations since the model is considering that
a large amount of nutrient is entering into the
lagoon. Larger differences are found in reactive
silica, for which the model predicts higher values
and standard deviations. This has been also
observed in Tusseau et al. (1998). This discrepancy
was explained by the nutrient stoichiometric
relationship chosen from phytoplankton cells, i.e.
the N:Si ratio of diatoms.
Oxygen evolution in the water column is highly

influenced by the anoxic crises, that occurs in the
Lagoon. Experimental and simulated data are
shown in Fig. 7. Oxygen concentrations in the
interstitial water (Fig. 7b) are much lower than in
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the water column. In this model only the first layer
of sediment is considered. As demonstrated in
Fig. 7a, the fast dynamics predicted by the model
can be seen in the daily time series from the
experimental data. There is no other experimental
data sampled at this high frequency and hence, it is
not possible to assess if the fast changes predicted
by the model are in agreement with the experi-
mental values. If this is the case, it would therefore
be necessary to increase the sampling frequency,
since there are a considerable number of phenom-
ena that are lost with the typical sampling period
of one week or 15 days.
Concerning the degradation of organic matter

(microbial loop), there is a satisfactory agreement,
in terms of general behaviour, with experimental
and simulated results, see Figs. 8 and 9, for the 2
years (1991 and 1992) for which experimental data
is available.
In sediments, ammonium is the major form of
nitrogen in interstitial water with a mean value of
118mmol/m3. Nitrates are present in lower con-
centrations, mean value 45mmol/m3. Soluble
reactive phosphorous concentrations are also
higher in the sediment’s interstitial water than in
the water column, with a mean value of 7.4mmol/
m3. The concentration of inorganic adsorbed
phosphorous in the sediments decreases during
anoxic crises according to the model formulation
(Chapelle et al., 2000), the threshold oxygen value
that triggers desorption is 0.2 g/m3.
Phytoplankton, Fig. 10a, simulation produces

similar values of chlorophyll a. Some of the
blooms are captured by the model, however,
autumnal blooms are overestimated. These blooms
are produced due to the release of nutrients that
follows Ulva decomposition. This has also been
observed in Sacca di Goro, but there are also



ARTICLE IN PRESS

1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999
0

5

10

15

20

25

30
C

on
ce

nt
ra

tio
n 

(g
/m

3 )
Oxygen

1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999
0

5

10

15

20

C
on

ce
nt

ra
tio

n 
(g

/m
3 )

time (years)

(a)

(b)

Fig. 7. Experimental (� ), from the buoy from Consorzio Sacca di Goro, and simulated oxygen concentrations in: (a) the water

column and (b) the interstitial water.

J.M. Zald!ıvar et al. / Continental Shelf Research 23 (2003) 1847–1875 1859
another macroalga that use those released nutri-
ents (Viaroli et al., 2001).
Zooplankton and bacteria, Fig. 11, show a great

variability during the simulations with several
blooms during the year and high mortalities
during anoxic crises. Only 1-year data for zoo-
plankton was available and there is no data
concerning bacteria, which plays an important
role in consuming oxygen during anoxia.

4.1. Ulva and anoxic crises dynamics

Sacca di Goro has been suffering from anoxic
crises during the warm season. Such crises are
responsible for considerable damage to the acqua-
culture industry and to the ecosystem functioning.
In order to individuate and verify the effectiveness
of the most effective way to avoid such crises, it is
important to understand the processes leading to
anoxia in the lagoon. As it has been observed in
Viaroli et al. (2001), the rapid growth of Ulva sp. in
spring is followed by a decomposition process,
starting from mid June. This decomposition
stimulate microbial growth and produces anoxia
in the water column, mostly in the bottom water.
This is followed by a peak of soluble reactive
phosphorous that is liberated from the sediments
and from the decomposition of the macroalgal
biomasses.
Fig. 10b shows the experimental and

simulated Ulva concentrations. The model is able
to predict the Ulva peaks and in some years
their magnitude. It is clear that the Ulva growth
has occurred in a certain area of the lagoon
and the model, being 0D, is not able to take
into account the spatial dimension of the
problem. The simulated nitrogen content in Ulva,
seems to follow a seasonal pattern, with high
content during autumn and winter and sub-
sequent reduction to limit values during spring,
when nitrogen is depleted, in agreement with
Viaroli et al. (1992).
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Fig. 12 shows in detail the behaviour of oxygen
and phosphorous as a function of Ulva biomass.
As can be seen, when anoxia occurs there is a
sudden crash of macroalgal productivity, which
coincide with a significant peak in soluble reactive
phosphorous due in part to the release of nutrients
from Ulva and in part to the release of phosphor-
ous from the sediments. Organic nutrients released
by Ulva are used by bacteria to increase their
population size producing the depletion of the
oxygen available in the water column.
5. Conclusions and future developments

