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Abstract

The Mediterranean Sea is generally characterized by the presence of oligotrophic conditions, which are more
pronounced in its eastern part. The effects of physical and biological fluxes on the nitrogen and phosphorus
distributions are here addressed by means of a box model. Numerical simulations obtained with realistic fluxes, as
well as the analysis of the asymptotic behavior of the model support the hypothesis that inverse estuarine circulation
is not sufficient to explain the oligotrophic regime. Conversely, it appears that the downward fluxes of organic matter
play a major role in sustaining and stabilizing the oligotrophy as found in the observations. Indeed the trophic
gradients between the western and the eastern Mediterranean arise as a consequence of the unbalance of the loads
emitted in the basins, with greater inputs into the western, but, in any case, they are maintained in the long run by
the biological pump. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Mediterranean, an eclongated, virtually
land-locked, semi-enclosed sea, is one of the
largest nutrient-depleted area in the world
(Thomsen, 1931; McGill, 1961). Coastal areas
directly interact with the pelagic environment,
since the coastal shelves are relatively narrow,
with some but important exceptions such as the
Catalan Sea and the Tunisine shelf. A well de-
veloped shelf is present also in the regional seas,
Adriatic and Aegean, which differ from the rest
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of the basin also because they present
mesotrophic or eutrophic conditions, as a conse-
quence of the input of macronutrient received
by the Po river, in the case of the former, and
by the Black Sea, in the case of the latter.

The Mediterranean has relevant exchanges
only at the Gibraltar Strait and is splitted in
two basins by the Sicily Strait, a shallow sill
that substantially decouples its eastern and west-
ern parts. On the interannual, or longer, scale
there is a large variability both in the dynamics
(Rother et al,, 1996) and in the biochemical
budgets (Béthoux et al.,, 1992). The Mediter-
ranean response is relatively fast compared to
the ocean and this suggests that physical/ecolog-
ical interactions at basin scale have a profound
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influence in determining the evolution of the
ecosystem.

The exchanges at Gibraltar Strait compensate
the slightly deficient water and heat budgets,
which drive the thermohaline cell controlling the
upper circulation in Mediterranean (Gilman and
Garrett, 1994). Thus the surface layers are af-
fected by the modification and redistribution of
the Atlantic Water (AW) inflow into the western
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Fig. 1. Schematic diagram of the boxes and fluxes in the
model: BOX 1 is the western Mediterranean surface layer,
BOX 2 eastern Mediterranean surface layer, BOX 3 western
Mediterranean deep layer, BOX 4 eastern Mediterranean deep
layer. Bold arrows represent water fluxes inside the basin, or
between the basin and the Atlantic Ocean. Bent arrows repre-
sent nitrogen and phosphorus inputs from western, R, and
eastern Mediterranean rivers, R,. The fluxes fphysics  fphysics
and fhicloey, fbioloey are referred to in the text respectively as

SP3s fB4 and £, 3.

Table 1
Biogeochemical parameters

Parameter Definition Unit  Value

d Phytoplankton s—! 5.55x 1077
mortality

P Organic fraction of 0.2
total nitrogen

Le Organic fraction of 0.33
total phosphorus

N Regeneration rate of s—! 1.18x10~¢
nitrogen

p Regeneration rate of s~! 2.36x107¢
phosphorus

wp Detritus sinking cm/s  0.0058
velocity
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o N »
o N »

N: no bio sink BOX3 N: no bio sink BOX4

o N »

N: bio sink 5m/day BOX1 N: bio sink 5m/day BOX2

8 8
6 6
4 4

o N
o N

F

N: bio sink 5m/day BOX3 N: bio sink 5m/day BOX4

2 2

-

0 0

Fig. 2. Total nitrogen equilibrium concentrations, in M/,
without (high plate) and with biogenic fluxes (low plate) as
obtained in the four boxes, upper layers and deeper layers, in
the western and eastern boxes.

and the eastern basins, while the deeper layers are
connected through an opposite flux of the outfl-
owing Levantine Intermediate Water (LIW). This
mechanism, known as the inverse estuarine circu-
lation, is thought to be the reason of the nutrient-
depleted Mediterranean (Redfield et al., 1963). In
fact, the amount of nutrients flowing in the sur-
face layer from the Atlantic Ocean is smaller than
the one flowing out in the bottom layer. This loss
is dynamically compensated by anthropic and nat-
ural sources. Analogous reasons are also used to
explain the permanence of the westerly increasing
trophic gradient, which is present both in upper
and in deeper layers.



