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ABSTRACT: The response of the biomass and primary production of a coastal NW Med~terranean
phytoplankton community to a gradient of nutrient inputs was examined in a large-scale mesocosm
nutrient enrichment expenment over a period of 20 d in summer. The mesocosm units (33 m3) received
N, P and Si at a stoichiometric ratio of 20 N:? Si:l P, at the normal nutrient loading rate at the site
(5 mm01 N m-' d-' and 0.25 mm01 P m-2 d-l), and at 0.5, 2, 4 , 8 and 16 times the normal nutrient loading rate. The biomass and production of the phytoplanktonic community was also examined in a mesocosm unit to which no nutrients were added Substantial differences in phytoplankton biomass were
observed 4 to 12 d after the initiat~onof the experiment, when nutrient inputs were increased more than
4-fold above the normal nutrient loading rate The b ~ o m a s sof the community increased to a maximum
of 40.8 pg chlorophyll a I-' (200-fold above the mean initial value) at the greatest nutrient inputs. The
biomass increase was largely attributable to a n increase in the microphytoplankton biomass (Chaetoceros sp. and Licmophora sp.), while picophytoplankton increased their biomass only during the earlier
phase of the experiment, reaching values 4.7 times greater at the highest nutrient addition than at the
normal loading rate. The structure of the phytoplankton community shifted from an initial dominance
of picophytoplankton to dominance of microphytoplankton at the highest nutrient loadings Primary
production increased in response to increased nutrient loading, reaching a level 10-fold higher at the
highest nutrient loading than at the normal loading rate. However, phytoplankton carbon turnover did
not increase significantly with increasing loading ( p > 0.05), except for a tendency for higher turnover
at the highest nutrient inputs tested. Results from this experiment suggest that eutrophication problems
are likely to become important at a loading of more than 4-fold higher (20 mm01 N m" d-' and 1 rnrnol
P m-' d-') than the present values supplied to the coastal Medlterranean community studied.
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INTRODUCTION
Increased human pressure in the Mediterranean Sea
is responsible for major changes in coastal zone ecosystems (Duarte et al. 1999). Rapid increase in the
human population, both resident (132 million in 1985,
doubling time 32 yr, UNEP 1989) and seasonal (107
million in 1987, doubling time 15 yr, UNEP 1989) along
the Mediterranean coastline has led to increased nutrient inputs, particular'ly along its northern shore (UNEP
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1989). Because Mediterranean phytoplankton communities are believed to be phosphorus limited (Krom et
al. 1991, Thingstad & Rassoulzadegan 1995, Thingstad
et al. 1998), it is not surprising that symptoms of eutrophication are now becoming widespread in the
coastal Mediterranean Sea (e.g. Marchetti 1992, Duarte et al. 1999).
The occurrence of nuisance mucous substances,
foam and oxygen deficiency caused by diatoms and
nanoplankton in the Adriatic Sea have been attributed
to increased nutrient inputs there (Degobbis 1989,
Dederen 1992, Marchetti 1992). The frequency of red
tides in the Mediterranean appears to have increased
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(UNEP 1989), and widespread deterioration of water
quality, as reflected in reduced water transparency,
has been reported (e.g. Marbe & Duarte 1997). However, studies of eutrophication processes in the Mediterranean Sea are still few, lagging well behind those
in Atlantic waters (Vidal et al. 1999).
The regulation of nutrient inputs into the coastal zone
requires quantitative knowledge on the response of
phytoplankton communities to increased nutrient inputs. This knowledge allows the elucidation of the resilience of the communities to nutrient inputs, and,
thereby, the definition of critical nutrient loading ratios.
These aspects of the response of phytoplankton communities to nutrient inputs have been successfully examined in the past through the use of mesocosm experiments (e.g. Nixon et al. 1986). However, these
experiments have largely focused on Atlantic waters
(e.g. Oviatt et al. 1989, Hein & Riemann 1995, Escaravage et al. 1996), and we are not aware of mesocosm
experiments addressing the response of Mediterranean
phytoplankton to a gradient of nutrient additions.
Knowledge derived from experiments in Atlantic
coastal waters may not be directly applicable to Mediterranean waters, as their planktonic communities are
dominated by nano- and microplankton (e.g. Oviatt et
al. 1989, Ray et al. 1989, Tremblay & Legendre 1994)
and picoplanktonic (e.g.Agawin et al. 1998) organisms,
respectively. These food webs are characterised by
contrasting controls (Legendre & Rassoulzadegan
1995),so that their response to nutrient inputs may well
differ. There is, therefore, a need to experimentally establish the resilience of Mediterranean phytoplankton
communities to increased nutrient inputs.
We examine here the response of the biomass and
primary production of a coastal NW Mediterranean
phytoplankton community to increased nutrient inputs. The response of the community to a gradient of
nutrient inputs, extending above and below those
presently realised in the coastal ecosystem studied,
was tested in a set of large (effective volume 33 m3)
mesocosm units suspended in the Bay of Blanes (NE
Spain).

