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1. INTRODUCTION

The use of numerical models for predicting the
impact of anticipated climate change has been con-
stantly fostered in recent international forums. Indeed,
during the last decade, there has been a remarkable

improvement of the models used for the quantitative
evaluation of the consequences of global warming on
the coupled system of the atmosphere, ocean and bio-
sphere. Together with the scientific research on global
climate, there is an increasing number of studies on the
local effects of large-scale changes. It is expected that
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some areas will show a higher sensitivity, leading to
regional or local amplification of the global change sig-
nal, including the risk of coastal flooding and other
overall modifications of the marine ecosystem (Ingram
et al. 1996, Nicholls & Hoozemans 1996, Nicholls et al.
1999, Plag & Tsimplis 1999, Simas et al. 2001). The esti-
mation of such local effects, especially on the dynamics
of marine biotic components in shelf seas, is still uncer-
tain. When dealing with natural biogeochemical pro-
cesses we need to take into account many intercon-
nected feedback mechanisms and adapting factors. In
the case of coastal marine systems, the interaction
between the large-scale global signal and the local
short-term variability of the forcing functions is even
much stronger than in open-ocean ecosystems or in
terrestrial ecosystems (Steele 1985, Mann 1988). In this
conditions, it is difficult to assess what the long-term
deterministic predictability of the system behaviour
would be. Most of the uncertainties are related to the
approach used to describe the biogeochemical pro-
cesses (Sarmiento et al. 1998). Therefore, we consider
it important to set up exploratory experiments in
selected areas, in order to test how a complex physio-
logical model of the marine ecosystem responds to
climate change scenarios of global warming.

There have been several recent studies dealing with
the effect of environmental warming on ecosystem
functioning (Bhaud et al. 1995, Hughes 2000). It is pos-
sible to hypothesize 2 main effects on marine ecosys-
tems owing to an increase in ambient temperature.
The first direct effect is related to changes in the phys-
iological response of organisms. In general, there is a
differential enhancement of both the production and
respiration rates that changes the ecological domi-
nance of some species at the expense of others with
consequences on the biodiversity (Nike Bianchi &
Morri 2000). Other indirect effects are due to the inter-
action of biology with hydrodynamics. The modifica-
tion of horizontal and vertical transports is expected to
have a large impact on the availability of external and
benthic-regenerated nutrients and more generally on
the trophic structure of shallow-sea ecosystems. This
could lead to the occurrence of dystrophic phenomena,
with possible negative effects on the water quality of
the basin. The first effect is difficult to assess by means
of the present mechanistic ecosystem models, in which
the food web has a fixed structure. In fact, this
approach does not allow the introduction of new spe-
cies according to the availability of new ecological
niches. The second one can, on the other hand, par-
tially be addressed with a state-of-the-art coupled
physical/biogeochemical ecosystem model.

The aim of this study is to analyze how an ecosystem
model simulating the seasonal behaviour of a coastal
ecosystem responds to a climate change scenario

involving an increase in ambient temperature. We
have focused this analysis on the dynamics of the
shallow northern Adriatic Sea (NAD, Fig. 1).

The NAD is certainly one of the most intensively
studied basins in the Mediterranean in recent years. It
is a typical shallow eutrophicated basin affected by
land-derived inputs. In the world coastal ocean the
NAD is an example, as is the Baltic Sea, the North Sea
and other enclosed basins such as the Black Sea, of a
specific marine ecosystem in dynamical interaction
with strong anthropogenic pressure (Melvasalo 2000).
Such systems are usually considered in case studies for
the analysis of long-term changes in order to evaluate
the impact of human activities on highly exploited
marine environments (e.g. HELCOM 1990, 1996,
Degobbis et al. 2000). The dynamical state of the NAD
is determined by the mutual interaction between the
general circulation of the basin driven by surface-
exchange fluxes and the inflows of freshwater and
nutrients from the land, especially from the Po River on
the western Italian coast. Because of its semi-enclosed
shape and the shallowness of the basin, it strongly
responds to small- and medium-scale meteorological
events (as bora and scirocco wind) with marked meso-
scale variability of currents. These fluctuations are
even more evident in the behaviour of the marine bio-
logical components, which show a substantial inter-
annual variability with the aperiodic occurrence of
anomalous conditions such as near-bottom anoxia or
the formation of mucilages (Justic et al. 1987, Fonda
Umani 1996, Azam et al. 1999, Degobbis et al. 1999).
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The research was performed by applying an existing
complex ecosystem model which describes the coupled
interactions between the physics of the water column
and the main functional components of marine biota.
The response of this coupled model to changes in at-
mospheric conditions was studied by performing 2 sim-
ulations: one prescribing the atmospheric forcing func-
tions for present-day climate conditions (the ‘Control’
experiment), and one for the future climate after a dou-
bling of the CO2 concentration with respect to the pre-
sent-day values (the ‘Scenario’ experiment). Timeseries
of surface-forcing functions were obtained from a time-
slice greenhouse gas experiment (Section 2). In order to
simplify the approach, the model application was
restricted to an analysis of the impact of anticipated
climate conditions on the vertical dynamics of the NAD
ecosystem. A simulated water column was set up to
represent the northern Adriatic shelf area (Section 3);
we applied some specific parametrizations to model the
main seasonal hydrodynamic and biogeochemical
characteristics. Present-day conditions as simulated by
the 1-dimensional vertical model (1D-V hereafter) were
compared to available historical data sets (Adriatic Bio-
geochemical Dataset, Zavatarelli et al. 1998) and other
published information on the long-term characteristics
of the NAD ecosystem (Degobbis et al. 2000). 

