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Abstract

The nitrogen cycle in the lagoon of Venice, which is the largest Italian lagoon, was investigated by means of a 3D fully coupled
transport – water quality model, which had been validated against a substantial amount of real-world data. Nitrogen fluxes among
different ecosystem compartments were computed for each month of a reference year, and for each one of the three sub-basins
into which the lagoon is conventionally subdivided. The computation included the loads of nitrogen discharged by the tributaries,
the direct inputs from the industrial area and the city of Venice, the atmospheric loads, the fluxes at the three lagoon inlets and
the internal fluxes between sediment and water compartments and among the three sub-basins. The results of the analysis show
that the lagoon, as a whole, exports nitrogen towards the sea. Approximately 4000 tN/year are recycled by the system, while
4640 tN/year is the net input from the drainage basin and the other sources, thus leading to about 8640 tN/year of dissolved
inorganic nitrogen that enter the water compartment. Around half of the this amount is used by primary producers, one fourth
is exported towards the sea, and one fourth is transferred into the sediment compartment, or lost to atmosphere. These findings
suggest that the exchanges through the inlets play an important role in keeping nitrogen concentration at an acceptable level. A
more detailed analysis of the model results shows that the non-homogeneous spatial distribution of tributary discharges and point
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1. Introduction

The importance of the construction of nutrient b
gets and of flux-based analysis when dealing with
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estimated. To this regard, the development and
plication of numerical model can be regarded as
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important tool for understanding the functioning of a
coastal ecosystem, exploring its behavior and develop-
ing management strategies based on general principles
(Hobbie, 2000).

In this paper we present an analysis of the spatial
and seasonal variability of the nitrogen cycle, in rela-
tion to plankton evolution. Experimental data are used
to set up, bolster and validate a numerical model, which
enables one to estimate the fluxes carbon, nitrogen and
phosphorus among five compartments: the water col-
umn, the phytoplankton, the zooplankton, the detritus
and the surfacial sediment.

The case study is the lagoon of Venice, an impor-
tant estuarine system that has been deeply investigated.
The lagoon of Venice, which is located in the North-
ern Adriatic Sea, is the largest Italian Lagoon, cov-
ering an area of about 500 km2. The whole basin is
conventionally subdivided into three sub-basins, which
are separated by two watersheds, along which the tidal
velocities are low. Its average depth is less than 2 m,
but its morphology is characterized by the presence
of large shallow areas and by a network of deeper
channels. As can be seen inFig. 1, three narrow in-
lets connect the lagoon to the Adriatic Sea. The la-
goon of Venice receives the discharges of a 4,000,000
equivalent inhabitants drainage basin, which conveys
into the lagoon approximately 4.6× 106 kg of nitro-
gen and 0.21× 106 kg of phosphorous per year. In
addition, port and industrial activities have a nega-
tive impact on water and sediment quality and on the
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Fig. 1. Schematic representation of the lagoon of Venice (Italy). The
map shows also the main tributary discharge points (yellow triangle),
the location of the main sewage treatment plants (stars), and the
monitoring network (see result andAppendix B). Different shade of
gray refers to different depth of the water body. The dashed lines
indicate traditional subdivision in the northern, central and southern
subbasins.

toplanktonic production in relation to the availability
of dissolved nutrients, mainly nitrogen (Solidoro et al.,
2004a, 2004b). Therefore, the results can be of help in
understanding the ecosystem dynamics and providing
suggestions for an environmentally correct planning of
the above-mentioned intervention.

The paper is organized as follows: The main fea-
tures of the model and the model set up which was
used for simulating the reference year are outlined in
Section2. In Section3, we compare the model out-
put against a first set of experimental data and we
present the results of the analysis of the spatial vari-
ability of the nitrogen fluxes. In Section4model results
are compared with other sets of experimental data and
field observation, and we discuss the results of the spa-
tial analysis. Finally, some conclusions are drawn in
Section5.
cosystem. In spite of that, this estuarine system
osts highly valuable typical habitats, as well as
ral economic activities that depend upon the eco

em health, such as fisheries, recreational activities
ourism.

At present, local authorities are discussing the e
iveness of the reductions of the nitrogen loads from
ributaries, which is being planned by the Veneto
ional government. The long-term effects of such in
entions could hardly be predicted without any qu
itative knowledge of the nutrient dynamics. In fact
pite of the large amount of experimental data alre
vailable, the potential mechanisms that control p
oplankton and nutrient dynamics on a seasonal s
re still poorly investigated from the quantitative po
f view.

The model presented in this paper represents th
ttempt at simulating the seasonal dynamics of the
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2. Material and methods

2.1. The model

Deterministic mathematical models describe the
evolution of a set of “state variables” in space and
time. The set of state variables summarizes the relevant
feature of a given system, while the main interactions
among the variables are accounted for by a set of partial
differential equations. Eq.(1) represents a very general
formulation of the problem: the rate of change of state
variableCi , is computed as the sum of the variation
induced by transport processes, given by the first four
terms, and that due to biological/chemical transforma-
tions.