From the simulated results and from the
comparison with available data, it seems that the
model is able to capture the essential dynamics of
Sacca di Goro. However, it is clear that Sacca di
Goro cannot be considered as a homogeneous
system, as numerous measurements campaigns
have shown (Viaroli et al., 2001). Despite this, it
has been necessary to carry out a 0D preliminary
simulation exercise. This exercise has allowed a
preliminary analysis of the influence of the forcing
functions and the exchange with the boundaries, in
particular the influence of the watershed, and
quantifying, in a preliminary way, the magnitude
of the different processes that occur in the lagoon.
The modelling results have clearly shown the

necessity to reconsider the existing sampling
strategies, since the time scales involved in the
described processes are faster than the typical
weekly or monthly data availability of most of the
systems under study. This aspect makes it difficult
to assess the validity of any developed model or to
decide the performance of competing models.
There is a need for the development of datasets
that would allow a rigorous comparison between
models and data so that performance of different
models can be assessed and improvements can
be made.
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Another typical problem in modelling marine
food webs is the extreme parametric sensitivity of
the model. This means that a small change in one
of the model parameters produces an important
change in the simulation results. It is still not clear
which part of this sensitivity is due to our lack of
understanding of the ecological mechanisms that
govern marine food webs, and which part is
inherent to the real system and hence limits our
prediction capabilities. This is an important
problem that has to be addressed before deciding
to use these models as management tools. We have
to know what is the predictability window of our
system and how accurate our forecast capabilities
will be. However, despite this difficulty, it is clear
that ecological modelling is becoming a mature
discipline and that it is possible to couple several
models with minimal modifications and obtain a
coherent result for a similar test site.
The coupling with a 3D hydrodynamical model
(Luyten, 1999) of the Sacca di Goro, as well as
with the watershed model (Arnold et al., 1993) of
Burana-Volano is presently under development.
The first will allow to resolve the spatial inhomo-
geneities that are present in Sacca di Goro while
the second will allow a better representation of the
forcing functions in terms of the dynamics of
nutrients arriving to Sacca di Goro, since at the
moment the model is using linear interpolation
between experimental data sampled every month.
Due to the Sacca di Goro inhomogeneities in
terms of temperature, salinity, nutrients and
organisms a quantitative comparison between
model results and mean values at several sampling
stations will not contribute necessary to improve
the model parameters. We will carry out such
exercise using the 3D model when a comparison
between sampling values (and not mean values for
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Fig. 10. (a) Experimental (min.,� , mean,J, max.,+, values from eight stations in the lagoon), from Colombo et al. (1994) and Milan

(1999), and simulated (continuous) chlorophyll a concentrations in Sacca di Goro. (b) Experimental (J), from Viaroli et al. (2001) and

Piccoli and Godini (1994) and simulated (continuous) Ulva biomass in Sacca di Goro.

J.M. Zald!ıvar et al. / Continental Shelf Research 23 (2003) 1847–18751862
all the lagoon) and simulated values may be
carried out. Therefore, the 0D formulation can
be seen as a first step in the model validation but
cannot be considered as such.
Acknowledgements

We gratefully acknowledge A. Zanin, R. Marti-
no, S. Bencivelli, and P. Magri from Assessorato
Ambiente (Provincia di Ferarra) for their assis-
tance and data provision concerning water quality.
We also gratefully acknowledge G. Montanari
from ARPA (Agencia Regionale Prevenzione e
Ambiente) Cesenatico for data provision concern-
ing the AS data sets. This research has been
partially supported by the EU funded project
DITTY (Development of Information Technology
Tools for the management of European Southern
lagoons under the influence of river-basin runoff)
in the Energy, Environment and Sustain-
able Development programme of the European
Commission.
Appendix A. Mathematical formulation of the

model

A.1. Phytoplankton equations

The equations for diatoms are:

dDAF

dt
¼ growthD � lysisD � grazingD � sed;
dDAS

dt
¼PhotosynthesisD � storageD þ catabolismD

� growthD � respirationD � exudationD

� lysisD � grazingD � sed ;
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Fig. 11. (a) Experimental and simulated zooplankton values in Sacca di Goro. Experimental data for stations 1, 4, 6 and 8 from

Ferrari et al. (1994). Conversion value: 1mg C�1000 individuals and (b) simulated bacteria biomass in Sacca di Goro.

Table 5

Mean and standard deviation over 10 years for nutrients

Nutrients Experimental Simulated

NO3� 31.8 (37.7) 40.3 (60.5)

NH4
+ 12.1 (15.9) 11.2 (14.2)

SRP (soluble reactive phosphorous) 1.1 (1.7) 0.8 (1.3)

Reactive silica 23.7 (20.7) 68.1 (43.4)

Oxygen 7.4 (2.9) 9.9 (4.9)
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dDAR

dt
¼ storageD � catabolismD

� lysisD � grazingD � sed:

Similar equations apply to the flagellates—FLF,
FLS, FLR—but, in this case, there is no sedimen-
tation (sed).
The photosynthetically active irradiance (PAR)

is computed from:

I ¼ I0exp½�ð0:0575chl þ 0:04Þz
;
where I0 is the photosynthetically active irradiance
at the surface, chl is chlorophyll a concentration
(mg/m3), chl ¼ ðDAF þ FLF Þ=40 (Tusseau et al.,
1998) and z is water depth (in this case z ¼ 0:75m,
which is half the mean water level at Sacca di
Goro).
Production due to photosynthesis can be calcu-

lated as

photosynthesisD ¼ Kmax 1� exp
�aI

Kmax

� �� �
DAF :