In this work we particularly focused on the response
of phytoplankton dynamics due to changes in the phys-
ical structure of the water column. Early modelling
works (Vichi et al. 2003) have shown the importance of
the onset of stratification for the evolution of the phyto-
plankton bloom. Since coastal areas are generally more
limited by light than by nutrient availability (Legendre
& Rassoulzadegan 1995), we expect that modifications
of the mixed layer dynamics owing to an increase in the
atmospheric temperature can have major impacts on
carbon fluxes. The Control and Scenario experiments
were thus compared with each other in order to quanti-
tatively describe the changes in the biology induced by
the different physical conditions. A sensitivity experi-
ment on the structure of the ecosystem model was also
performed. Finally, some preliminary assessments are
drawn, considering the restrictions given by the re-
duced number of dimensions, the high natural variabil-
ity of coastal systems and the uncertainties inherent to
predictions of future climate.

2. THE TIME-SLICE APPROACH

Global coupled climate models generally deal with
the large-scale features of the mean climate state of
the coupled systems of atmosphere, land, oceans and,
more recently, biosphere. Therefore, we cannot explic-
itly have a detailed representation of the dynamical

aspects that characterize the future climate changes in
specific regions of interest such as the Mediterranean
Basin or, even more regional, the northern Adriatic
Sea, from these models. The regional climate is
affected by smaller scales than those resolved in global
coupled climate models, and one of the approaches
currently applied to obtain regional climate informa-
tion is the dynamical downscaling technique. 

The regional meteorological forcing fields used in
our study originate from a so-called ‘time-slice experi-
ment’, where an atmospheric general circulation
model (AGCM) with a relatively high spatial resolution
is used in conjunction with a lower-resolution coupled
climate model. We refer the reader to May & Roeckner
(2001) and May (2001) for a review of the time-slice
approach and for further details on the time-slice
experiment. Here we review the main aspects of the
experiment in order to give an idea of how the regional
meteorological forcing fields were produced.

The time-slice experiment was performed with the
ECHAM4 AGCM at a high horizontal resolution of
about 100 km (T106 Gaussian grid; Roeckner et al.
1996). Two simulations were performed, each covering
a period of 30 yr. The first one represents the present-
day climate (1970–1999), and the second one repre-
sents the future climate after an effective doubling of
the CO2 concentration in the atmosphere (2060–2089).
During these 2 time-slices, the lower boundary forcing,
i.e. monthly mean values of the sea-surface tempera-
tures (SSTs) and of the sea-ice extent and sea-ice
thickness, were prescribed as obtained from a climate
change simulation with the ECHAM4/OPYC coupled
climate model at a low horizontal resolution of about
300 km (T42 Gaussian grid; Roeckner et al. 1999). Fur-
ther, the temporal evolution of the important green-
house gases (GHGs) has been prescribed in the same
way as in the respective climate change simulation,
that is, according to observations until 1990 and
according to the IPCC scenario IS92a for the period
after 1990 (Houghton et al. 1992). Changes in the
aerosol concentrations are not considered in this
experiment. A thorough discussion of the changes in
the mean climate inferred from the 2 time-slices in the
European area can be found in May (2001).

In this study we go one step further in the application
of the downscaling technique, forcing the high-resolu-
tion 1D-V model by time-series of meteorological para-
meters extracted from the aforementioned time-slice
experiment of the high-resolution AGCM. The general
structure of the applied procedure is depicted in Fig. 2.
The meteorological variables, i.e. air temperature,
wind velocity, relative humidity, cloud covering and
precipitation, were extracted from the AGCM model
results with a 6 h frequency. They are used as forcing
functions in the 1D-V physical/biological coupled
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model (see also Section 3). Two prognostic simulations
of the NAD ecosystem behaviour were generated: one
for the present-day climate, and one for the period
2060−2089, which incorporates the atmosphere
dynamics induced by the IS92a GHG prescriptions.
This procedure allows for an increase in the vertical
resolution of the hydrodynamic model, and it makes
the coupling with the complex ecosystem model com-
putationally feasible.

3. MODEL DESCRIPTION

The coupled physical/biogeochemical model applied
in this study (ERSEM: European Regional Seas Ecosys-
tem Model) is the result of long-term collaboration
among several European modelling groups, and it has
been developed in the framework of EU-funded pro-
jects. Various versions of this coupled model have been
applied at different locations in the world ocean, show-
ing the generic applicability of its design as an
exploratory tool for the understanding and description
of the main biogeochemical seasonal cycles (Allen et
al. 1998, 1999, Vichi et al. 1998a,b, 2000, 2003, Zava-

tarelli et al. 2000, Obernosterer et al. 2001,
Vichi 2002). 

The physical part of the model consists of a
1-dimensional version of the Princeton Ocean
Model (POM; Blumberg & Mellor 1987), which
is essentially the numerical solution of the
hydrostatic primitive equations for fluid
dynamics, with a second-moment turbulence
closure model embedded (Mellor & Yamada
1982, Galperin et al. 1988). A more detailed
description of the model equations for the
hydrodynamics is given in Vichi et al.
(1998a). The 1D-V version computes the time-
evolution of SST, salinity and turbulent diffu-
sivity coefficients for momentum and tracers
with time-series of meteorological parameters
as forcing functions. 