∂Ci

∂t
= −U · ∇Ci + wsi

∂Ci

∂z
+ ∇HKh∇HCi

+ ∂

∂z

[
Kv

∂Ci

∂z

]
+ Ri (C, T, I, . . .) (1)

In Eq. (1)Ci is the concentration or density of a given
state variable in the water column,U the water veloc-
ity (sometimes residual velocities only are considered)
(Sin and Wetzel, 2002), wsi is the sinking velocity,Kh
andKv are the horizontal and vertical eddy diffusion
coefficient,Rthe reaction term andTandI indicates, re-
spectively, water temperature and irradiance. The con-
tributions of the biological/biogeochemical activities
are described by the reaction termRi .
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ture and light intensity. The spatial and temporal evo-
lution of water temperature is computed by means of
an energetic sub-model, described in detail inDejak
et al. (1992), while that of light intensity is computed
within the biological module, since light attenuation
along the water column is a function of water qual-
ity properties. Meteorological conditions force the hy-
drodynamic, the energetic, and the optical sub-models.
Other inputs of energy or mass, as well as exchanges
through open boundaries are taken into account by set-
ting the boundary conditions (Appendix A).

2.1.1. The transport module
Since we are interested in processes that are charac-

terized by time scales larger than the tidal period, resid-
ual velocities, instead of actual velocitiesU, are used in
Eq.(1) (Sin and Wetzel, 2002). This implies a temporal
average over the tidal cycle, and therefore the necessity
to parameterize also the diffusion process, which – in
general – no longer is isotropic. Indeed, while the actual
diffusion from a given pointP is isotropic in any mo-
ment, during the tidal cycle any given point, including
P, moves along a path. Therefore, during the whole tidal
cycle the diffusion fromP influences an area which no
longer is a circle but rather the superposition of a set
of circles, centered along the actual path designed by
P. In the specific case of the lagoon of Venice residual
currents are almost everywhere very small (Dejak
et al., 1998), which means that a drifter would follow
a roughly elliptical path and return approximately to
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The first four terms in Eq.(1) do not depend upo
he concentration of the other state variables, since
enerally assumed that transport processes are n

ected by the state variable concentrations. In con
he reaction term depends, in principle, on the wh
et of state variables, represented by the state v
in Eq.(1). Therefore, the dynamics of each varia

t a given point is tightly coupled to that of the ot
ariables in the same location.

In this paper the numerical solution of the gove
ng Eq. (1) is computed by using a finite differen
pproach, which consists in subdividing the spatia
ain by means of a regular grid (horizontal resolu
f 100 m× 100 m, and vertical resolution 1 m). The

ution of Eq. (1) also requires the knowledge of t
elocity field and of its evolution, which in a fully co
led model are given by a hydrodynamic sub-mo
nd of the other forcing functions, i.e. water temp
ts release point. As a consequence the area inter
y diffusion can be approximated by an ellip
hose dimension and orientation depend upon
pecificity of the release point. In mathematical ter
he turbulent diffusivity coefficientKh in Eq. (1) is
eplaced by a diagonal tensor, which relates the fl
f matter Φ to the gradients of the concentrat
long the main direction of dispersion (x′) and the
rthogonal ones (y′), as in Eq.(2a).
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(2a)

ensor coefficients are estimated once for all, and
ach grid point once at a time, by using a pre-exis
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velocity field obtained under climatological condition
of tide and wind (cyclic tide, no wind). Then, since Eq.
(2a) describes appropriately the transport processes
in the local reference systemsx′, y′ relative to each
grid point, a proper rotation is applied to each tensor,
in order to describe diffusion from all points in a
common reference systemx–y.

∣∣∣∣∣∣∣
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(2b)

Finally, by combining Eqs.(1) and(2b), and by using
again the fact that residual currents are negligible in
our system, the variation in time of each state variable
Ci, is rewritten as

∂Ci

∂t
= wsi

∂Ci

∂z
+ ∇Φi + R(C, T, I, . . .) (3)

A more detailed discussion of derivation of Eq.(3) is
given inDejak et al. (1998), and inPastres et al. (2001).

2.1.2. The biogeochemical module
The biogeochemical module describes the main in-

teractions among the five compartments: water, phy-
toplankton, zooplankton, detritus and superficial sed-
iment. As can be seen fromFig. 2, which depicts the
state variables and the fluxes, primary producers are
represented by a single state variable, phytoplankton,
whose dynamic is driven by water temperature, light
intensity and dissolved inorganic nitrogen (DIN) and
dissolved inorganic phosphorus (DIP) concentrations,
and is affected by the grazing processes. The elemen-
tary composition of the plankton is assumed to be con-
stant, with C:P and C:N equal to the Redfield ratio. Phy-
toplankton growth and nutrient uptake are coupled and
described by a single-step kinetic. The actual specific
growth rate is computed by using the so-called mul-
tiplicative model: the maximum specific growth rate
constant, GPmax, is multiplied by four dimensionless
factors, each ranging from zero to one. Each factor de-
scribes the limitation to the growth due to sub-optimal
levels of light intensity, water temperature, DIN and
DIP concentrations. TheN andP limitations are com-
puted in agreement with a standardMonod kinetic
(1942). Steele formulation is used for describing the

ions am
Fig. 2. Main interact
 ong the state variables.
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effect of the light intensity (1962). The empirical re-
lationship proposed byLassiter and Kearns (1974)is
used for modeling the effect of water temperature.