The storage of small metabolites into reserve
products is given by

storageD ¼ rmax

Seff

KSeff
þ Seff

DAF :

The reserves are catabolized according to first-
order kinetics:

catabolismD ¼ kcDAR:
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Growth of phytoplankton follows a Michaelis–
Menten dependence of nutrient assimilation and
there are two different expressions for flagellates
and diatoms (with silicate as a possible limiting
resource):

growthF ¼mmax

Seff

KSeff
þ Seff

min
Ntot

KN þ Ntot

;
PO

KPO þ PO

� �
NFF ;

growthD ¼ mmax

Seff

KSeff
þ Seff

min
SiO

KSi þ SiO
;

Ntot

KN þ Ntot

;
PO

KPO þ PO

� �
DAF :

Respiration includes several terms due to: basal
respiration, motility and growth

respirationD ¼ kmDAF þ x growthD:
Exudation affects only small metabolites,
whereas lysis and sedimentation (sed) affects the
three variables, and, hence, it is possible to write:

exudationD ¼ ke photosynthesisD;

lysisD ¼ klysDAX ;

where X stand for S,F or R, respectively,

sed ¼ vsedDiaDAX :

The parameters and computed quantities
to calculate the different functions are given in
Table 6.

A.2. Zooplankton equations

The differential equations, which describe their
population dynamics are given by

dZS

dt
¼ growthZS � lysisZS � grazingðZLÞ;
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Table 6

Parameters and computed quantities used in the phytoplankton module from Lancelot et al. (2002) and Tusseau et al. (1997)

Parameters, computed

quantities

Description Diatoms Flagellates

Kmax

Maximum rate of photosynthesis, Kmax ¼ K
0

maxexp �
T � Topt

Twidth

� �2
" #

K
0

max
Maximum rate of photosynthesis at optimal temperature 0.25 h�1 0.23 h�1

a Photosynthetic efficiency (mEm�2s�1)�1 h�1 0.0014 0.0016

rmax
Maximum storage rate, rmax ¼ r

0

maxexp �
T � Topt

Twidth

� �2
" #

r
0

max
Maximal rate of reserve synthesis 0.23 h�1 0.23 h�1

Seff Excess of S/F regarding the cellular quota QS, Seff=(DAS/DAF)

KSeff
Half-saturation constant regarding Seff (dimensionless) 0.075 0.0075

mmax
Maximum growth rate, mmax ¼ m

0

maxexp �
T � Topt

Twidth

� �2
" #

m0max Maximum growth rate at optimal temperature 0.052 h�1 0.052 h�1

Topt Optimal temperature 13.5�C 20�C

Twidth Sigmoid width 2.5�C 7.5�C

Ntot Total nitrogen concentration, Ntot = NO+NH

KN Half-saturation constant regarding total nitrogen 1.2mmol/m3 0.8mmol/m3

KPO Half-saturation constant regarding phosphorous 0.1mmol/m3 0.02mmol/m3

KSi Half-saturation constant regarding silica 1.0mmol/m3 —

km Maintenance constant 0.0003h�1 0.0005 h�1

x Biosynthesis cost, x ¼ 0:4rpi þ 0:8ð1� rpiÞ
rpi

Ammonium preference, rpi ¼ arpi

NH

Ntot

arpi Relative preference index 0.3 0.4

kc

Rate of reserves catabolism, kc ¼ k
0

cexp �
T � Topt

Twidth

� �2
" #

k0
c Catabolism rate constant 0.06 h�1 0.06 h�1

ke Exudation rate constant 0.005 h�1 0.005 h�1

klys Lysis rate constant 0.0005h�1 0.002 h�1

vsedDia Diatoms sedimentation rate 0.008m/h —

CNP Phytoplankton stoichiometry C/N (mg C (F)/mmol N) 48.0 48.0

CPP Phytoplankton stoichiometry C/P (mg C (F)/mmol P) 960.0 960.0

CSiP Phytoplankton stoichiometry C/Si (mg C (F)/mmol Si) 39.2 —
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dZL

dt
¼ growthZL � lysisZL � egestion:

The specific ingestion rate of ZL and ZS on a
given prey Pi (Pi ¼ B and FL for ZL; and DA and
ZS for ZL) is described by

grazingi ¼ gmax

Pi

Pi þ K
app
i

G

with

K
app
i ¼ Ki 1þ

Xn

jðaiÞ

Pj

Kj

 !
;

where K
app
i is the apparent half-saturation con-

stant of grazing on prey i; Kj is the half saturation
constant of grazing on prey j; gmax is the maximum
specific ingestion rate, Pi is the concentration of
prey i and G is the grazer concentration. Growth
and egestion, in this case, are defined as a
percentage (Y ;EZ) of the grazing, i.e. growth=

Y grazing and eggestion egZL=EZ grazing, whereas
mortality (lysis) is linearly related with the prey
concentration, i.e. lysis=kd