The biogeochemical flux model (BFM) is an
extension of the ERSEM model (Baretta et al.
1995, Baretta-Bekker 1995, Baretta-Bekker &
Baretta 1997), fully described in Vichi (2002).
The ERSEM model perhaps represents the
prototype of a comprehensive biomass-based
compartment model of marine ecosystems. It
consists of a set of interlinked differential
equations describing the main physiological
processes of unicellular organisms and (to
some extent) metazoans, which are grouped
together as functional biomass groups by con-
sidering their ecological significance. The set
of implemented functional groups and their

interactions with each other are represented schemati-
cally in Fig. 3. The continuous lines joining the boxes
indicate fluxes of organic matter (composed of C, N, P,
Si, in varying dynamical proportion within each func-
tional group); the dashed lines indicate fluxes of inor-
ganic nutrients (in form of nitrate, ammonium,
orthophosphate and silicate); and the dotted lines mark
the exchange of gases (O2, CO2 and N2) between com-
partments and dissolved pools both in the pelagic and
in the benthic system. Each functional group (e.g.
phytoplankton P or zoobenthos Y) is composed of dif-
ferent members representing different size-classes,
which share the same functional parametrization but
different values of the parameters.

The main characteristics of the model can be sum-
marized as follows: 
• Closure of the biogeochemical cycles of the main

organic and inorganic components (C, N, P, Si, O)
both in the water column and in the sediments.
Functional group biomasses are described with mul-
tidimensional vectors carrying the information of the
(varying) internal contents of nutrients and carbon.

• Decoupled physiological pathways for carbon assim-
ilation and nutrient uptake in primary producers, in 
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order to account for ‘luxury consumption’ and Droop
kinetics (Droop 1973, Baretta-Bekker et al. 1997).

• Parametrization of adaptation to the ambient light for
autotrophic components (Ebenhöh et al. 1997).

• Explicit parametrization of the microbial loop with
distinction of POM and DOM quality for bacteria uti-
lization (Baretta-Bekker et al. 1997, Vichi et al. 2003).

• Parametrized resolution of early diagenetic pro-

cesses in the sediments and implementation of the
nutrient buffering capacity in the sediments (Ruardij
& Van Raaphorst 1995). 
The parameter choices for the current implementation

were derived from a comparative analysis with the Baltic
model (Vichi 2000, 2002)—having some similarities es-
pecially with regard to the trophic state—and previous
applications in the NAD (Vichi et al. 1998a, b, 2003). 
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4. MODEL IMPLEMENTATION

The 1D-V model was ideally located in the centre of
the NAD, as shown in Fig. 1. It is meant to represent an
average behaviour of the whole shallow northern Adri-
atic. The water column has a depth of 30 m (average
depth of the NAD) and was divided into 40 levels with a
logarithmically increasing thickness from the surface
and bottom boundaries to the centre. The solid-line grid
drawn on the map represents the T106 grid where the
AGCM forcing data are known. The average values of
the 4 sea-points surrounding the chosen location were
used to derive the meteorological time-series. Surface
boundary conditions for momentum and heat were in-
teractively computed by means of empirical bulk for-
mulae specifically tuned for the Mediterranean Basin
(Castellari et al. 1998, Maggiore et al. 1998, Zavatarelli et
al. 2002). Solar radiation at the top of the atmosphere is
derived using the astronomical parametrization by Dob-
son & Smith (1988) and corrected for cloud cover by us-
ing the 6 h model data from the AGCM. The resulting
radiative heat at the surface penetrates through the
water column following a parametrized partitioning be-
tween infrared and visible radiation, taking into account
the attenuation of suspended organic and inorganic
particles (see Vichi et al. 2003 for more details). 

The solution of the hydrodynamic and biogeochemi-
cal equations requires the specification of boundary
conditions for all model state variables. In particular, it
is necessary to specify the closure of the freshwater
and nutrient inputs mainly due to the Po River.
Monthly mean values of observed sea-surface salinity
from the ABCD (Adriatic BiogeoChemical Dataset)
(Zavatarelli et al. 1998) were used to compute the salt
flux at the sea surface. The salinity profile was also re-
laxed to a climatological profile with the procedure de-
scribed in Vichi et al. (2003) in order to parametrize the
horizontal advection of salt waters and maintain the
long-term structure of the water column. Since there
are no reliable prediction of freshwater runoff changes
for the Scenario experiment, we chose to drive both the
Control and the Scenario simulations with the same
forcing function time-series. Possible consequences on
model results are critically analyzed in Sections 4 and
5. A similar approach was used to prescribe surface
boundary conditions for nutrients. In this case, surface
concentrations are usually associated with the loads
carried by the rivers, and we applied a relaxation to
seasonal mean values from the ABCD (there are not
enough observations available in order to evaluate
monthly mean values as done for salinity). The same
time-series is used in both the Control and Scenario
runs with a relaxation time of 2 d. The estimation of fu-
ture nutrient loads as derived from changes in the river
runoffs is even more difficult than estimating the river

runoff itself, because the relationships between nutri-
ent loads and freshwater inflows are non-linear. The
available model projections for the Po River are mainly
based on linear models (de Wit & Bendoricchio 2001).
Results suggest that without any change in the agricul-
ture, the expected changes in 2015–2020 are nil for ni-
trogen loads and a small increase (8% with respect to
1990–1995) for phosphorus. Due to the high uncertain-
ties in future agricultural policies, we have decided to
focus on the effect of the meteorological forcing func-
tions only, leaving the assessment of the impact of
changed river input conditions to future studies when
more reliable scenarios will be available. 

Another minor assumption is that the concentration
of atmospheric GHGs (especially CO2) is not used as a
forcing function for the 1D-V model. Therefore, the
atmospheric inorganic carbon pool does not directly
affect the corresponding biogeochemical cycle imple-
mented in the model, but enters indirectly in the phys-
ical forcing functions derived from the climate change
simulation. Dissolved inorganic carbon in the oceans is
50 times that of the atmosphere (Falkowski et al. 2000)
and, for the sake of simplicity, we assumed the CO2

pool in the BFM to be a never-limiting infinite source
(as well as sink) for biology. In this way, the model
assumptions are consistent with a scenario of progres-
sive increase in atmospheric CO2.