Zooplankton is also described by means of a sin-
gle state variable, which is representative of the pool
of species that prey upon the phytoplankton. Grazing
is described by a hyperbolic relationship (Holling type
II, 1966), while mortality, exudation and respiration
of both phytoplankton and zooplankton are described
as first order-processes: the kinetic constants exponen-
tially increase with water temperature, in agreement
with the Q10 relationship.

The detritus compartment is described by three state
variables, in order to take into account separately the C,
N and P fractions. Detritus sinks and eventually enters
the surface sediment box, which is also described by
three state variables. The remineralization rate of the
organic matter, which takes place both in the water col-
umn and in the surface sediment, depends on tempera-
ture and dissolved oxygen availability. This process in-
volves the consumption of dissolved oxygen and leads
to the release of inorganic nutrients back to the wa-
ter column. Denitrification is also taken into account,
by following formulation proposed inSvensson et al.
(2000). The set of equations that describes the biolog-
ical reaction is reported in detail inAppendix A, to-
gether with indication on the set up of the model (ini-
tial and boundary conditions). Since the most important
data set for comparison refers to year 1998, the mod-
els has been forced with actual data referring to year
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ited by low temperature and level of light intensity.
Concentrations of dissolved inorganic nitrogen, DIN,
and phosphorus, DIP, are determined by the superpo-
sition of river input and biological processes. As such
these concentration present low values in correspon-
dence of the warm season, during which phytoplank-
ton is blooming, and high values in winter. Influence of
rivers is recognizable in the rapid fluctuations that char-
acterize time evolutions of these variables, DIP present
a relative maxima in summer, likely due to remineral-
ization processes.

The model results were compared with a multiple
time series of water quality parameters, which was col-
lected in 1998 within the framework of a monitoring
program, aimed at assessing the water quality condi-
tions in the central part of the lagoon (dataset A). The
program included the monitoring of DIN and DIP con-
centrations, dissolved oxygen and chlorophyll. Water
samples were collected every month at the 26 stations,
which are marked by triangles inFig. 1: as one can
see, 12 stations were located in shallow water areas
(b) and the remaining 14 ones in the most important
channels (a). The monitoring network covered a large
and heterogeneous part of the lagoon, which includes
the industrial area, the historical center, and two inlets:
therefore, the comparison between the model output
and the multiple time series gave us the possibility of
evaluating the capability of the model at reproducing
the observed spatial and temporal variability. This data
set, which has not been published in peer review lit-
e nice
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ogical parameters are afterPastres et al. (1997, 199
ndSolidoro et al. (1997).

. Results

.1. The averaged seasonal evolution

Time evolution of main state variables indicates
he phytoplankton bloom started in early spring, du
he increase in light intensity and water tempera
nd reached its maximum in June. Then, after Au
hytoplankton density began to decrease, and ar
eptember and October reaches low values, ev
ignificant fluctuations are still present. In Novem
nd December phytoplankton growth was again in
rature as yet, is available upon request to the Ve
ater Authority.
The comparison between the observed time ser

ater temperature, phytoplankton, DIN and the m
utput, reported in detail inAppendix B, is summa
ized in Fig. 3, in which the continuous lines re
esent the time evolution of the spatial average,
ray bands indicate the dispersion around it (dark

he interquartile range, light gray the min–max in
al), while the whisker-boxes give median, interqu
ile range and min–max intervals of observed val
he results of the comparison show that the spatia

emporal evolution of water temperature (Fig. 3d) and
IN (Fig. 3b) was simulated with a fairly good acc

acy. Furthermore, the major features of temporal
utions were correctly reproduced in most cases
or chlorophyll (Fig. 3a), phosphorus (Fig. 3c). The
argest discrepancies between the model output an
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Fig. 3. Comparison among monthly distribution of the observations made in 1998 (whisker-box) and time evolution of the spatial average (black
solid line) and dispersion around it (dark gray the interquartile range, light gray the min–max range) of simulated concentrations of phytoplankton
(a), dissolved inorganic nitrogen (b), dissolved inorganic phosphorus (c) and water temperature (d). For each month the box plot reports the
median value (star), the interquartile range (box) and the min–max range (whisker).

data concerned stations close to the industrial area (see
appendix), which are characterized by peculiar water
quality conditions. Ammonia was generally overesti-
mated in the shallow (B) stations. However, these dis-
crepancies were small, being of the order of 0.1 mg
N/l. Conversely, the capability of the model to repro-
duce nitrate evolution is pretty satisfactory in all the
stations. Globally, the discrepancy between observed
values and model predictions of dissolved inorganic
nitrogen is around 0.2 mg N/l that is around 20% of the
observed value.

3.2. The annual fluxes

As was said in the introduction, the main purpose of
our numerical analysis was to use the model for quan-
tifying important terms of the nitrogen budget, in order

to gain a deeper understanding of the nitrogen cycle in
the lagoon of Venice and of the processes which give
rise to the observed spatial distributions of nitrate and
ammonia. In order to achieve these goals, we computed
the yearly averaged fluxes of nitrogen among the differ-
ent model compartments for the whole lagoon,Fig. 4,
as well as among the sub-basins,Fig. 5a.