METHODS

The experiment was conducted near the town of
Blanes (NE Spain), the population of which and, consequently, nutrient loading to the sea, increases by about
5 times during the summer season (Duarte et al. 1999).
Nutrient budgets, calculated on the basis of estimates
of nutrient loading and sedimentation rates, have
established the nutrient loading to Blanes Bay to be
about 5 mm01 N m-2 d-' and 0.25 mm01 P m-' d-' in
summer (Duarte unpubl. results). This loading is

clearly dominated by anthropogenic sources, so that
the stoichiometry between N, P and Si inputs observed
(20 N:? Si:l P, Duarte unpubl. results) represents that
derived from human intervention. Further increases in
nutrient loading will most likely retain the present stoichiometry. We used the estimate of the summer nutrient loading in Blanes Bay, hereafter referred to as a
'business as usual' control, to scale the nutrient inputs
to the experimental mesocosms. Phosphorus and silicon were added to maintain their average summer
stoichiometry with nitrogen in the sedimentary flux
(20N:7 Si:l P, Duarte unpubl. results). Nitrogen was
added as ammonium, the dominant form of summer
nitrogen inputs to Blanes Bay (Duarte unpubl. data).
The experiment was conducted between 18 June
and 8 July 1997. We used a series of 7 large (nominal
and effective volume 50 and 33 m3, respectively) mesocosms designed following the CEPEX enclosures
(Menzel & Case 1977). The mesocosms consisted of
14 m high UV-stabilised polyethene bags, 4.2 m2 in
cross-sectional area at their opening and closed by a
2 m tall conical piece. The mesocosms, mounted on a
floating platform, were moored at 35 m depth, at about
2 km offshore from the town of Blanes. This coastline is
rather exposed, and subject to substantial wave action
(Cebrian et al. 1996, Duarte et al. 1999), so that the
35 m deep water column at the study site is well mixed
throughout the summer, and no measurable thermal
stratification occurs in the layer occupied by the mesocosm units (Cebrian et al. 1996). The mesocosms were
set up the day preceding the initiation of the nutrient
addition, and were filled by gravity, followed by the
use of a water pump. The bags were only partially
filled to prevent rupture due to wave action and to
allow the propagation of turbulence across the walls of
the mesocosm units, thereby maintaining well-mixed
conditions. The mixing time of water in the mesocosm
units was determined experimentally, through dye
additions at the end of the study. It was on the order of
5 to 10 min on a relatively calm day. The experimental
period was characterised by unusual wave action for
the summer period, so that the units were inspected
regularly by SCUBA divers to check for damage. One
of the units (which was receiving twice the 'business as
usual' nutrient loading) was found to be damaged 4 d
prior to the end of the experiment.
The experiment had a gradient design, including
progressive nutrient additions to 7 mesocosm units,
which allowed the response of phytoplankton to increasing nutrient inputs to be described using regression analysis (Nixon et al. 1984). Nutrient additions were implemented using solutions of ClNH,,
KH2P0,, and Na2SiF6,in seawater. The nutrient addltions included a treatment equivalent to the 'business
as usual' control, a treatment equivalent to half of that
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Table 1 Expermental nutnent additions to the mesocosm units moored off Blanes
nutrient input, and nutrient addiBay. va1ues;hown are the dally area1 and volumetric nutrient loadlngs to each mesotions equivalent to 2, 4, 8 and 16
cosm unit. Because the nutnents were added every second day, indiv~dualnutrient
times the 'business as usual' conadditions involved twice the daily nutrient input. Silicon, N and P were added accordtrol (Table 1). In addition, we also
ing to the following stoichiometric ratios: 20 N:? Si:l P. The N loading to the 'no nutrifollowed the biomass and primary
ents added' mesocosm represents the calculated atmospheric nutrient input. 'Business
as usual' refers to valies estlrnated for summer nutrient loading in lanes Bay
production of the phytoplankton
community present in a mesocosm to which no nutrients were
lvlesocosm u n ~ t
Area1 nutrient loading
Volumetric nutrient loading
(mmol)
(PM)
added. The nutrient input to this
N m-2 d-'
P m-2 d-'
N d-l
PM P d-'
mesocosm unit, derived from wet
and dry atmospheric deposition,
No nutrients added
0.04
0
0.005
0
was determined from short-term
I/, business as usual
2.50
0.125
0.3 1
0.015
5 00
0.25
0.63
0.03
Business as usual
nutrient mass balances to be
X business as
10.00
0.5
1.27
0.06
about 0.005 pM N d-' (Duarte et
20.00
1.0
2.54
0.12
4 X business as usual
al. unpubl. data).
40.00
2
5.09
0.25
8 X business as usual