5. MODEL RESULTS

The model was integrated for 30 yr according to the
length of the forcing time-series described in Section 2,
both for the present-day climate (Control, 1970−1999)
and future climate (Scenario, 2060–2089). The initial
conditions for both runs were obtained by running the
Control experiment for 5 yr and using the model output
of the last day of the integration as initial values for all
the pelagic and benthic biogeochemical values. The
spin-up time of 5 yr was found to be sufficient to obtain
a satisfactory equilibrium between the imposed sur-
face-forcing functions and the benthic pools. 

5.1. Analysis of the present-day ecosystem behaviour

Before proceeding any further in the analysis of the
system response to future and more uncertain condi-
tions, it is important to make sure that the numerical
model is able to reproduce the main ecosystem dynam-
ics under the present-day conditions, for which we
have field observations to compare. This is a necessary
check in order to test whether the model assumption
and limitations, such as the reduced number of dimen-
sions, are appropriate for describing the system evolu-
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tion. Model variables were therefore compared with
the corresponding time-series of historical observations
for the whole NAD derived from the ABCD (Zavatarelli
et al. 1998), and the model performance was evaluated.
Figs. 4 to 7 show the comparisons for SST, oxygen satu-
ration, phosphate (surface and the bottom) and chloro-
phyll a (chl a; only surface), respectively. Model results
are represented by the daily averaged value for each
day of the year of every simulation year, considering a
year of 360 d as prescribed by the original atmospheric
data from the time-slice simulation. The long-term 30 yr
climatology from model results was superimposed. 

The overall behaviour of the 1D-V model is satisfac-
tory in all the considered variables. The observed sea-
sonal cycle of SST (Fig. 4) is well matched by the
model, in the amplitude of the scattering around the
mean value as well, hinting to an appropriate simula-
tion of the surface-exchange fluxes. The model
predicts SSTs of about 2°C less than observed during
February (Days 30−60), but the overall model be-

haviour is satisfactory. The positive bias of about 3°C
with respect to the ECMWF re-analysis reported by
May (2001) in the mean air temperature over Europe is
apparently not hampering the simulation of the aver-
age SST in this specific implementation in the NAD. 

Dissolved biogeochemical components such as oxy-
gen (Fig. 5) or phosphate (Fig. 6) are determined by
the interaction of physical transport processes and
biogeochemical consumption/production terms. Thus,
their correct temporal evolution indicates the skill of
the coupled model in capturing the biogeochemical
cycles of such elements. Both model-simulated oxy-
gen and phosphate concentration in the Control
experiment are within the range of the observed
space/time variability, although the interannual vari-
ability predicted by the model is quite reduced with
respect to the observations. The seasonal signal of the
surface O2 concentration (Fig. 5) is clear in the obser-
vations and reasonably matched by the model. The
spring increase is a consequence of the phytoplank-
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ton bloom and the average behaviour is appropriately
captured. The summer oxygen consumption appears
instead to be slightly underestimated, suggesting that
the production phase is an overall mean feature in
the basin, while the organic matter decomposition
occurs either in more localized areas or as short-term
events. Such spatial inhomogeneities can, however,
not be captured by the 1-dimensional approach used
in this study. The simulated bottom oxygen concen-
tration (Fig. 5, bottom) is always in the upper range of
the swarm of observations and does not show the
extreme summer oxygen depletion found in the
observations. These low values belong to the more
coastal stations of the data set. It appears reasonable
that the 1-dimensional approximation is better suited
for the simulation of the central areas of the basin
that are far from the contribution of high-frequency
river inputs and other short-term coastal processes.

Thus, we cannot expect the 1D-V model to reproduce
all of the observed variability in the entire basin, but
only to match the average behaviour. 

Similar considerations apply to dissolved phosphate
(Fig. 6), where the high natural variability found in the
basin spans several orders of magnitude. Phosphate is
considered to be the limiting nutrient in the Adriatic, and
its spatial and temporal distribution is mainly deter-
mined by biological processes and river input (Za-
vatarelli et al. 1998). There is no clear seasonality in the
observations, and the data could be fit at first order by a
straight line. The simulated surface concentration has a
weak interannual variability (except in spring) but is al-
ways within the observed range of variability, although
the winter concentrations are slightly higher than the ob-
servations both at the surface and the bottom. The
breaking of the stratification in autumn is indicated by
the rapid increase at the surface and the depletion at the
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bottom of the modelled phosphate concentration. This
feature is also found in the observations, suggesting that
the discrepancy found in winter can be due to the inap-
propriate representation of horizontal advection pro-
cesses that remove nutrients from the area.

The variable that shows the largest interannual vari-
ability is chl a, whose behaviour at the surface is shown
in Fig. 7. Unfortunately, the scarcity of data does not
allow us to distinguish any clear seasonal variability
from the available observations in the basin, while the
model shows a marked development of phytoplankton
blooms in spring and autumn. The main discrepancy
here concerns the summer period, in which there seems
to be substantial variability in the observed biomass
evolution, probably due to the aggregation of data from
different areas. However, the model is in overall good

agreement with other long-term analysis of chl a data
by Degobbis et al. (2000). Data collected on a transect
from the Po delta to the Croatian coast show that the
climatological mean values of phytoplankton biomass
are comparable with the simulation both in the timing
of the autumn/spring blooms and in the magnitude of
the summer standing stocks, indicating the satisfactory
behaviour of the model in simulating the main features
of primary producers in the NAD.