. ZX.
The parameters and computed quantities

to calculate the different functions are given in
Table 7.
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Table 7

Parameters and computed quantities used in the zooplankton model, from Lancelot et al. (2002)

Parameters,

computed quantities

Description Microzooplankton Mesozooplankton

gmax

Maximum grazing rate, gmax ¼ g0maxexp �
T � Topt

Twidth

� �2
" #

g0max Grazing rate at optimal temperature 0.10 h�1 0.12 h�1

Topt Optimal temperature 23�C 23�C

Twidth Sigmoid width 12�C 8�C

KB Half-saturation on bacteria 15mgC/m3 —

KFL Half-saturation on flagellates 10mgC/m3 —

KDA Half-saturation on diatoms — 50mgC/m3

KZS Half-saturation on microzooplankton — 25mgC/m3

Y Growth efficiency 0.3 0.33

kd Mortality constant 0.003 h�1 0.001 h�1

EZ Egestion constant — 0.25

CNZ Ratio carbon/nitrogen (mg C/mmol N) 63.0 63.0

NPZ Ratio nitrogen/phosphorous (mmol N/mmol P) 16.0 16.0
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A.3. Ulva equations

dU

dt
¼ growthU � deathU :

The influence of the limiting factors on
Ulva growth was described with a multiplicative
formulation:

growthU ¼ mðI ;T ;QN ;POÞU ;

whereas

m ¼ mmaxf1ðIÞf2ðTÞf3ðQNÞf4ðPOÞ:

The functional forms of the algae model are
described in Table 8.
The mortality terms can be expressed as

deathU ¼ kdUb þ kt

max½ðfrespU � OÞ; 0

frespU

:

As Ulva is able to store nitrogen, Solidoro et al.
(1997) introduced the tissue concentration of this
element (QN) as a separated state variable. Its
dynamics can be expressed as

dQN

dt
¼ TSU � mQN :

The specific uptake rate of nitrogen depends on
the chemical form available and on the level QN of
nitrogen tissue concentration. Hence, TSU can be
written as

TSU ¼ TSUNH þ TSUNO;
whereas

TSUNH ¼ VNH

NH

kNH þ NH

QNmax � QN

QNmax � QNmin

and

TSUNO ¼ VNO

NO

kNO þ NO

QNmax � QN

QNmax � QNmin

:

A.4. Degradation of dissolved organic matter

equations (microbial loop)

The bacteria biomass (B) dynamics may be
expressed as (Table 9)

dB

dt
¼ growthB � lysisB � grazingðZSÞ;

whereas bacterial growth represents a fraction of
the monomers (BSC and BSN) uptake, i.e.
growthB=YBuptB, and bacterial uptake is defined
as

uptB ¼ bmax
BSC

KBSC þ BSC
B þ bmax

BSN

KBSN þ BSN
B:

Bacterial lysis is defined as: lysisB=kdB
. B. Con-

cerning the dynamics of dissolved organic matter
(DOM) and particulate organic matter (POM), the



ARTICLE IN PRESS

Table 8

Parameters and computed quantities used in theUlva model from Solidoro et al. (1997a, b)

Parameters, computed

quantities

Description Value

mmax Maximum specific growth 0.01875 h�1

f1ðIÞ f1ðIÞ ¼ 1� expð�I=IsÞ
I ¼ I0exp½�ð0:0575chl þ 20:0U þ 0:04Þz


IS Photosynthetic efficiency parameter 60.0mEm�2s�1

f2ðTÞ
f2ðTÞ ¼

1

1þ expð�BðT � TU ÞÞ
z Temperature coefficient 0.2�C�1

TU Temperature reference 12.5�C

f3ðQNÞ
f3ðQNÞ ¼

QN � QNmin

QN � klc

QNmin Min. value for N quota 10.0mgN/gdw

QNmax Max. value for N quota 42.0mgN/gdw

klc Critical N quota level 7.0mgN/gdw

f4ðPOÞ
f4ðPOÞ ¼

PO

PO þ kup

kup Half-saturation for phosphorous 0.323mmol/m3

frespðTÞ
frespðTÞ ¼

1

1þ exp½�BrespðT � TrespÞ

zresp Temperature coefficient 0.3�C�1

Tresp Temperature reference 10.0�C

kd Mortality rate 0.085 h�1

b Coefficient in the intrinsic mortality expression 0.84

kt Mortality rate due to oxygen deficiency 5.0 h�1

VNH Max. specific uptake rate for ammonium (mg N/gdwh) 8.5

VNO Max. specific uptake rate for nitrate (mg N/gdwh) 0.45

kNH Half-saturation for ammonium 7.14mmol/m3

kNO Half-saturation for nitrate 3.57mmol/m3
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following equations are used:
(a) Monomeric organic matter (BSC, BSN)

dBSC

dt
¼ elysDC1 þ elysDC2 þ lysDAS

þ lysFLS þ eDAS þ eFLS � uptBSC
B

þ ulvaBSC � BSCoutput;