Samples to determine nutrient
4
10.2
0.50
16 business as usual
80.00
concentrations, phytoplankton biomass and primary production
were collected on alternate days
at 07:OO h. Since the water column was well mixed, as
ing on the increase in phytoplankton biomass and carconfirmed by CTD profiles obtained at noon during the
bon uptake expected. The light and dark bottles were
experiment, integrated water samples (0 to 13 m) were
incubated for 3 h at 200 PE m-2 S-' in a n incubator
collected. The water samples were transported, within
chamber with temperature control (adjusted to the
30 min to the laboratory for analysis. Nutrients were
in situ water temperature). After incubation, samples
added to the mesocosms on alternate days, following
were filtered through 0.45 pm Millipore filters, and
the collection of samples. In order to ensure adequate
filters were fumed over concentrated HC1 to remove
mixing, nutrient additions were conducted by filling a
traces of inorganic C. Radioactivity on the filters was
tube extending from the water surface to the bottom of
measured with a liquid scintillation counter, with corthe mesocosms, which was slowly withdrawn to ensure
rection for quenching. All materials were acid-cleaned
homogeneous distribution along the water column.
prior to use. Primary production estimates were conThe concentrations of dissolved inorganic phosverted to daily rates by multiplying the hourly rates by
phate, ammonium and silicate were measured spec14 daylight hours. Because the light climate was not
trophotometrically following standard methods (Korosimulated, the calculated daily production may deviate
leff 1976a,b,c), using a 10 cm cuvette cell when
from the values obtained in situ, but we expect the denecessary to increase the detection limit. A variable
viations to be minimal, since the average underwater
water volume (50 to 500 ml, depending on phytoplankirradiance exceeded, during most of the day, the values
ton biomass) was filtered through Whatman GF/F filters
needed to saturate photosynthesis (<200 pE m-2 S-' in
for fluorometric analysis of chlorophyll a concentration
summer, Satta et al. 1996).
(Parsons et al. 1984).The filters were homogenised and
The abundance of autotrophic plankton was estikept refrigerated in the dark while pigments were exmated using flow cytometry for picoplankton, epitracted in 90 % acetone for ca 6 h. Following extraction,
fluorescence microscopy for nanoflagellates, and an
fluorescence was measured in a Turner Designs fluoinverted microscope for microphytoplankton. Fresh
rometer calibrated with pure chlorophyll a (Sigma Co.).
subsaniples of water from the different experimental
Primary production, based on I4Cincorporation rates of
bags were filtered through a 50 pm mesh, maintained
the picoplankton fraction and whole sea water, was dein the dark and analysed in a FACSCalibur (Becton
termined in each mesocosm every 4 to 5 d after initiaDickinson) flow cytometer for the quantification of
tion of the experiment (cf. Agawin et al. in press). A
picophytoplanktonic cells (Agusti et al. unpubl. data).
500 m1 volume was withdrawn from each mesocosm
Cell volume was estimated from the mean cell diaunit and was filtered through 2 pm (pore size) polymeter, calculated from the mean forward scattering
carbonate filters. Three (2 clear and 1 dark) 125 m1 PC
signal of the populations and calibrated against the
Nalgene bottles were each filled with 120 m1 of the
diameter of con~mercial fluorescent beads (Fluopicoplankton fraction, while another set of 3 bottles was
Spheres Size Kit No. 2, Molecular Probes Co.).
filled with whole sea water from the same mesocosm.
Nanophytoplankton samples, preserved in gluOne millilitre of I4Csolution was added to each bottle in
taraldehyde (1% final concentration) were filtered
varying concentrations (23, 20, 15, 10, 5 pCi), dependonto 0.6 pm Nuclepore filters and counted and mea-
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sured at lOOOx magnification under a n epifluorescence microscope. Microphytoplanktonic samples (0.5
to 2 1, depending on density), preserved in glutaraldehyde (1% final concentration), were pre-concentrated
using a Millipore concentrator chamber and were enumerated and counted at 200x and 320x magnification
under an inverted microscope (Agusti et al. unpupl.

data). Cell volume was calculated from microscope
measurements of the linear dimensions of the cells.
Phytoplankton biovolume was calculated as the product of cell abundance and the cell volume of at least 30
cells in each taxon counted. Autotrophic carbon was
calculated from biovolume estimates by assuming
cyanobacteria to contain 0.123 pg C urn3 (Waterbury
et al. 1986), and using the equations provided by
Strathmann (1967) for the other groups.