5.2. System response to the climate change scenario

The analysis of the ecosystem response to the
changes in the abiotic conditions as driven by the
increased GHG scenario was done by focusing on
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some key aspects of the ecosystem functioning. We
first identified the main changes occurring in the
dynamics of the water column and then the related
modifications in the NAD ecosystem behaviour. Since
the complex ecosystem model carries several impor-
tant pelagic and benthic components of the marine
ecosystem, more information on other biogeochemical
processes can be extracted and analyzed from the
large amount of model output. However, for the sake of
simplicity, we limited the present study to the role of
primary producers and the main consequences in the
overall water quality of the basin, leaving extension of
the investigation, especially analysis of benthic-system
behaviour, to future studies.

The time-series of predicted meteorological data from
the 2060−2089 time-slice simulation in the NAD show a
clear increase in the 2 m air temperature (about 3°C on
average), in agreement with the mean change over Eu-
rope computed by May (2001), a general reduction in
mean wind speed and a small decrease in cloud cover.
The application of surface boundary fluxes driven by
such meteorological forcings leads to the development of
the SST evolution depicted in Fig. 8. The annual SST av-

erages increase in the 30 yr Control experiment from 15
to 16°C, with a marked interannual variability. The Sce-
nario simulation shows a decreased variability but a
steady linear increase in temperature from 18°C to more
than 19°C. The main difference between the 2 runs with
regard to seasonal behaviour is an overall increase in the
summer stratification conditions. This is mainly caused
by the combined effect of increased SST and reduced
wind speed during this period. The direct effect of pre-
cipitation is negligible in the present implementation.

We have quantified the increase in the stratification by
calculating the density difference between the bottom
and the surface layers in both experiments. Fig. 9 shows
the annual average of this difference, where the increase
of 0.2–0.3 σt units on average is evident in 2060–2089
with respect to the Control run. There is an exception in
2076–2079 where the annual average value in the Sce-
nario is comparable with the Control, indicating that the
overall water-column temperature in the Scenario is in-
deed higher than in the Control but the stratification con-
dition (i.e. the density gradient) is similar. The average
difference between present and future conditions is sig-
nificant in terms of the range of densities found in the
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basin (Artegiani et al. 1997), and the 1-dimensional ap-
proximation is sufficient to get a general overview of the
expected modifications in the system. In general, the
occurrence of more stable stratified conditions has con-
sequences for both the diapycnal diffusion of dissolved
constituents between surface and bottom waters and the
confinement of phytoplankton in the euphotic layer, the
latter enhancing the primary production. The effect of
the stronger stratification on the dissolved oxygen be-
haviour is depicted in Fig. 10, where the oxygen satura-
tion at the bottom of the water column is shown.
Notwithstanding the small difference in the average

concentration in the 2 time-series, which indicates suffi-
cient oxygenation of the bottom layer, the values pre-
dicted by the model in the future-climate Scenario show
an overall decrease in oxygen saturation. Especially the
summer values are, as expected, lower in the Scenario,
and the autumn/winter recovery due to the breaking of
the stratification is not present in all the years, in contrast
to the Control time-series. As it will be shown in the next
section, the annual average biomass of the phytoplank-
ton standing stock is not significantly different in the 2
runs, and this is also the case for the export flux of or-
ganic particles from the euphotic zone. Therefore, the
decrease in the oxygen bottom saturation is mainly due
to a direct effect of the increased stratification rather than
a consumption process induced by the degradation of
larger amount of organic matter reaching the bottom lay-
ers. This implies that oxygen dynamics alone cannot be
used as an indicator of eutrophication in the NAD; in-
stead, it has to be used in conjunction with an estimation
of the physical conditions, as already pointed out in
Degobbis et al. (2000).

5.3. Primary producers behaviour and trophic
structure

In this section we compare the behaviour of the pri-
mary-producer component in the future climate with the
simulated present-day behaviour. Long-term climato-
logical annual means of primary producers in the NAD
over the period 1966–1986 have been analyzed by
Smodlaka (1986). The average value for the basin of the
phytoplankton biomass expressed as chl a concentration
is 1.67 mg m–3, with a mean of 2.87 mg m–3 in the more
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eutrophic western basin and 0.87 mg m–3 in the eastern
one. The observed mean annual primary production in
the entire northern basin is 6.6 mg C m–3 h–1, ranging
from 2.8 mg C m–3 h–1 in the eastern part to 11.8 mg C
m–3 h–1 in the west. The values predicted by the model in
both experiments are in very good agreement with the
available observations (Fig. 11). The comparison be-
tween the phytoplankton biomass expressed as chl a
(Fig. 11a) shows an overall slight decrease in surface an-
nual mean values in the Scenario. The relative range of
variability in the annual mean time-series is comparable
in both experiments. Chl a shows a small negative trend

in the last 10 yr of the Scenario, although the interannual
variability is still evident. On the contrary, the simulated
surface annual mean primary production rates show an
increase in the Scenario with respect to the Control ex-
periment. The model gives higher specific production
rates under future climate conditions, indicating in-
creased inorganic carbon uptake by the primary pro-
ducers. However, the phytoplankton standing stock has
not increased accordingly. The overall stronger stratifi-
cation enhances the carbon fixation because the mixed
layer is within the euphotic zone for longer periods, but
at same time it reduces the nutrient availability from the
bottom layers. This mechanism induces the modelled
phytoplankton to excrete a large part of the photosyn-
thesized carbon because there are not enough nutrients
to carry on the transformation into structural cellular pro-
teins. It is important to note that such a feature of the car-
bon cycling can be described by the model because of
the realistic parametrization of the decoupled uptake dy-
namics of nutrients and carbon (Baretta-Bekker et al.
1997). In the case of nutrient imbalance, carbon is re-
leased by phytoplankton in the form of dissolved organic
carbon (DOC), and we see that the Scenario experiment
shows a marked increase in the water-column average of
DOC content with respect to the Control (Fig. 12). The
Scenario annual mean increases by 30% on average
with respect to the Control and shows a slight linear
positive trend. 