dBSN

dt
¼ elysDC1

DN1

DC1
þ elysDC2

DN2

DC2
� uptBSN

B

þ ulvaBSN þ BSNinput � BSNoutput;

whereas elys refers to the exoenzymatic hydrolysis
of DC1 and DC2 (Lancelot et al., 2002) which is
expressed as

elysDCi ¼ kei

DCi

Khi þ DCi
for i ¼ 1 and 2:
(b) Dissolved polymers high and low biodegrad-

ability, carbon (DC1, DC2)

dDC1

dt
¼ ed1lysBIO þ gd1egZL � elysDC1

þ elysPC1 þ ulvaDC1 � DC1output;

dDC2

dt
¼ ed2lysBIO þ gd2egZL � elysDC2

þ elysPC2 þ ulvaDC2 � DC2output;

whereas lysBIO can be obtained as

lysBIO ¼ lysDAF þ lysDAR þ lysFLF þ lysFLR

þ lysBAC þ lysZS þ lysZL

and elys refers to the ectoenzymatic hydrolysis:

elysPCi ¼ kbiPCi for i ¼ 1 and 2:
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Table 9

Parameters and computed quantities used in the microbial loop model, from Lancelot et al. (2002)

Parameters, computed

quantities

Description Value

YB Bacteria growth efficiency 0.3

bmax

Maximum rate of bacterial uptake, bmax ¼ b
0

maxexp �
T � Topt

Twidth

� �2
" #

b0max Maximum rate at optimal temperature 0.4 h�1

Topt Optimal temperature 30.0�C

Twidth Sigmoid width 18�C

KBSC

Maximum hydrolysis rate, hmax ¼ h
0

maxexp �
T � Topt

Twidth

� �2
" #

KBSN Maximum rate of hydrolysis at optimal temperature 0.6 h�1

KBSC Half-saturation constant regarding the uptake of BSC 25mgC/m3

KBSN Half-saturation constant regarding the uptake of BSN (KBSC=CN) 6.25mm N/m3

kdB Bacterial lysis rate constant 0.01 h�1

kei

Max. rate of DCi (i ¼ 1 or 2) hydrolysis, kei ¼ ke
0

maxexp �
T � Topt

Twidth

� �2
" #

ke01 Maximum rate of DC1 hydrolysis at optimal temperature 0.75 h�1

ke02 Maximum rate of DC2 hydrolysis at optimal temperature 0.25 h�1

Kh1 Half-saturation constant for DC1 hydrolysis 250mg C/m3

Kh2 Half-saturation constant for DC2 hydrolysis 2500mg C/m3

ed1 DC1 fraction in lysis products 0.3

ed2 DC2 fraction in lysis products 0.2

gd1 DC1 fraction in eggestion 0.1

gd2 DC2 fraction in eggestion 0.2

kbi

Max. rate of PCi (i ¼ 1 or 2) hydrolysis, kbi ¼ kb
0

maxexp �
T � Topt

Twidth

� �2
" #

kb01 Maximum rate of PC1 hydrolysis at optimal temperature 0.005 h�1

kb02 Maximum rate of PC2 hydrolysis at optimal temperature 0.00025 h�1

ep1 PC1 fraction in lysis products 0.1

ep2 PC2 fraction in lysis products 0.4

gp1 PC1 fraction in eggestion 0.3

gp2 PC2 fraction in eggestion 0.4

vsedP Sedimentation rate for particulate organic matter (POM) 0.013 h�1

CNB Bacterial C/N ratio (mg C/mmol N) 48

CPB Bacterial C/P ratio (mg C/mmol P) 1272

RUPC Ulva’s P stoichiometric ratio 2.5mgP/gdw

Zbsc BSC fraction in Ulva lysis products 0.2

Zdc1 DC1 fraction in Ulva lysis products 0.2

Zdc2 DC2 fraction in Ulva lysis products 0.2

Zpc1 PC1 fraction in Ulva lysis products 0.2

Zpc2 PC2 fraction in Ulva lysis products 0.2

jbsn BSN fraction in Ulva lysis products 0.3

jdn1 DN1 fraction in Ulva lysis products 0.1

jdn2 DN2 fraction in Ulva lysis products 0.2

jpn1 PN1 fraction in Ulva lysis products 0.2

jpn2 PN2 fraction in Ulva lysis products 0.2

kpo PO fraction in Ulva lysis products 0.6

kdn1 DP1 fraction in Ulva lysis products 0.1

kdn2 DP2 fraction in Ulva lysis products 0.1

kpn1 PP1 fraction in Ulva lysis products 0.1

kpn2 PP2 fraction in Ulva lysis products 0.1
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(c) Particulate organic matter high and low

biodegradability, carbon (PC1, PC2)

dPC1

dt
¼ ep1lysBIO þ gp1egZL � elysPC1

� sedPC1 þ ulvaPC1 � PC1output;

dPC2

dt
¼ ep2lysBIO þ gp2egZL � elysPC2

� sedPC2 þ ulvaPC2 � PC2output;

whereas the sedimentation of POM is defined as:
sedPCi ¼ vsedPPCi for i ¼ 1 and 2.
(d) Dissolved polymers high and low biodegrad-

ability, nitrogen (DN1, DN2)

dDN1

dt
¼ ed1lysNBIO þ gd1

egZL

CNZ

� elysDC1
DN1

DC1
þ elysPN1

þ ulvaDN1 þ DN1input � DN1output;

dDN2

dt
¼ ed2lysNBIO þ gd2

egZL

CNZ

� elysDC2
DN2

DC2
þ elysPN2

þ ulvaDN2 þ DN2input � DN2output;

whereas lysNBIO can be obtained as

lysNBIO ¼
lysDAF þ lysDAR þ lysFLF þ lysFLR

CNP

þ
lysB

CNB

þ
lysZS þ lysZL

CNZ

:

(e) Particulate organic matter high and low

biodegradability, nitrogen (PN1, PN2)

dPN1

dt
¼ ep1lysNBIO þ gp1

egZL

CNZ

� elysPN1 � sedPN1

þ ulvaPN1 þ PN1input � PN1output;

dPN2

dt
¼ ep2lysNBIO þ gp2

egZL

CNZ

� elysPN2 � sedPN2

þ ulvaPN2 þ PN2input � PN2output:

(f) Dissolved polymers high and low biodegrad-

ability, phosphorous (DP1, DP2)
dDP1

dt
¼ ed1lysPBIO þ gd1

egZL

CPZ

� elysDC1
DP1

DC1

þelysPP1 þ ulvaDP1 þ DP1input � DP1output;

dDP2

dt
¼ ed2lysPBIO þ gd2

egZL

CPZ

� elysDC2
DP1

DC1

þelysPP2 þ ulvaDP2 þ DP2input � DP2output;

whereas lysPBIO can be obtained as

lysPBIO ¼
lysDAF þ lysDAR þ lysFLF þ lysFLR

CPP

þ
lysB

CPB

þ
lysZS þ lysZL

CPZ

:

(g) Particulate organic matter high and low

biodegradability, phosphorous (PP1, PP2)

dPP1

dt
¼ ep1lysPBIO þ gp1

egZL

CPZ

� elysPP1

� sedPP1 þ ulvaPP1 þ PP1input � PP1output;

dPP2

dt
¼ ep2lysPBIO þ gp2

egZL

CPZ

� elysPP2

� sedPP2 þ ulvaPP2 þ PP2input � PP2output:

A.5. Nutrients equations

(a) Dissolved inorganic nitrogen (DIN)

dNO

dt
¼NitrifW � uptNO þ

NOdiffus

watervol

þ NOinput � NOoutput;

dNH

dt
¼ � NitrifW � uptNH þ regNH

þ
NHdiffus

watervol
þ NHinput � NHoutput:

Nitrification rates in the water column are
functions of water temperature and oxygen con-
centration, and they can be expressed as

NnitrifW ¼ knitf1ðTÞf2ðOÞNH :

NO uptake (mmolN/m3 h) can be divided
into phytoplankton uptake and Ulva uptake
(uptNO=uptNOPHY+uptNOU):

uptNOPHY ¼ ð1� rpiDÞ
growthDA

CNP

þ ð1� rpiF Þ
growthNF

CNP

;

uptNOU ¼ a1TSUNOU ;
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whereas a1 is a conversion factor to pass from
mgN to mmolN. NH uptake (mmolN/m3 h) can
be divided into phytoplankton uptake and Ulva

uptake (uptNH=uptNHPHY+uptNHU).

uptNHPHY ¼ rpiD
growthDA

CNP

þ rpiF
growthNF

CNP

;

uptNHU ¼ a2TSUNHU ;

whereas a2 is a conversion factor to pass from
mgN to mmolN.
The ammonification process is due to bacteria,

zooplankton and shellfish, and can be represented
by

regNH ¼ regB þ regZS þ regZL þ regSF ;

regB ¼
1� YB

YB

uptB

CNB

; regZS ¼
1� YZS

YZS

growthZS

CNZ

;

regZL ¼
1� YZL

YZL

growthZL

CNZ

:

(b) Soluble reactive phosphorous (SRP)

dPO

dt
¼ � uptPO þ

POdiffus

watervol
þ elysDC1

DP1

DC1

þelysPC1
PP1

PC1
þ ulvaPO þ POinput � POoutput:

PO uptake (mmol P/m3 h) can be divided
into phytoplankton uptake and Ulva uptake
(uptPO=uptPOPHY+uptPOU)

uptPOPHY ¼
growthDA

CPP

þ
growthNF

CPP

;

uptPOU ¼ a3RUPCgrowthU ;

whereas a3 is a conversion factor to pass from mg
P to mmol P:
(c) Silica and detrital biogenic silica

The mass balance of silica can be written as

dSiO

dt
¼ �uptSiO þ kDSiODSiO þ SiOinput � SiOoutput;

whereas uptSiO refers to the silicate uptake by
diatoms and may be expressed as

uptSiO ¼
growthDA

CSiP
the mass balance of detrital biogenic silica may be
written as

dDSiO

dt
¼ � kDSiODSiO þ

1

CSiP

�½grazingZL=DA þ sedDA

DAF

DA
� DSiOoutput:

(d) Oxygen in the water column

dO

dt
¼Oair þ photos � respiration

þ
Odiffus

watervol
� OnitW þ Oinput � Ooutput:

Exchange between the air and the sea-surface
has been calculated as a function of the concen-
tration of saturated dissolved oxygen—
Osat ¼ f ðT ;SÞ—and the wind speed (ws) according
to the relation in Riley and Stefan (1988):

Oair ¼ KOðOsat � OÞ;

whereas the mass transfer coefficient, in h�1, is
given by

KO ¼
0:02671þ 2:13125� 10�4ws2

zSG

;

ws is the wind speed (m/s), and d1 is the thickness
of first layer (1.0m). The concentration of
saturated oxygen (g/m3) is calculated as a function
of water temperature and salinity following the
correlation from Aminot and Chaussepied (1983).
Oxygen photosynthesis, photos, is the function

of phytoplankton and Ulva growth:

photos ¼ photosPHY þ photosU ;

whereas the oxygen production by phytoplankton
and Ulva may be written as

photosPHY ¼ QPSRPHY

growthF þ growthD

CNPHY

� �
;

photosU ¼ CgrowthU :

Respiration of phytoplankton, zooplankton,
bacteria, Ulva and shellfish is considered in the
oxygen mass balance:

respiration ¼ respPHY þ respZ

þ respB þ respU þ respSF ;
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whereas the different terms are calculated as

respPHY ¼ RPHY f1ðTÞRPS

DA þ FL

CNPHY

� �
;

respZ ¼ RZf1ðTÞRPS

ZS þ ZL

CNZ

� �
;

respB ¼ RBf1ðTÞuptB;

respU ¼ RU frespðTÞU :

The oxygen consumption in the water column
due to nitrification can be expressed as

OnitW ¼ 0:064NitrifW ;

whereas 0.064 is the stoichiometric ratio, in gO2/
mmolN, for the respective reaction (Chapelle et al.,
2000).
At the interface between the water column and

the interstitial water, diffusion is responsible for
NO, NH, PO and O fluxes (mmol/m3 h). These
fluxes can be represented as

NOdiffus ¼ DNO

ASG

zS

ðSNO � NOÞb;

NHdiffus ¼ DNH

ASG

zS

ðSNH � NHÞb;

POdiffus ¼ DPO
ASG

zS

ðSPO � POÞb;

Odiffus ¼ DO

ASG

zS

ðSO � OÞb;

whereas DX are the sediment diffusion coefficients
(m2/h), ASG refers to the interfacial area, in this
case the total Sacca di Goro Area, zS is the
distance between the centers of the two layers, and
b is the porosity (Chapelle et al., 2000).

A.6. Sediment equations

(a) Nitrogen in the sediment

dSNO

dt
¼ NitrifS � Ndenit �

NOdiffus

interstvol
;

dSNH

dt
¼ ð1� adenitÞNdenit � NitrifS

�
NHdiffus

interstvol
þ NminS

partvol

interstvol
;

dSPN

dt
¼ ðsedPN1 þ sedPN2Þ

watervol

partvol
� NminS:

Nitrification in the sediments, NitrifS, can be
described as a first order process in ammonium
concentration at the sediment:

NnitrifS ¼ knitf1ðTÞf2ðOÞSNH;

whereas nitrate reduction can be expressed as a
first order process in nitrate concentration at the
sediment:
Ndenit ¼ kdenitf1ðTÞf3ðOÞSNO:

According to Chapelle (1995) the mineraliz-
ation flux in the sediments follows a first order
equation dependent on temperature and oxygen
concentration:
NminS ¼ kminN f1ðTÞf4ðOÞSPN :

(b) Phosphorous in the sediment
dSPO

dt
¼ � Padsorp þ Pdesorp

�
POdiffus

interstvol
þ Pmin

partvol

interstvol
;

dSPA

dt
¼ ðPadsorp � PdesorpÞ

interstvol

partvol
;

dSPP

dt
¼ ðsedPP1 þ sedPP2Þ

watervol

partvol
� Pmin:

The mechanisms of adsorption and desorption
may be represented as

Padsorp ¼ kads 1�
SPA

SPAmax

� �
SPO;

Pdesorp ¼ kdes

SPA

SPAmax

;

whereas the adsorption constant rate, kads; depend
on the oxygen concentration in the sediment.
When oxygen drops below 0.2 g/m3 then anoxic
conditions occur and the constant rate is reduced
by a factor of five.
The phosphorous mineralization rate is ex-

pressed as

Pmin ¼ kmin Pf1ðTÞf4ðOÞSPP:
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(c) Oxygen in the sediment

dSO

dt
¼ �OminS � OnitS �

Odiffus

interstvol
:

The oxygen consumption in the sediment
is the sum of the consumption due to minera-
lization and nitrification, which can be
Table 10