RESULTS
Nutrient concentrations at the onset of the experiment were very low (dissolved inorganic nitrogen
< 0.05 pM, phosphate = 0.01; Fig. I ) , among the lowest

N loading (pM d 1)
Fig. 1. Evolution of dissolved inorganic nutrient concentration
in response to increased nutrient inputs to the mesocosms.
The arrow indicates the nutrient loading corresponding to the
'business as usual' scenario in Blanes Bay

N loading (pkl d")

Fig. 2. Evolution of the abundance of planktonic autotrophs,
expressed both as chlorophyll a concentrations and autotrophic carbon values, in response to increased nutrient inputs
to the mesocosrns
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values recorded dunng a 7 yr monitoring programme
in Blanes Bay (Duarte unpubl. data). The nutrients
added were rapidly assimilated by the community, so
that nutrient accumulation was only observed after
increasing nutrient inputs 4 (for ammonium) to 8 (for
phosphate) fold above the 'business as usual' value
(Fig. 1). Silicate concentrations at the onset of the
experiment were low (about 0.5 PM), and accumulated
in most mesocosms during the first half of the experiment, being subsequently reduced by diatom uptake.
After a delay of 4 to 8 d , the communities present in the
mesocosms receiving >4 and > 8 times the nutrient
inputs received at the Bay were also able to assimilate
the inorganic nutrients accumulated, so that by the end
of the experiment nutrient concentrations were low
(<0.1 for ammonium, ~ 0 . PM
2 for phosphate, 1 2 p M
for silicate) in all mesocosms (Fig. 1).
The phytoplankton community responded to increased nutrient inputs by increasing its biomass,
reaching a maximum chlorophyll a concentration of
40.8 pg 1-' in the mesocosm receiving the highest
nutrient inputs (Fig. 2). Chlorophyll a concentration
increased 4 to 12 d after the initiation of the experiment, depending on the mesocosms, and the differences in chlorophyll a concentration only became substantial after nutrient inputs were increased >4 times
(Fig. 2 ) . The increased biomass of the autotrophic community in response to increased nutrient inputs was
also evident in the community carbon (Fig. 2). The
increase in autotrophic carbon preceded that of chlorophyll a, as a result of the tendency for the carbon to
chlorophyll ratio to decline with increased nutrient
loading (r = 0.80, p < 0.01), likely resulting from the
increased self shading as autotrophic biomass accumulated.
The autotrophic community enclosed was originally
dominated by picoplankton (Fig. 3), represented exclusively by Synechoccocus sp., which comprised 51
4 O/o of the autotrophic carbon at the onset of the experiment. Synechoccocus sp. showed an early (about 4 d
following nutrient additions) increase in response to
nutrient additions, reaching a biomass 4.7-fold greater
than that in the 'business as usual' mesocosm at the
highest nutrient addition (Fig. 3). Synechoccocus sp.
carbon declined subsequently to remain at levels comparable to those in the 'business as usual' mesocosm
during most of the experiment (Fig. 3). Autotrophic
nanoflagellates, which represented 8.5 + 2 . 1 % of the
original autotrophic carbon, showed a late but sud.den
biomass increase at the highest nutrient loading,
reaching their highest biomass at about 16 d following
the initiation of nutrient additions (Fig. 3).
The biOmass increase Of the autotrophiccommunity
was largely attributable to a n increase in the biomass
of microphytoplankton (Fig. 3). In turn, this response

derived from an increase in the bioinass of diatoms,
which comprised 40.0 & 5.3*,k of the autotrophic carbon
at the onset of the experiment, with increasing nutrient
inputs (Fig. 3). The response of diatoms, where
Chaetoceros sp. and Licmophora sp, were the most
important taxa, was most evident at the highest nutrient input tested, which led to increased abundance
only 6 d following enrichment, compared to biomass
increases after about 8 d to 2 wk in the other treat-