G. Crispi et al. / Ecological Modelling 138 (2001) 101114 103

The role played by the biotic component,
through the so-called biological pump, should
also be taken into account. The detritus, fed by
planktonic biota is subject to sinking phenomena,
potentially able to alter the mass distribution
along the basin. Indeed, yearly simulations (Crise
et al., 1999) showed that by increasing the down-
ward flow of matter related to sinking velocity,
the magnitude of the trophic gradient increased as
well.

In this article the influences of the inverse estu-
arine circulation, of the nutrients river inputs and
of the biological pump on the oligotrophy and on
the trophic gradients in the Mediterranean Sea are
investigated by means of a box model, designed

along the Eppley and Peterson (1979) guidelines
on the balance of the vertical fluxes inside the
basin. The aim is to give a basis to an explanation
of the trophic gradients origin and persistence. In
fact, the resulting simplification in the parameteri-
zation of the transport processes permits us to
analyze the long-term evolution, by performing a
study of the asymptotic behavior of the system
with respect to the variation of the parameters of
the model.

The biological cycle is described by three-state
variables, nutrient—plankton—detritus, an aggre-
gation already used for the three-dimensional
modeling of the nitrogen cycles in Mediterranean
(Crise et al., 1998). This structure will be applied
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Fig. 3. Nitrates data meridional averages, in ptM/1, in the western and eastern Mediterranean Sea for the upper, 100 m, layer (high

plate) and for the deeper, 100—1000 m, layer (low plate).
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Fig. 4. Total phosphorus equilibrium concentrations, in pM/1,
without (high plate) and with biogenic fluxes (low plate) as
obtained in the four boxes, upper layers and deeper layers, in
the western and eastern ones.

in this article also to describe the phosphorus
cycle.

The coupling of nitrogen and phosphorus cy-
cles, and the effects of multi-nutrient limitation
are not addressed in the present work since that
would have required a parameterization too
complex to permit an analytical discussion of
the long term evolution of the system, such as
that considered here. On one hand, interaction
studies (Crispi et al., 1998) of these biotic pro-
cesses in Mediterranean are in progress; on the
other, the choice of disregarding these processes
is commonly adopted in ocean ecosystem model-

ing when applied to biogeochemical scales (Naj-
jar et al., 1992).

The advective, diffusive and convective mass
fluxes are imposed at the interfaces of four
boxes, namely an upper and a bottom box for
each of the two basins, describing the averaged
biogeochemical processes in the western and
eastern Mediterranean. The adoption of a box
model approach may seem a rather strong ap-
proximation, but the analysis of the non-lineari-
ties coming from the interaction in ocean among
physical dynamics and biogeochemical processes
in a three-dimensional quasi-geostrophic frame-
work (Smith et al., 1996), shows that, from a
biogeochemical point of view, the averaged ef-
fects of basin dynamics can be successfully mod-
eled by a properly one-dimensional averaged
representation of the processes.

In Section 2 the biological model is described
and its forcing through the fluxes across the
boxes is defined. In Section 3 the forcing func-
tions are discussed, the parameterization used is
introduced and the comparison data are de-
tailed. Section 4 follows, regarding comparison
with data acquired in the Mediterranean. Sec-
tion 5 summarizes the consequences in terms of
biogeochemistry of the Mediterranean and its
possible applications.

2. Definition of the box model

The basin is divided into four boxes, two
boxes for the euphotic layers of the western and
the eastern Mediterranean, and two boxes for
the aphotic ones. Water fluxes are prescribed in
order to simulate the inverse estuarine circula-
tion and the transport phenomena occurring
along the vertical.

The schematic diagram of the box model and
of the fluxes used is shown in Fig. 1. The equa-
tions of the model for the total tracer concen-
trations inside each box therefore read as

d
V—YX=FX+1L 1
P +L, (1)

where
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Z are the loads, the matrix F of the water fluxes is
z
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Fig. 5. Phosphates data meridional averages, in uM/, in the western and eastern Mediterranean Sea for the upper, 100 m, layer (high
plate) and for the deeper, 100—1000 m, layer (low plate).