Fig. 4 shows all the terms that could be estimated
by using the model output. The black arrows represent
the fluxes within the food web, the empty ones indicate
the external loads and the grey double arrows stand for
the net exchanges with the Adriatic Sea. Grey arrows
denote the fluxes related to denitrification and sedi-
ment burial. All fluxes are given in tN/year. The boxes
represent the state variables that are involved in the
nitrogen cycle, and the numbers within the boxes give
the yearly averaged values of the amount of nitrogen
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Fig. 4. Terms of the annual nitrogen budget for the whole lagoon. Fluxes are given in tN/year, while numbers in the boxes give the yearly average
of the amount of nitrogen stored in each compartment. The black arrows represent the fluxes within the food web, the empty ones indicate the
external loads and the grey double arrows stand for the net exchanges with the Adriatic Sea Negative values mean fluxes from the lagoon toward
the Adriatic Sea. Grey arrows denote the fluxes related to denitrification and sediment burial.

in each compartment, expressed in tN. The analysis
of Fig. 4 indicates that the phytoplankton primary
production (PP) amounted to 4635 tN/day and was
supported mainly by nitrate. More than 80% of this flux
was recycled to ammonia, either directly or via detritus
and sediment compartments. Around 20% of PP was
transferred to higher trophic level, and only a small
fraction, around 1% was exported to the Adriatic Sea.
It is worth to note that recycling processes generated an
average daily flux of nitrogen of 3958 tN/year, while
the input from external sources was 4860 tN/year.
Sediments contributed to the recycling for around
50%, and dissolved detritus for about 27%. All the
recycled nitrogen was released as ammonia, and 63%
was later oxidized to nitrate. New and regenerated
nitrogen was utilized for phytoplankton growth (54%),
released into the atmosphere by the denitrification
processes (20%), and exported to the sea (26%), which
therefore represented an important loss term.

The relative importance of river input, recycling,
export to the sea and other loss terms clearly emerges
when analyzing the annual nitrogen budgets concern-

ing the three sub-basins. In the representation proposed
in Fig. 5a, the fluxes among biological compartments
are aggregated and depicted as arrows of different sizes.
As one can see, the sum of river inputs and recycling
balances the sum of losses, plankton primary produc-
tion and export to the sea or to other sub-basins. Also,
it can be noticed that the nitrogen supplied by the re-
cycling processes is almost sufficient for sustain the
primary production, so that a reduction of the riverine
input would not necessarily have an immediate effect
on the trophic level, even if it would very likely have
one in the medium-long term, for example because the
sediment would become poorer and poorer.

4. Discussion

The results presented in the previous section shows
that the model allows one to analyze the temporal evo-
lution of the spatial distributions of the state variables
as well as the seasonal evolution of the different terms
of the nitrogen fluxes. The detailed analysis of these
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Fig. 5. Schematic representation of the nitrogen cycle in the Lagoon.
Arrows of different sizes represent yearly averaged of inputs from
the rivers, exchanges among sub-basin and with the Adriatic Sea,
and fluxes among aggregated biological compartments within each
of the subbasin.

fluxes on one side gives the possibility of comparing
the different terms with previous estimates and, on the
other, it can shed some light about the seasonal dy-
namic of this coastal ecosystem. In this section, we
first compare the model estimates with literature and

experimental findings other than those previously pre-
sented and then we discuss the role of nitrogen in the
dynamics of this ecosystem.

4.1. Model corroboration

The results of the model were post-processed, in
order to compare the pertinent model outputs with dif-
ferent sets of data and with previous estimates of the
different terms of the nitrogen budget. The consistency
of the estimates of the mean yearly values of DIN pro-
vided by the model was checked against two differ-
ent sets of data. The first set (data set B), presented in
Comaschi et al. (1999), includes data measured from
May 1997 to December 1998 in four stations. The sec-
ond one, (data set C,Sfriso, 2000) reports data mea-
sured from July 1998 to June 1999 in five stations. Data
are summarized inTable 1, in which yearly averaged
value of DIN (columns 3 and 4) are compares to the
averages obtained from values measured in data set A
(column 2), and from model estimates (column 5). The
first columns give the location of the stations, with ref-
erence toFig. 1, which are listed along the sea–land gra-
dient. Standard deviations are reported between brack-
ets. Model outputs result reproduce well the gradient,
and is in a fairly good agreement with actual value too,
if one takes into account that the two data sets show a
certain variability.

The comparison among the results of this simulation
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r ures
w 80’s,
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Table 1
Comparison among estimates of yearly averaged value of DIN given

DIN (mg N/l) Dataset A – Venice
Water Authority (1999)

Dataset B –Co

Year 1998 May 97–Dec 998

Lido inlet (a1) 0.54 (0.18) 0.25 (0.17) 1)
Alberoni (a12b) 0.50 (0.21) – 12)
Sacca Sessola (b28) 0.58 (0.17) – 0.14)
Palude Rosa (b43) 0.53 (0.13) 0.66 (0.74) .25)
San Giuliano (b98) 0.58 (0.20) 0.78 (0.58) .20)
Porto Marghera (a08) 0.84 (0.31) 0.69 (0.59) .35)
Fusina (a09) 0.90 (0.38) 0.88 (0.66) .37)
nd experimental measures of fluxes of matter am
ifferent compartments represents an additional
oboration of the model. Unfortunately, these meas
ere rare and sparse, and mostly referred to the
hen massive proliferation of macroalgae occu

n the lagoon of Venice. This phenomenon rap

by simulations and different data sets

maschi et al. (1999) Dataset C –Sfriso, 2000 Simulation

ember 98 July 98–June 99 Year 1

– 0.40 (0.1
0.23 (0.09) 0.55 (0.