Generally, an increased availability of DOC may
indicate an overall shift of the food-web structure
towards microbial processes (Puddu et al. 2000).
Indeed, the model gives some indications of possible
changes in the biomass distribution of the phytoplank-
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ton classes. Fig. 13 shows the annual means of the
average water-column concentrations of phytoplank-
ton carbon biomasses divided into the main functional
groups carried by the model, namely microphyto-
plankton (i.e. diatoms), nanophytoplankton (i.e. auto-
trophic nanoflagellates) and picophytoplankton. The
main differences between the Control and Scenario
experiments concern the interannual variability and
the abundance of the picophytoplankton size class.
The model predicts a flattening of the interannual vari-
ability in the Scenario together with an overall reduc-
tion of total biomass, as already pointed out in the chl a
evolution of Fig. 11a. There is also a small increase in
the nanoplankton fraction with respect to diatoms,
which is not clearly visible in the histogram represen-
tation but can be seen by analyzing the relative per-
centages. Thus, the instauration of more stable stratifi-
cation conditions throughout the year appears to
inhibit the interannual changes in the distribution of
phytoplanktonic groups and to favour those phyto-
plankton classes that are typical of summer conditions
such as nanoflagellates. The model also predicts a
marked reduction of the picophytoplankton abun-
dance under the future climate conditions (Fig. 13).
The picophytoplankton group has only recently been
identified and classified during phytoplankton counts,
and its climatological variability in the NAD is mostly
unknown. In northern seas such as the North Sea and
the Baltic, this fraction is associated with a well-mixed

water column, and a bloom of picophytoplankton usu-
ally precedes the development of the spring diatom
bloom. Its disappearance in the Scenario can again be
related to the presence of a more stratified water col-
umn that partially persists throughout the winter
period. However, the importance of this size fraction in
the NAD dynamics needs to be clarified by further
experimental studies, and the present results have to
be considered as exploratory with regard to the possi-
ble changes in the size structure of the autotrophic
system.

5.4. Sensitivity experiments on the BFM formulation

The uncertainties related to the choice of the model
formulation need to be discussed more extensively.
Interactions among communities and species may
modify the response to the warming signal, and we do
not know how marine ecosystems of different com-
plexity will react to the anticipated climate conditions
(Petchey et al. 1999). We are also interested in analyz-
ing the capabilities of this complex BFM to elicit the
behaviour observed in natural marine ecosystems. In
this section we show results of a set of sensitivity
experiments on the model formulation meant to ana-
lyze (1) whether the primary producers response is
directly linked to the increase in SST (by a direct
increase in physiological production rates, for instance,

or by the heat-induced more favourable strat-
ification conditions), and (2) whether the
structure of the food web could alter this
response, leading to the less predictable
behaviour typical of natural systems (Solé et
al. 1999). 

Several combinations of model components
were tested and forced with the same meteo-
rological and nutrient forcing functions used
in the Control and Scenario standard experi-
ments. Table 1 presents a selected set of the
sensitivity experiments performed. The
numerical experiments simulate the behav-
iour of food webs of increasing complexity,
intended as number of trophic level interac-
tions, in 0-dimensional and 1-dimensional
abiotic environments. We will not discuss
here the simulations with homogeneous
physics (0-dimensional), whose main results
can also be obtained with the 1-dimensional
simulations. The main differences in this case
lie in the absolute values of model variables
that are much higher for the 0-dimensional
simulations. This result would lead us to the
preliminary conclusion that the indirect
effects of the warming signal (enhancement
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of stratification, etc.) are mainly reflected in the
absolute values of phytoplankton growth, and this fact
does not substantially modify the physiological re-
sponse of the phytoplankton. 

The combinations of state variables go from a simple
model of 3 phytoplankton functional groups plus nutri-
ents (E4) to a progressive addition of functional groups
as in E5 (zooplankton plus 0-order nutrient remineral-
ization) and E6 (similar to the standard runs but with-
out benthic dynamics). We also discuss an experiment
(E7) which is identical to the standard runs, except
that we reduced the intra-functional diversity, using
only 1 phytoplankton group (diatoms: P1) instead of 3.

All the experiments were run for 12 yr for both the
Control and the Scenario forcing functions, and we
analyzed the results from Years 6 to 12, correspond-
ing to the interval 1976–1982 in the Control and the
interval 2066–2072 in the Scenario. The key variable
that was chosen to investigate the response of phyto-
plankton is the gross primary production (GPP),
which determines the inflow of inorganic carbon into
the ecosystem and its potential transformation into
organic particles. The parametrized form of this
model diagnostic is (Vichi 2002):

P (1)

where P is phytoplankton concentration (in mg C m–3),
r0 is the potential specific growth rate (in d–1) at T0 =
10°C under optimal light conditions, fI is a regulating
factor for light ranging from 0 to 1 and computed
according to Ebenhöh et al. (1997), Q10 is the charac-
teristic temperature coefficient set to 2 and fs is a regu-
lating factor for silicate availability, written in a
Michaelis-Menten form and only valid for diatoms. As
described above, the dynamics of carbon uptake are
decoupled from nutrients. Thus, there is no direct
dependency of the phytoplankton state variables on
the external nutrient concentrations, apart for struc-
tural silica in the case of diatoms. Nutrient availability,
both intracellular and external, regulates the assimila-
tion of carbon and therefore is included in the calcula-
tion of the loss terms and in the final value of biomass

(see also Baretta-Bekker et al. 1997,
Vichi 2002). The potential growth rates
are different for the 3 modelled phyto-
plankton groups, being 2.5, 2.7 and 4.0
d–1 for diatoms, flagellates and picophy-
toplankton, respectively. We have con-
sidered the total GPP as the sum over all
the functional groups of the GPP variable
in Eq. (1). 