106 G. Crispi et al. / Ecological Modelling 138 (2001) 101114

Load West (kg NI/s)

BOX 2

1.232 2.464 3.696 4928
Load East (kg N/s)

0 1232 2464 3696 4928  6.16
Load East (kg N/s)

Load West (kg N/s)

0 1232 2464 3696 4928
Load East (kg N/s)

6 8 10 12 um

BOX 4

1.232 2.464 3.696 4.928 6.16

Load East (kg N/s)

Fig. 6. Total nitrogen equilibrium concentrations, in pM/l, in the four boxes changing the loads, kg N/s, in the eastern basin
(abscissa) and in the western basin (ordinates) from 0% to 200% of the reference values.

v, 0 0 0
0 ¥, 0 0
V= 0 0 V, 0
0 0 0 V,

Here f; indicates the water flux between the ith box
and the jth box, R,, and R, the total nitrogen and
phosphorus inputs in the system from the rivers in
the western and eastern Mediterranean, f,; is the
water flux flowing into the basin across the Gibral-
tar Strait, X, is the concentration of such a water,
f3a 18 the outflow from the Mediterranean into the

Atlantic Ocean, and V;is the volume of the ith box.

The downward fluxes f,; and f,, are sums of two
different contributions. In fact, besides the flux due
to physical processes, such as advection and con-
vection, an additional flux due to the sinking of
particulate matter is present. This flux can be
thought of as a measure of the biological activity.

These fluxes therefore are

fi3 =ﬁ3 +f1i)3:

for the western basin and

Sfoa =15+ 15,

for the eastern basin, where f¥; and f3, are the
physical fluxes and f¥; and f3, are the biological
ones.
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The assessment of the biological fluxes requires
the parameterization of the detritus compartment,
D, whose general equation is

D avrp—wL ik
o ™ "o, T Aubh
o/ oD
T aZ<KV az> — D +dP, )

where P is the phytoplankton, # is the water
velocity, V2 is the horizontal Laplace operator.
Ky and K, are the horizontal and vertical turbu-
lent diffusion coefficients, r is the regeneration
rate, d is the phytoplankton mortality, and wy, is
the detritus sinking velocity.

BOX 1

Sink West (m/day)

Sink East (m/day)

Sink West (m/day)

In the solution of this equation the following
assumptions are introduced:

1. the system (1) is quasi-stationary on average
when considering decadal evolution, such that
the fluxes are well represented by the average
multiannual fluxes and equation (2) is quasi-
stationary as well;

2. there is large scale spatial homogeneity, such
that the loads give an averaged effect upon the
concentrations of both basins;

3. the residence times are longer than the sea-
sonal cycles inside the basins, such that an
annual average of biomass and production is
taken into account;

BOX 2
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Sink East (m/day)

0 1
BOX 3

Sink West (m/day)

0 1 2 3 4 5 6

Sink East (m/day)
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BOX 4

Sink West (m/day)

Sink East (m/day)

Fig. 7. Total nitrogen equilibrium concentrations, in ptM/l, in the four boxes changing detritus sinking velocity, m/day, in the eastern
basin (abscissa) and in the western basin (ordinates) from 0% to 200% of the reference value.
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Fig. 8. Nitrogen gradients, in uM/l, between the upper layers (high plate) and between the deeper layers (low plate) changing the
loads, kg N/s, in the eastern basin (abscissa) and in the western basin (ordinates) from 0% to 200% of the reference values. The black
contour line indicates where the gradient is null.
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Fig. 9. Nitrogen gradients, in pM/l, between the upper layers (high plate) and between the deeper layers (low plate) changing detritus
sinking velocity (m/day) in the eastern basin (abscissa) and in the western basin (ordinates) from 0% to 200% of the reference value.
The black contour line indicates where the gradient is null.