0.34 (0.11) 0.63 (
– 0.82 (0

0.68 (0.34) 0.79 (0
– 0.97 (0

0.54 (0.16) 1.09 (0
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regressed in the 90’s and, therefore, a comparison with
the simulation here presented, which concerns the year
1998, is not straightforward. The available experimen-
tal data concern phytoplankton uptake of nitrogen,
denitrification, and, to some extent, the exchanges
through the inlets and the remineralization of nitrogen.

As far as the plankton primary production is con-
cerned, the model yielded an average yearly value of
126 mg C/m2 day and a range of 0–400 mg C/m2 day,
as a function of light, temperature, and nutrient avail-
ability. These values can be compared with the results
of two field investigations, which were carried out in
September 1993 on a network of 36 stations (Sorokin,
1998, dataset D) and in September 1993 on a network
of 58 stations (Sorokin et al., 1996, dataset E). Accord-
ing to these studies, the plankton primary production
ranges from 10 to 180 mg C/m2 day, with average and
standard equals to, respectively, 34 and 15 mg C/m2 day
in 1993, and 53 and 41 mg C/m2 day in 1996. These
findings do not falsify the model, since experimental
measures refer to a particular moment, which the au-
thors identify as a post-bloom situation. Indeed, model
estimates for the same period referring to the whole
lagoon (spatial average) are 145 mg C/m2 day with a
standard deviation of 137 mg C/m2 day, and these fig-
ure cannot be said different from Sorokin’s estimates,
in a statistical sense (Student test).

The predictions of the model, on an annual basis,
are in reasonable agreement also with the estimates of
denitrification and nitrogen remineralization rates that
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in (CVN2023, 2000andCVN1.3.9, 1990) According
to the first source, the denitrification rate is approxi-
mately 1100 tN/year while the second one indicates an
higher estimate, equal to 2400 tN/year. The first value
was computed by extrapolating the results that were
obtained in a seagrass meadow and, therefore, prob-
ably underestimated the actual nitrogen release, since
seagrass meadow covers approximately two-fifth of the
lagoon surface. The model, instead, gave an estimate
of 1777 tN/year, or 12.5 mg N/m2/day, with seasonal
averages which range from 3.5 mg N/m2 day in win-
ter to 34.8 mg N/m2/day in summer, and a maximum
value higher than 75 mg N/m2/day in particular area
in August. These values fall within the ranges which
can be found both inSvensson et al. (2000), who mea-
sured 3.6, 5.2 and 49.5 mg N/m2/day in three different
areas, and inThetis (1999), which reports denitrifica-
tion rates ranging from 10 to 50 mg N/m2 day in the
northern lagoon.

As far as the fluxes of nitrogen through the inlets
are concerned, our simulation, which refers to the year
1998, indicated that the lagoon exported 2590 tN/year,
of which 1075 tN/year as nitrate, 1196 tN/year as am-
monia, 319 tN/year as particulate matter. In this case,
the data reported in the literature are not abundant and
highly uncertain. In fact, two different estimations, both
reported inCVN 1.3.9 (1990)and based on the same
data set, indicate anexport of either 23500 tN/year
(18450 tN/year of nitrate plus 5000 tN/year of ammo-
nia) or 5500 tN/year (1300 nitrate plus 2900 DON, plus
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uted by extrapolating the experimental findings wh
ere collected in 1999 in four sampling stations, wh
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ther hand, the model estimate is smaller than t
eported in (Orio and Donazzolo, 1987; Sfriso et a
994), but these values refer to the 80’s, in which
urface sediment was reduced and much richer in n
en, because of the massive proliferation of mac
ae. Experimental information on nitrogen remin
lization can also be found inIzzo et al. (1997)and
vensson et al. (2000), but these data concern spec
easurements that were carried out at sites that

epresentative of extreme conditions. Specific exp
ental information regarding denitrification are giv
900 PON, minus 970 tN/year of ammonia). Theref
he above analysis do not contribute to clarify whe
he lagoon would actually import or export ammonia
hird estimate, based on a 0D mass-balance mode
icates a globalimportof 10500 tN/year (Sfriso et al.
994). Once again, it should be pointed out that

atter estimate refers to 1991, a periods of massive
iferation of macroalgae. Indeed, in that work Sfr
nd coauthors suggest that a relevant fraction of
looms were sustained by import of nutrient from
driatic Sea. However, our estimate of a moderate
ort seems to be coherent with preliminary result
ngoing monitoring programs, whose results are

ully available as yet (Solidoro et al., 2004a, 2004b).
The arguments that were presented above su