Fig. 14 shows the time evolution of
the seasonally averaged GPP for the
standard run compared with E4. The re-
sponse of a phytoplankton-only commu-
nity (Fig. 14b) shows a more steady en-
hancement of production rates (about
25% more on average) induced by the
higher SST values, with a reduced sea-
sonal and interannual variability. The
higher spring peaks are the consequence
of the absence of herbivores, leading to
higher phytoplankton biomasses. On the
contrary, in the standard run the increase
in GPP is mainly found during summer,
reducing the mean difference between
Control and Scenario to 10% over the

GPP s I= ( )
−

r f f Q
T T

T
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Name Components Physics

Standard P, Z, N, B, D, benthic model 1D
E1 P, N 0D
E3 P, Z, N, B, D 0D
E4 P, N 1D
E5 P, Z, N 1D
E6 P, Z, N, B, D 1D
E7 P1, Z, N, B, D, benthic model 1D

Table 1. Sensitivity experiments on the choice of the BFM for-
mulation. Model state variable symbols are given in Fig. 3 and
were grouped as follows: P = P1, P2, P3; N = N1, N3, N4, N5;
Z = Z3, Z4, Z5, Z6; D = R1, R6. 0D: a 0-dimensional set-up
simulating a fully mixed box model forced with the Control
and Scenario SST and nutrient boundary conditions. 1D: the 

1-dimensional set-up used in the standard simulations
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simulated period. An intermediate behaviour is ob-
served in E7 (Fig. 15a). The use of a single phytoplank-
ton functional group leads to an enhancement of the
spring production under the Scenario conditions as
seen in E4 (Fig. 14b). Thus, a cross-comparison with
the standard run results suggests that the intra-group
competition among primary producers has a buffering
effect on the phytoplankton response under the Sce-
nario conditions. The introduction of an explicit rem-
ineralization operated by a bacteria functional group
also has an impact on the phytoplankton carbon up-
take. The absence of a full microbial loop, as simulated
in E5 (Fig. 15b), reduces the average GPP by about
30%, although the differential response to the warm-
ing signal is not altered with respect to the standard
simulation. 

We can partly generalize the above results by saying
that the non-linear interactions among the system
components in the food web affect the response of pri-
mary producers to the temperature increase in the Sce-
nario. Both the presence of more functional groups at
the same trophic level and different structural organi-
zation (complexity) of the food web have an impact on
phytoplankton carbon uptake under the Scenario con-
ditions. These findings are partially in accordance with
the microcosm laboratory experiments performed by
Petchey et al. (1999) with a combination of different
marine microbial communities. The sensitivity of the
model to the different formulations of the ecosystem
structure is high, implying that the model-based

assessment of the impact of future climate
conditions has to be done under consider-
ation of ensembles of simulations with dif-
ferent compositions of the relevant system
variables. An oversimplification of the
biogeochemical processes could, in fact,
result in incorrect estimations of major
carbon fluxes through the food web.

6. DISCUSSION

In this exploratory work we have ana-
lyzed the response of a complex ecosys-
tem model of the northern Adriatic Sea to
a climate change scenario. The present-
day and the scenario forcing functions
have been taken from greenhouse gas
simulations with a high-resolution global
AGCM and used to force a 1D-V physical
model of the northern Adriatic Sea. The
novelty of this work is the downscaling of
large-scale climate simulations to the
regional scale and the coupling with a
comprehensive biogeochemical model.

This allows us to investigate the possible impact of
global warming on the modelled ecosystem dynamics
and carbon flows. Clearly, the results have to be
critically discussed in view of the assumptions and sim-
plifications of the model itself. Only a portion of the
variability of the coupled physical/biogeochemical
processes occurring in the system can be captured with
a 1-dimensional approach. For instance, the 1-dimen-
sional model can hardly account for the large source of
variance induced by boundary conditions such as
interannual differences in riverine inputs, changes in
general circulation patterns or increased atmospheric
deposition of micro- and macronutrients. 

Nevertheless, the simulation of the hydrodynamical
and biogeochemical system behaviour as driven by
the present-day surface forcing functions (Control,
1970–1999) is in satisfactory agreement with the avail-
able time-series of observations for the main NAD
system components. This implies that, in spite of the
simple 1D-V approach, the transfer of regional in-
formation from the high-resolution AGCM is sufficient
to provide the observed physical variability and to cap-
ture the main biogeochemical features of the basin.
The simulation of present-day dynamics is a necessary
condition for the assessment of model skill in predict-
ing the system behaviour under the global warming
scenario.

Since the model only includes some aspects of the
future climate scenarios, we think that the changes
shown in the previous sections are a lower limit of the
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possible range of climatic changes. Some uncertainties
in this study derive from the absence of an appropriate
estimation of the future changes in the river runoffs
and the related organic/inorganic loads. Unfortu-
nately, there are no existing reliable estimates of these
forcing functions. In the Scenario, the model predicts
an overall enhancement of the water-column stratifica-
tion conditions on an annual basis, with stronger inten-
sification during the summer periods. This has conse-
quences for the diffusion of oxygen and nutrients
between surface and bottom layers. Changes in the
river runoff can affect the vertical structure of the
water column, and hence the turbulent diffusive trans-
port. However, the anticipated changes are not partic-
ularly well known at present. An increase in the fresh-
water runoff, due for instance to an increase in snow
melting in the Alps (Gregory & Oerlemans 1998),
should lead to a further strengthening of the stratifica-
tion, favouring the utilization of light by phytoplankton
and further dampening the diffusion of nutrients from
bottom layers. However, the increase in river runoff
could also lead to an increase in the input of inorganic
suspended sediments and inorganic/organic nutrients.
Since coastal ecosystems are generally light-limited
(Legendre & Rassoulzadegan 1995), it is possible that
the turbidity of waters has more impact on phytoplank-
ton net growth rates than nutrient availability. Never-
theless, a sensitivity analysis on the Scenario simula-
tion indicates that, if the surface nutrient boundary
conditions for all nutrients are increased by 20% with-
out changing the suspended sediment input, the oxy-
gen saturation values are further reduced due to the
increase in spring primary production. Unfortunately,
the current estimations of the future nutrient load
changes are still based on simple linear extrapolation
(de Wit & Bendoricchio 2001); therefore the reliability
of this scenario is difficult to assess.