4. The sinking term is assumed to be much larger In the above equation the mortality term dP
than the vertical turbulent diffusivity term. accounts for the difference between phytoplankton
Under these conditions Eq. (2) can be written as: time rate of change and the net primary production.
At the steady state mortality is dynamically bal-

ab__r D +i P. 3) anced by net primary production (dP = puP —

oz wp Wp respP).
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It is worth noting that the positive contribution to
detritus concentration is connected only to the
difference between the gross primary production
uP and the respiration respP, and does not de-
pend directly upon the primary production itself.

The solution of the equation 3, with uniform
distribution of the phytoplankton, P, from 0 to z,,
depth of the euphotic layer depth, is

D(z)=13d<1 —ev:;). 4)

r

The detritus average inside the upper layer is
evaluated in terms of the average phytoplankton
by

_ Pd
D =—0, (5)
r
with
w _rFow
a=1+-—"Le wp——2.
rZg rZg

In the following the total concentration, X, is
defined

Z = z:dis + Z:pam (6)

as the sum of the dissolved fraction, Xy, and of
the particulate fraction, X ,,,
Spu=P+D. (7
The latter is assumed as a constant fraction of the
total concentration

biological pump

no biological pump

[ 20 40 60 80 100 120 140 160 180 200
years

Fig. 10. Evolution of nitrogen upper gradient, in pM/l, with
time, in years, in case of no biological pump and in case of
biological pump with reference detritus sinking velocity in all
basins. The initial conditions are 1 uM/l in both upper layer
boxes, 7 and 5 uM/l, respectively, in the western and eastern
deeper layers. The null line is also shown.

z“par = ﬂ 29 (8)
where the generic parameter, £, has different val-
ues for the nitrogen cycle, £y, and for the phos-
phorus cycle, fp.

Eliminating 2. from Eq. (7) and Eq. (8) and
solving for D, it is possible to write the downward
fluxes related to the biological pump, hereafter
referred to as the biogenic fluxes:

o

=4
B Y trld Pwo,
for the western layer and
o
Ly — Y
24 eoH_r/d/’)WD,

for the eastern layer, where 4,, and A, are respec-
tively the western and the eastern area.

3. Forcings, parameterization and comparison
data

The parameterization of the box model is per-
formed following the principle of the analogy of
treatment of nitrogen and phosphorus cycles, tak-
ing into account the specific Gibraltar and river
inputs, and the different remineralization rates
and organic fractions.

The euphotic layers’ depth, z,, is assumed 100
m thick. In these layers, Box 1 and Box 2, all
compartments coexist, while in the deeper layers
the phytoplankton is absent, and the detritus
sinking into the deeper layers, Box 3 and Box 4, is
considered as immediately remineralized.

The assessment of the water exchanges at
Gibraltar Strait is still an open question. There
are a number of estimations of these fluxes, f;
and f;,, starting both from currentometer data
(Bryden and Kinder, 1988; Bryden et al., 1994)
and from two-layer models, mass budgets and
salinity fluxes (Béthoux, 1980; Bryden and Stom-
mel, 1984; Sarmiento et al., 1988; Garrett et al.,
1990; Bryden and Kinder, 1991; Harzallah et al.,
1993). The multiannual averages obtained from
the recent observations converge to that obtained
from two layer models. Anyway a reanalysis
based on barotropic influence of sea level can
introduce a correction up to 50% (Hopkins, 1999).
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A similar two layer dynamics is present also at
Sicily Strait. The Modified Atlantic water inflows
the eastern Mediterranean Sea ( f;,), while the
countercurrent of the Levantine intermediate wa-
ter flows westerly in the bottom layer ( f,;). Also
in this case estimates are known both as analysis
of data after Astraldi et al. (1996) and as evalua-
tion from salinity and water budget (Béthoux,
1980; Sarmiento et al., 1988; Harzallah et al.,
1993). These estimates of the two fluxes are closer
than in the Gibraltar case. Moreover convection,
upwelling and downwelling, and vertical mixing
are the processes to be parameterized to obtain
the total vertical fluxes.

For the simulations shown in the next sections
the fluxes after Béthoux (1980) for the horizontal
exchanges at the straits and after Béthoux (1989)
for the vertical ones are used in the box model.