Nutrient and sediment parameters, from Lancelot et al. (2002) and C

Parameters, computed

quantities

Description

knit Nitrification rate at 0�C

f1ðTÞ f1ðTÞ ¼ exp½kT T 

kT Temperature increasing rate

f2ðOÞ
f2ðOÞ ¼

SO

KNitO þ SO
KNitO Half-saturation coefficient for O2 limitatio

RUPC Ulva stoichiometric ratio

kDSiO Detrital silica dissolution constant

QPS Photosynthetic ratio

RPHY Phytoplankton respiration rate at 0�C

c Stoichiometric ratio

RPS O2 produced/N

RZ Zooplankton respiration rate at 0�C

RB Bacteria respiration rate

RU Max. respiration rate

DNO Diffusion coefficient for nitrate in the sedi

DNH Diffusion coefficient for ammonium in the

DPO Diffusion coefficient for phosphates in the

DO Diffusion coefficient for oxygen in the sed

ASG Sacca di Goro total surface

zS Distance between the centers of the two la

b Porosity

watervol Water in the water column

interstvol Interstitial water in the sediments

partvol Volume of particles in the sediment (first

kdenit Denitrification rate at 0�C

f3ðOÞ
f3ðOÞ ¼ 1:0�

SO

KdenitO þ SO
KdenitO Half-saturation coefficient for O2 limitatio

adenit Percentage of N denitrified into N2

kminNW Nitrogen mineralization rate in water at 0

kminN Benthic mineralization of organic N at 0�

f4ðOÞ
f4ðOÞ ¼

SO

Kmin O þ SO
KminO Half-saturation coefficient for O2 limitatio

kads Adsorption rate oxic conditions O2>0.2 g

Adsorption rate anoxic conditions O2o0.

kdes Desorption rate (mg g�1 h�1)
kminP Benthic mineralization of organic P at 0�C

SPAmax Maximum P adsorption capacity for the s
expressed as

OminS ¼ 0:212NminS;

OnitS ¼ 0:064NitrifS;

whereas 0.212 and 0.064 are the stoichiometric
ratios, in gO2/mmolN, for the respective reactions
(Chapelle, 1995).
hapelle et al. (2000)

Value

0.0083 h�1

0.07�C�1

n of nitrification 4.0 g/m3

2.5mg P/gdw

7.5� 10�5 h�1

1.5

2.083� 10�3 h�1

1.45 g O2/gdw

0.212 g O2/mmol

3.5� 10�3 h�1

3.2� 10�3 h�1

2.54� 10�3 g O2/(gdwh)

ment 0.00072m2/h

sediment 0.00072m2/h

sediment 0.00072m2/h

iment 0.0036m2/h

2.7� 107m2

yers (water column and sediments) 0.8m

0.8

3.9� 107m3

2.1� 105m3

cm) 5.2� 104m3

0.0125 h�1

n of denitrification 2.0 g/m3

0.6
�C 0.00833 h�1

C 0.00021 h�1

n of mineralization 0.5 g/m3

/m3 8.33 h�1

2 g/m3 1.67 h�1

3.33 h�1

0.00021 h�1

ediment 685mg/g
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The functional forms of the nutrients and
sediment model are described Table 10.

A.7. Shellfish equations

The filtering rates (l h�1 individual�1) are calcu-
lated according to Bacher et al. (1995) as

FiltSF ¼ ½aSF1 � aSF2ðT � aFH3Þ
2
W aSF4

SH aindiv:

Total clam predation is the sum of the efficiency
for each prey times its concentration, i.e.

grazingSF ¼ FiltSF

X
effiCi;

whereas oxygen consumption is given by

respSF ¼ ðbSF1 þ bSF2b
T
SF3ÞW

bSF4
SF bindiv:

Individual clam excretion is the function of
temperature and body dry weight. After multi-
plication by total number of individuals and a
Table 11

Shell fish parameters, from Chapelle et al. (2000), Bacher et al.

(1995) and Dame (1993)

Parameters,

computed

quantities

Description Value

aSF1 Optimum filtration rate for a

gdw individual

4.83 l/g/h

aSF2 Filtration coefficient 0.013 l/g/h

aSF3 Optimum temperature 19.0�C

aSF4 Allometric coefficient 0.44

W gdw per individual 0.083

effPOM Filtration efficacity

coefficient for particulate

organic matter

1

effFL Filtration efficacity

coefficient for flagellates

0.8

effDA Filtration efficacity

coefficient for diatoms

1

effZS Filtration efficacity

coefficient for small

zooplankton

1

effB Filtration efficacity

coefficient for bacteria

1

bSF1 Respiration coefficient 0.43mg O2/h/gdw

bSF2 Respiration coefficient 0.61mg O2/h/gdw

bSF3 Respiration coefficient 1.04

bSF4 Allometric coefficient 0.8

eSF1 Excretion rate at 0�C 14.7 g N/d/gdw

eSF2 Execretion coefficient 0.84

eSF3 Allometric coefficient 0.7
conversion factor (eindiv) will give the total amount
of ammonium produced by shellfish:

regSF ¼ ðeSF1 þ eSF2TÞW eSF3
SF eindiv:

The shellfish model’s parameters are described
in Table 11.
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