On the other hand, recent hydrological model simula-
tions give a possible decrease in the runoff of the south-
ern European rivers for the future climate, consistent
with a general decrease in precipitation in these regions
over all the seasons but winter (May et al. 2002). In par-
ticular, the reduction of discharge is evident in March to
June (about 30%), reducing the seasonal variability of
the freshwater signal and presumably making the basin
more open-sea like. We have preliminarily tested this
scenario in the model by relaxing it to a constant surface
salinity value (the long-term climatological mean of the
basin), thus mimicking the decreased influence of low-
salinity waters. The resulting oxygen concentration (not
shown) at the bottom is as low as in the experiment with
the increased nutrient load, but in this case it is the sum-
mer production that increases the biochemical oxygen
demand. Because of the lower freshwater input, the
stratification is fairly low during summer and the diffu-

sion of oxygen to the depleted lower layers is enhanced.
However, at the same time the intensified turbulent dif-
fusive transport increases the availability of nutrients in
the surface euphotic layers. Hence we have an increase
in the summer phytoplankton biomass and an intensifi-
cation of the export of organic particles to the bottom lay-
ers, both leading to a higher biological oxygen demand
that exceeds the oxygen diffusion. 

Thus, the model is suggesting that 2 opposite trends in
the forcing functions would have the same effect on the
ecosystem dynamics. All these speculations on the pos-
sible influences indicate that the unknown factors are
manifold, and therefore a comprehensive model is
strongly needed for assessing the contribution of each
one of them. The present experiment considers only the
impact of increased stratification due to the regional ef-
fect of a global-warming scenario. Nevertheless, it shows
some interesting results that cannot be investigated by
using a simple NPZD (nutrient, phytoplankton, zoo-
plankton and detritus) model. The parametrization of de-
tailed physiological processes of algae and the closure of
the microbial loop dynamics can give some indications
for the possible indirect effects on the biogeochemical
cycles. The annual mean behaviour of modelled phyto-
plankton groups under the Scenario conditions shows an
increase in GPP rates and a small decrease in the stand-
ing-stock biomasses. The specific phytoplankton uptake
of inorganic carbon is thus increased, but this organic
carbon is transferred to the food web in the form of DOC
because of the reduced supply of nutrients due to the
more stratified conditions. The mean annual concentra-
tion of DOC is considerably higher in the Scenario, and
an increase in the DOC concentration could lead to
changes in the water quality. In fact, an accumulation of
DOC is thought to be a necessary pre-condition for mu-
cilage formation in the Adriatic (Azam et al. 1999, De-
gobbis et al. 1999). The model also responds by shifting
the trophic structure towards heterotrophic microbial
loop processes, which are typical of more stratified sys-
tems (Legendre & Rassoulzadegan 1995).

The sensitivity experiments described in Section 5.4
show that the simulated primary producers’ response
to different climate conditions depends on the formula-
tion of the ecosystem structure implemented in the
model. The response of phytoplankton to an increase
in the environmental temperature is modulated by the
non-linear biogeochemical interactions among system
components, and thus it is difficult to obtain unique sci-
entific answers regarding the system behaviour. The
use of comprehensive marine ecosystem models carry-
ing several state variables is therefore recommended,
as such systems can develop different patterns of the
matter fluxes and allow different structures of the
marine ecosystem to be set up, which can be used to
derive an ensemble of simulations.
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7. FINAL REMARKS

The present model is a first step towards the under-
standing of complex interactions in coastal ecosystems
affected by a global warming scenario, and it can be of
help in addressing some preliminary hypotheses and de-
ciding the future lines of research. These findings, valid
for this specific model study applied to the northern Adri-
atic Sea, can be partially extended to other semi-en-
closed or enclosed shelf basins. The use of a generic
ecosystem model structure, such as the one in ERSEM,
gives some indications of a possible shift in the organic-
matter cycling in this coastal ecosystem in a scenario of
increased thermal stratification. These model results are
in accordance with recent findings from a microcosm
laboratory experiment that analyzed the alteration of
food-web structures due to environmental warming con-
ditions. Petchey et al. (1999) report that changes in the
relative distribution of organisms among functional
groups lead to differences in ecosystem function beyond
those expected from temperature-dependent physio-
logical rates. Complex system responses generated in
real ecosystems complicate inferences based on single
functional groups, and we cannot expect that the struc-
ture of coastal ecosystems will remain unchanged while
going through modifications in the abiotic environmen-
tal conditions. Even if in the future we were able to de-
fine a highly refined set of climate change scenarios with
a proper spatial and temporal resolution, we would al-
ways have to face the problem of dealing with the func-
tional adaptations of the biological components of coastal
ecosystems by using a deterministic approach. However,
results of this present study have shown that it is feasible
to capture some of such complex interactions, increasing
the degree of confidence with regard to the capabilities
of comprehensive coupled ecosystem models in the
analysis of the marine environment behaviour under fu-
ture climatic changes.
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