The terrestrial inputs by UNEP (1977) are here
used as the nitrogen and the phosphorus external
sources. The estimates are summarized in western
total contributions and in eastern contributions,
without contributions of the Bosphorus inflow
and of all the Adriatic inputs. This choice is
motivated from recent evaluations of fluxes at the
Cretan Arc (Balopoulos et al., 1997) and at the
Otranto Strait (Civitarese et al., 1998).

The inputs from Atlantic are taken into ac-
count considering the measures by Coste et al.
(1988) at Gibraltar Strait. Starting from this data
the ratio of particulate organic nitrogen with re-
spect to the total nitrogen results at Gibraltar is
0.11 in the surface layer. This is a lower boundary
because in the western Mediterranean values of
0.16-0.19 are reached being the particulate about
0.4-0.5 uM/1 along all the surface layer as mea-
sured by Puyo-Pay et al. (1995) while the inor-
ganic nitrogen average is 2.1 pM/I. In the eastern
Mediterranean values of 0.18 for winter and of
0.22 for summer are obtained considering the
Ionian surface water (Socal et al., 1999). In the
present work a value of 0.20 is chosen for the
nitrogen organic fraction in both basins.

The evaluation for phosphorus organic fraction
is about 0.15 at Gibraltar (Coste et al., 1988) for
the inflowing water. Inside the basin the phos-
phate concentration is almost depleted in the up-
per layer and consequently phosphorus organic

fraction is given a value of 0.33 in the present
work as characteristic of the entire Mediter-
ranean. This is an average of the estimates re-
ported by Ediger et al. (1999) for the open sea
sites. The parameters used in the model for nitro-
gen and phosphorus cycles are shown in Table 1.

These values, except the two organic fractions
estimates for nitrogen and phosphorus discussed
in this section, are chosen as in the Mediterranean
three-dimensional models cited in Section 1 and
are used here as averaged informations about the
processes as schematized in the box model.

Recent data acquired during cruises in different
areas are used in this article for obtaining nitrate
and phosphate average concentrations. In particu-
lar MEDIPROD 1 (Coste et al., 1972) and DIS-
COVERY (Cruzado, 1995) in the western
Mediterranean Sea, and POEM (Rabitti et al.,
1994) in the eastern Mediterranean Sea are
selected.

4. Results and discussion

Firstly a general solution of the system (1) is
computed. After this the parameterization given
in the Section 3 is specified.

In matrix notation the solution of the system,
2 (1), is:

Y()=eV FC—F 'L,

where the constant vector C is given by
C=X,+F 'L,

with the initial conditions
Yo=2(t=ty)

In terms of eigenvalues, /,, right eigenvectors, v,
and ‘left eigenvectors u” of the matrix V'~ 'F, the
solution becomes:

4 4
()= efvufCc— Y A7 wufvoIL. )
i=1 i=1

Therefore the equilibrium concentrations are ob-
tained in the following closed form:

5 _fulLi+ L) +fiLy
Fulhatfi)

(10)
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C fatfe
BT G fian foa S P I
+ (fi2 f13 + /12 fra + 113 S3) Lol (11)
L +L,
S A 12
IR £% (12)
1 . .
= Tl [f12(f31 + 5Ly

+ (Si2 fi3 + /12 fra + /13 f3) Lol (13)

The unicity and the stability of the equilibria is
guaranteed by the fact that the determinant of the
matrix F is positive, being |F| = (f1, + f13)f24f3a/43-
The gradient, western total concentration less
eastern concentration, is for surface layers

grad - Ul 4 fals
fulfat i)

VoS L0+ (o fio H o faa /15 [ L)V + /)
(fr2 + /1324 fra s

while for the deeper layers

L +1L,

grad =

(s FHIL+ (it fia i foa+ i S Lo
(fi2 +f13)fsa a3 '

From Egs. (10)—(13) it results that 25, the con-
centration of the deep layer in the western Med-
iterranean, does not depend on the fluxes within
that basin, but only on the outflow exchange with
Gibraltar Strait and on the loads in both basins.

Analogously X,, the eastern Mediterranean
aphotic concentration, does not depend on the
vertical fluxes inside that basin, f,, and f,,, but
only on the western vertical ones, and on the
Gibraltar and Sicily Straits inflows and outflows.