hat the model output was not in disagreement
wealth of experimental findings that were collec
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orate the model. However, as usual, the model here
proposed is based on a set of assumptions and does not
take into account compartments and fluxes that could
affect the nitrogen budget. To this regard, the analysis
here proposed does not take into account the role of fil-
ter feeders in controlling the phytoplanktonic concen-
tration (Nakamura and Kerciku, 2000), and enhancing
the nutrients recycling (Bartoli et al., 2001). In fact,
quantitative information on spatial distribution of filter
feeders is not available, and therefore this process was
incorporated in the remineralization and the gross ‘gen-
eral’ phytoplankton mortality terms. Furthermore, the
fractions of primary production due to the presence of
seaweed and seagrass meadows are not included. As far
as the seaweeds are concerned, the literature indicates
that their contribution to the total primary production is
quite small (Sfriso et al., 2003). Seagrass, instead, ac-
counts for a relevant fraction of the primary production
(Sfriso et al., 2003) but they assimilate nitrogen mainly
from the interstitial water. Therefore, their inclusion in
the model should not change dramatically our estima-
tions of the DIN fluxes between the water column and
the primary producers.

4.2. Spatial variability of the annual nitrogen
fluxes in relation to ecosystem dynamics

The analysis of the time evolution of the nitrogen
fluxes in the separate sub-basins provides indications
about the plankton responses to the nitrogen loads,
s co-
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overall ecosystem dynamic. The results of such analy-
sis are summarized inTable 2, which reports – in each
sub-basin and for the whole lagoon – the total annual
input Inp, rivers plus other external sources plus recy-
cling plus (when present) input from other sub-basins,
the plankton primary production PP, the secondary
production SP, the total export to other basin and to the
sea Exp, the total losses loss (denitrification, sediment
burial) and the recycling Rec. All figures are given in
tons of nitrogen per year. The table also presents a com-
parison among the ratios PP/inp, Exp/Inp, SP/PP and
rec/PP.

As it can be seen, the ratio PP/input, a sort of effi-
ciency in fixing inorganic nutrient, was highest in the
southern basin, and lowest in the northern one, thus
indicating that nutrients were utilized more efficiently
where their availability was lower. In fact, the ratio of
export to total input (Exp/Inp) was higher in the north-
ern part, and lower in the southern one. On the contrary,
and somewhat surprisingly, the efficiency in converting
plankton primary production into secondary one be-
haved differently, as the ratio between PS/PP evidences
that the largest fraction of the energy fixed in the pho-
tosynthetic processes is transferred to higher trophic
levels in the more eutrophic part (northern sub-basin),
while in the more oligotrophic areas a larger fraction
of primary production goes into respiration, denitrifi-
cation and sediment. The recycling is almost constant,
when normalized on PP.
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ince the sub-basins, while very similar from an e
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ost of the nutrient load, since it is affected by
ischarges of the major tributaries and by indus
aste waters. On this basis, one can undertake a
peculative analysis concerning the spatial variab
f the annual nitrogen budget and its relation with

able 2
patial variability of nitrogen fluxes and ratio among fluxes

Inp
(tN/year)

PP
(tN/yaer)

Exp
(tN/year)

Loss
(tN/year)

NORTH 5707 2432 2489 1185
CENTER 2454 1262 826 517
SOUTH 1568 941 361 415
Lagoon 8636 4635 2590 2117

np = total annual input; PP = annual phytoplankton production;
ecycling; SP = secondary production; see text for other explan
f the non-linearity present in the model,
ariation of PP is linearly related to the var
ion in input [PP = 0.51× inp + 0.045; R2 = 0.964],
nd those of SP and loss are linearly related
P. [SP = 0.23× PP− 0.081;R2 = 0.982; loss = 0.47×
P + 0.07;R2 = 0.995]. Such empirical relationship
hich are the result of gross simplification, supp

he hypothesis that the qualitative response of plan

year)
SP
(tN/year)

PP/inp Exp/inp SP/PP Rec/

057 607 0.43 0.44 0.25 0.8
109 244 0.51 0.34 0.19 0.8
787 158 0.60 0.23 0.17 0.8
954 1009 0.54 0.30 0.22 0.

total export to other subbasin and to the sea; loss = total losses
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is similar within a rather large range of total input, and
that a significant part of the differences among sub-
basins can be ascribed to differences in the external
nutrient loads.

5. Conclusion

Model results were compared to three different data
sets, and with information concerning flow rates that
are available in the literature. These comparisons show
that the model results were in agreement, or at least
not in disagreement, with a wealth of experimental
findings which were collected in the lagoon of Venice
during the 90’s. The analysis of the model results
showed that the differences in plankton responses and
water quality between the three sub-basins are due to
two main reasons: (i) the inhomogeneous distribution
of the tributary discharges and of the other external
sources of nitrogen among the sub-basins; (ii) the
different extent of water exchanges through the inlets.
The northern part of the lagoon receives the largest
fraction of the nitrogen load that is carried by the tribu-
taries. However, according to the results of the model,
primary producers take up only 43% of this load, while
the surplus is exported both towards the Adriatic Sea
and the Central sub-basin. In the Central sub-basin,
river inputs and local recycling do not satisfy plankton
requirements: nevertheless, the inflows from the
Northern sub-basin generate a surplus and, as a result,
t
a
e
t
r
b
t
i

A

L
P /m
Z g/l)
N
N
P

The lagoon, as a whole, exports nitrogen to the sea.
It receives 4630 tN/year, and recycles 4000 tN/year. Of
these, approximately half enters the trophic network,
one fourth is buried into the sediments or lost by deni-
trification, and one fourth is exported to the sea. There-
fore, the tidal mixing represents an important ‘purifi-
cation’ process, which keeps nitrogen concentration in
the lagoon water at acceptable levels. Also, the recy-
cling sustains a significant fraction of the plankton pro-
ductivity, so that a reduction of the nutrient load is likely
to affect the trophic level in the lagoon only in the long
run.

As far as we know, this is the first attempt at esti-
mating most of the pieces of the nitrogen budget for the
lagoon of Venice presented in peer-review literature.
It represents also an example of analysis on nutrient
cycles in coastal area based on fluxes, rather than on
concentration data, and of use of numerical models in
ecosystem analysis. Even if the model is based on a
set of assumptions and does not take into account all
compartments and fluxes which could affect the nitro-
gen budget, we believe that this case study illustrates
the fertility of the approach here presented, and that
the results allows one to gain deeper insights into the
ecosystem functioning and constitute a useful term of
comparison for other studies, both on the lagoon and
on other estuarine systems.
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Equations in the water quality submodel (mass bal-
ances)

d[Phy]

dt
= growthPhy − respPhy − mortPhy − grazing

− sinkPhy

d[Zoo]

dt
= KeffZoo · grazing− mortZoo − excretZoo

d[NH4
+]

dt
= −rnc · growthPhy · [NH4

+]

Ntot

+ rnc · {respPhy + excretZoo}
+ decayDetN + decaySedN− nitrific

d[NO3
−]

dt
= −rnc · growthphy · [NO3

−]

Ntot

+ nitrific − denitrif

d[PO4
3−]

dt
= −rpc · growthPhy + rpc · {respPhy

+excretZoo} + decayDetP+ decaySedP

Aggregated terms used in the equations

growthPhy = GPmax · {FI · FT · FN · FP } · [Phy] Term of phytoplankton growth
respPhy = KrPhy · Q10 · [Phy] Term of phytoplakton respiration
mortPhy = KmPhy · [Phy] Term of phytoplakton mortality

Te
Te
Ni

G

Te

Ni

Ph th

Li

d[DetC]

dt
= (1 − KeffZoo) · grazing+ mortZoo

+mortPhy − decayDetC − sinkDetC

d[DetN]

dt
= rnc · {(1 − KeffZoo) · grazing+ mortPhy

+mortZoo} − decayDetN − sinkDetN

d[DetP]

dt
= rpc · {(1 − KeffZoo) · grazing+ mortPhy

+ mortZoo} − decayDetP− sinkDetP
d[SedC]

dt
= sinkDetC + sinkPhy − decaySedC

d[SedN]

dt
= sinkDetN + rnc · sinkPhy − decaySedN

d[SedP]

dt
= sinkDetP+ rpc · sinkPhy − decaySedP

d[Oxy]

dt
= roc · [growthPhy − respPhyto

− decayDetC − decaySedC]

−rno · nitrifica + Krear(DOsat− [Oxy])
mortZoo = KmZoo · [Zoo]
excretZoo = KeZoo · Q10 · [Zoo]
nitrific = Knit · Q10 · [NH4

+]

grazing= Kgr · [Phy]

KgPhy
+ [Phy]

· [Zoo]

FT =
[

Tmax − Tm

Tmax − Topt

]α(Tmax−Topt)

eα(Tm−Topt)

Tm = min(T, Tmax)

FN = DIN
KN+DIN

[DIN] = [NH4
+] + [NO3

−]

FP = [PO4
3−]

KP + [PO4
3−]

FI = Ik

Iopt
e(1−(Ik/Iopt))
rm of zooplankton mortality
rm of zooplankton mortality
trification process

razing of zooplankton on phytoplankton

mperature limiting function of phytopl. growth

trogen limiting function of phytoplankton growth

osphorous limiting function of phytoplankton grow

ght limiting function of phytoplankton growth
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Appendix A (Continued)

Ik = Isune
−

(
Kest·k+

∫ k

0KselfPhy·[Phy] dz
)

Light exponential decay with depth and selfshading of phytoplankton

decayDetX = KdecDet · Q10 · Foxy · [DetX] Decay of detritus where X = C,N or P

decaySedX = Kdecsed · Q10 · Foxy · [SedX] Decay of sediment where X = C,N or P

Foxy = [Oxy]
Kod+[Oxy]

sinkDetX = KsinkDet · [detX] Sink of detritus where X = C,N or P

sinkPhy = KsinkPhy · [Phy] Sink of phytoplankton

denitrif = ([NO3
−] · Kdeni − 0.119)· Q10 Denitrification process

Q10 = 1.07(T−20) Influence of temperature

DOsat = 14.6244− 0.367134· T +
0.0044972· T 2 + (−)0.0966· Sal+
0.00005· T · Sal+ 0.0002739· Sal2