%, is instead affected by the western vertical
fluxes, but not by the eastern ones, while 2, is a
function of the vertical fluxes in both basins. The
bottom gradient does not depend on the vertical
fluxes of the eastern basin, whereas the surface
gradient is affected by all the parameters of the
model.

As a matter of fact, the equilibria and the
gradients are linear functions of loads on both

basins, L, and L,. Using the parameterization
previously described, the following numerical re-
sults are obtained. Fig. 2 (high plate) shows total
nitrogen equilibrium concentration values in ab-
sence of biogenic fluxes. Values about 6 pM/1 are
found in all the boxes. Both the eastern boxes
exhibit values slightly larger than western ones.

The introduction of the biogenic fluxes modifies
substantially the scenario, Fig. 2 (low plate). In
both the upper and deeper layers the gradients
change sign and become positive; moreover the
lower layers are twice richer than the surface
layers and the whole basin becomes more nutri-
ent-depleted. These results are comparable with
the average values measured in the Mediterrancan
for the upper 100 m, Fig. 3 high plate, and for the
deeper layer, Fig. 3 (low plate). The agreement
between model results and data is better for the
deeper layers, while the upper layers estimates are
about 0.9 pM/1 higher compared to the data.

The inorganic upper gradient in the box model
results in 1.33 pM/I (1.1 uM/I in the data) and the
deeper gradient gives 2 pM/l (2.5 pM/l in the
data). Thus the box model is capable to reproduce
the concentration gradients.

Analogous considerations can be derived by
analyzing the parameterization referring to the
phosphorus cycle. The total phosphorus equi-
librium concentrations reached in absence of bio-
genic fluxes are about 0.4 uM/1 in all boxes, with
greater values in the eastern boxes (Fig. 4, high
plate). The levels decrease significantly in the four
boxes when the biogenic fluxes are considered,
and the gradients change their sign (Fig. 4, low
plate). The comparison with phosphate average
data measured in the Mediterranean for the upper
100 m is good for upper layers (Fig. 5, high plate).
The model predicts a concentration about 0.06
pM/1 in excess with respect to the data. Also for
deeper layers the qualitative situation is confirmed
by the average values measured in the Mediter-
ranean from 100-1000 m (Fig. 5, low plate).
Anyway there is more distance in this case with
the experimental data, about 0.18 pM/l in the
western deeper layer and 0.12 uM/I in the eastern
one. The comparison for the upper layers’ estima-
tion gives about 0.06 pM/1 in excess of concentra-
tion with respect to the data.
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The inorganic phosphorus upper gradient in the
box model gives 0.08 uM/1 (0.06 pM/1 in the data)
and the deeper gradient is 0.06 pM/1 (0.10 uM/I in
the data), confirming a good reproduction of the
gradients also for phosphorus cycle.

Fig. 6 shows the linear dependence of total
nitrogen equilibrium concentrations, in pM/l, on
the loads. The figure focuses on the nitrogen
cycle, but similar results are obtainable for phos-
phorus. In the example the loads (kg N/s) are
varied continuously between 0% and 200% of the
reference value. The concentration of X5 increases
with both western and eastern loads, while 2, is
more sensitive to the eastern river inputs. In the
eastern part of the basin an increasing influence of
the western river inputs is recognized, also in this
case with a higher sensitivity in the deeper layer
than in the upper one. It can be noted also the
null loads situation, which gives a completely
nutrient-depleted basin.

The resulting nitrogen gradients, in pM/l, are
shown in Fig. 7, for the upper layers (high plate)
and for the bottom ones (low plate). It can be
seen as both gradients increase by increasing the
western loads and decrease by increasing the east-
ern loads. However the concentration is higher for
deeper layers at the same load conditions.

The total nitrogen equilibrium concentrations,
in pM/1, obtained for values of f%; and f3,, which
vary from 0% to 200% of the detritus sinking
velocity reference value are plotted in Fig. 8. As
expected western deeper layer concentration is not
influenced by these parameters, western upper
layer and eastern deeper layer are affected only by
the western flux, /%;, while upper eastern layer is
sensitive to both sinking velocities, more to the
eastern than to the western one. In any case, an
increment of the biogenic fluxes, i.e., of the bio-
logical activity, results in a higher degree of
oligotrophy.

In Fig. 9 this situation is shown and summa-
rized by the nitrogen gradient, in pM/l, for the
upper and for the deeper layers. In the first case,
high plate, the gradient is negative for low values
of detritus sinking, in particular for the situation
without biogenic fluxes. It is necessary to reach a
minimum flux value in the eastern basin to obtain
a positive gradient. After this sill the two vertical

fluxes control the gradient, with values nearly
constant along the diagonal. The deeper layers’
gradient, low plate, has a simpler behavior, and it
increases only with the western sinking velocity.
This is due to the fact that neither the western
concentration nor the eastern one depends on the
eastern value of the biogenic fluxes.

In Fig. 10 the evolution of nitrogen upper
gradients, in pM/1, is shown. Here the cases with
biogenic fluxes (full line) and those without them
(dotted line) are compared. The initial conditions
are in both simulations 1 uM/1 in both upper layer
boxes, 7 and 5 uM/l, in the western and eastern
deeper layers, respectively. In the second case, the
transient lasts for quite a long time: the gradient
initially null, increases as a result of Gibraltar
inflow for 10 years, decreases after that, it is zero
around 100 years and reaches its negative equi-
librium condition after approximately 250 years.
On the other hand, if the biological pump is active
the evolution time required to dampen the tran-
sient is much shorter, about 20 years. In fact the
gradient, while increasing the result of Gibraltar
input, get closer to its equilibrium point and then
stabilizes around a positive value.

5. Conclusions

The inverse estuarine circulation and the river
inputs unbalance, with minor total inputs in the
eastern basin both for nitrogen and for phospho-
rus, are able to explain the nutrient-depleted con-
tent of the deeper layers of the Mediterranean Sea
with respect to the ocean. On the other hand, if
downward fluxes of matter related to sinking ve-
locity is not considered, then non-oligotrophic
concentrations in the upper layers and negative
westerly trophic gradients are present. Conversely,
if the biogenic fluxes are taken into account,
oligotrophy of the upper layers and positive west-
erly trophic gradients are obtained.

Thus we can conclude that the gradients are
induced by the asymmetry of the loads, namely of
the Gibraltar input and the river inputs. These
loads are then distributed along the Mediter-
ranean by the inverse estuarine circulation. Never-
theless our numerical results show that the
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circulation alone is not sufficient to drive a redis-
tribution of the matter such as to maintain these
gradients. Actually after an initial increment a
negative value must be reached, even if in the long
run. The positive value for the gradients is instead
maintained if the biological pump is active. Simu-
lations indicate also that an increment of the
downward fluxes related to biological activity re-
sults in a higher degree of the oligotrophy in both
basins.

The long and medium term evolution in Med-
iterranean outlined in this work relies on hypothe-
ses, which characterize the main biogeochemical
features. These hypotheses should not be disre-
garded, also when dealing with processes at multi-
annual scales. Other biological and geochemical
processes (e.g., microbial food web, nitrogen fixa-
tion, atmospheric inputs) should also effect the
general oligotrophy of the basin and can be intro-
duced in this framework to give a finer representa-
tion and a more precise evolution.

There are three causes of variability in the
results of the model, as presented here, such as
biogenic fluxes, nitrogen and phosphorus loads,
and initial conditions. Indeed, the sensitivity anal-
ysis shows the changes of the box model results
under different biogeochemical parameters and
inputs. The initial conditions are essential in fact
after a change in the terrestrial inputs, due to
anthropogenic or natural activity, the system may
be in a non-stationary situation. An example of
this fact can be seen in the results obtained for the
deeper layers’ phosphorus. Reaching stability
takes about 100 years and the final equilibrium is
far from the initial conditions. Such a thing be-
comes clear if river inputs before and after Nile
damming are compared. The higher loading of
about six times of phosphate in the rivers, as
evidenced in UNEP (1977) with respect to McGill
(1969), can induce a phosphate increase of about
0.14 uM/1 for the western deeper layer, while for
the eastern deeper layer can give 0.09 uM/l as
excess of concentration. At the moment the
ecosystem should be intermediate between its final
state and its initial conditions, with an increase of
about one half of the total expected variation.
This would result in reasonable accord with
present experimental data.
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