Saturation concentration of DO

Parameters used in the water quality submodel

Parameters of phytoplankton dynamic

GPmax 0.18 (h−1) Max growth rate for phyto (optimal values ofT, I
and nutrients)

Kmpho 0.006 (h−1) Death rate for phytoplankton
Krphy 0.003 (h−1) Respiration rate for phytoplankton
KN 0.05 (mg N/L) Halfsaturation constant for nitrogen assimilation
KP 0.01 (mg P/L) Halfsaturation constant for phosphorus

assimilation
Topt 27 (◦C) Optimal temperature for phytoplankton growth
Tmax 41 (◦C) Inhibition temperature for phytoplankton growth
α 0.15 (◦C−1) Lassiter e Kearnes exponential coefficient
r 0.15 mg N/mg C N/C ratio in phytoplankton (Redfield ratio)
r 0.023 mg P/mg N/C ratio in phytoplankton (Redfield ratio)
L
I 50000 (lux) Optimal light for phytoplankton growth
K 4 (mg C-Phy/l) Self-shading coefficient for phytoplankton
K 1.0 (m−1) Shading coefficient

P
K 0.04 (h−1) Max grazing rate
K 1 (mg C-phy/l) Halfsaturation constant for grazing formulation
nc

pc

ight parameters
opt

selfphy

est

arameters of zooplankton dynamic
gr

gphy
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Appendix A (Continued)

KmZoo 0.006 (h−1) Death rate for zooplankton
KeffZoo 0.5 (dimensionless) Grazing efficiency
KeZoo 0.002 (h−1) Excretion rate for zooplankton

Parameters of nitrogen dynamic
Knit 0.0043 (h−1) nitrification rate at 20◦C
Kdeni 1.6 (mg NO3

−/l/h) denitrification rate

Parameters of sediment and detritus dynamics
KdecDet 0.0048 (h−1) Decay rate of organic detritus at 20◦C
KdecSed 0.0048 (h−1) Decay rate of sediment at 20◦C
KsinkDet 0.016 (h−1) Sinking rate for detritus
KsinkPhy 0.0016 (h−1) Sinking rate for phytoplankton

Parameters of oxygen dynamics
Krear 0.04584 (h−1) Reareation rate
kod 2 (mg O/L) Halfsaturation constant for oxygen in nitrification
roc 2.66 mg O/mg C O/C stochiometric ratio
ron 4.5 mg O/mg N O/N stochiometric ratio

Sal 30‰ Salinity
kf Depth in water column

A.1. Set up of the model

The lagoon of Venice is an open system, which ex-
changes mass and energy with the Adriatic Sea through
the three inlets of Malamocco, Lido and Chioggia, and
receives inputs of water, nutrients and pollutants from
Venice and the surrounding islands, from the indus-
trial area, and from the drainage basin. Since the most
important data set for comparison refers to year 1998,
the models has been forced with actual data referring
to year 1998, when available. If this was not possible
we used averaged value for the period, or data from
1999. Experimental data about the nutrient loads from
the drainage basin were collected in the framework of
the project “DRAIN”, which covered year 1999 (Zonta
et al., 2001). Other estimates are given in the techni-
cal reports from local authorities (Consorzio Venezia
Nuova, 1993). Technical reports from local authori-
ties provide estimates also for nutrient loads from the
industrial area (SAMA, 2002, referring to year 1999)
and loads from sewage plants (ASPIV, 2000, referring
to year 1999). The inputs of nutrients from the islands

of Venice and Murano were also considered (Melaku
Canu et al., 2001, referring to average conditions for
the end of nineties). According to those estimates, the
total nitrogen input was set to 4,700,000 kg/year, and
the total phosphorus load was set to 200,000 kg/year.
The total tributary loads were partitioned on the basis of
(Zonta et al., 2001). The most important point-sources
of nutrients are indicated inFig. 1 by arrows, for the
tributaries, and stars, for the sewage treatment plants.
Boundary conditions at the three major inlets were
computed by interpolating experimental data sampled
once a month in year 1998 (dataset A,see 3.1). DO is
assumed to be at its saturation level at the three in-
lets (Melaku Canu et al., 2001). Meteorological data
required for forcing the dynamic of the water temper-
ature and light intensity were taken from the web site
www.ivsla.unive.it. Actual data referring to year 1998
were used. Heat discharges from the power plant of
Fusina were computed on the basis of the data reported
in Socal et al. (1999). Initial conditions were obtained
by a preliminary model run, which was initialised with
spatially homogeneous conditions.
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Plate A.1. Temperature – (a) stations A, (b) stations B.
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Plate A.1. (Continued).
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Plate A.2. Phytoplankton (mg C/l) – (a) stations A, (b) stations B.
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Plate A.2. (Continued).
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Plate A.3. (a) Dissolved inorganic nitrogen (mg N/l) – (a) stations A, (b) stations B.
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Plate A.3. (Continued).
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Appendix B

Comparison among model prediction (continuous
line) and experimental observation (dots) for year
1998, stations A (station closed to channels) (part a
of Plates A.1–A.3) and B (shallow area) (part b of
Plates A.1–A.3).
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