*

N loading (PM d - l )
Fig. 3. Evolution of the biomass of different components of the
a~totrophiccommunity in response to increased nutrient in.
puts to the mesocosms
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(Fig. 5). Primary production increased in all enriched
bags, including those receiving nutrient inputs equal
to or half of the 'business as usual' values. The maximum primary production reached in the mesocosm
receiving the highest nutrient dosage was 10-fold
higher than that in the 'business as usual' mesocosm
(Fig. 5).
The mean and maximum phytoplankton carbon and
primary production in the mesocosms increased significantly in response to nutrient additions (r = 0.90 and
0.88, respectively, for phytoplankton carbon, and r =
0.95 and 0.98 for primary production, p c 0.005; Fig. 6).
Yet, these responses were clearly non-monotonous, as
a statistically significant increase over the mean 'business as usual' primary production was only observed
when nutrient inputs were increased > 8-fold over the
mean summer value in Blanes Bay (Tukey's HSD test.
p < 0.001; see also Fig. 6). That a significant rise in
average production was observed only at nutrient
enrichment > 8 times the 'business as usual' values
implies that the responses were somewhat obscured by
the fluctuations, since non-parametric analyses
showed a consistent tendency for primary production
to be greater with nutrient inputs > 4 times above normal values (Wilcoxon sign-ranked test, p < 0.05).
Primary production increased proportionately to
increasing phytoplankton biomass (r = 0.98, p < 0.001).
This indicated that the turnover of phytoplankton carbon (mean carbon + SE = 6.4 * 1.3d-' among the mesocosms) did not vary significantly with increasing nutrient loading (r = 0.53, p = 0.21; Fig. 6), despite a
tendency for it to be faster at the highest nutrient
loading tested.

DISCUSSION

N loading (PM dd.')

P loading (FM d6')
Fig. 4. Average (Days 14 to 20 after the initiation of the experiment) contribution of picoplankton, autotrophic nanoflagellates,
and diatoms and dinoflagellates (Micro) to the phytoplankton
biomass in relation to nutrient inputs to the mesocosms. Error
bars represent the standard error of the average values

ments (Fig. 3). As a result of these changes, the community experienced a shift in structure, from an initial
dominance of Synechococcus sp, in the original community, to a dominance of microphytoplankton at the
highest nutrient loadings (Fig. 4).
Primary production rose in response to increased
nutrient loading, although this rise was not observed
until at least a week following nutrient additions

Increased nutrient inputs led to an initial increase of
the dominant population originally present in Blanes
Bay, resulting in the maximum cyanobacteria biomass
being reached about 4 d following nutrient inputs. This
strongly suggests that the natural phytoplankton community in Blanes Bay was nutrient limited, consistent
with the very low nutrient concentration at the start of
the experiment. Nutrient limitation of summer Mediterranean phytoplankton communities has been reported in the past, and phosphorus (Jacques et al.
1973, Fiala et al. 1976, Krom et al. 1991, Vaulot et al.
1996, Thingstad et al. 1998),but also nitrogen (Owens
et al. 1989) were identified as the Limiting nutrients.
The calculations of phytoplankton turnover time suggest that reduced losses probably supported most of the
responses at intermediate nutrient inputs, whereas at
high nutrient inputs enhanced growth rates were also
involved. These results are consistent with reports from
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previous research on marine mesocosms,
which have shown that the development of
7
phytoplankton blooms in response to moderately increased nutrient additions cannot be
2 400
ascribed to increased growth rates (Hein &
39
Rieman 1995, Schliiter 1998). This conclu,300
sion is consistent with the finding that phytogv $0
plankton populations appear to be controlled
by losses, rather than limitation of growth
2
150
rate, in the NW Mediterranean coastal area
p
I@
studied (Mura et al. 1996b).For instance, loss
50
rates of picophytoplankton have been shown
0
to be closely coupled to their production in
Blanes Bay (Agawin et al. 1998, in press),
whereas grazing on microphytoplankton
appears to remove only a modest (<30%,
Alcaraz unpubl, data) fraction of their production. In addition, phytoplankton mortality
N loading (PMd-1)
has been shown to be very high in the
Fig. 5. Evolution of primary production in response to increased nutrient
NW Mediterranean, particularly in summer
inputs
(Agusti et al. 1998, Agusti & Duarte in press).
The phytoplankton biomass in Blanes Bay
was small (mean chlorophyll a concentration
= 0.02 pg 1-l), characteristic of the summer season
experienced by Mediterranean phytoplankton (Mura
despite the already high nutrient inputs of about
et al. 1996b, Agawin et al. 1998, Agusti et al. 1998),
5 mm01 N m-' d-' and 0.25 mm01 P m-2 d-' (Duarte et
which may prevent them from accumulating to reach
al. 1999). Similar nutrient inputs lead, however, to the
the biomass levels observed in Atlantic waters.
development of highly productive phytoplankton comMediterranean phytoplankton communities are domimunities in Atlantic waters (Borum 1996, Boynton et al.
nated by pico- and nanoplankton, which are effi1996), where they are sufficient to cause eutrophicaciently grazed by protozoans and gelatinous plankton
(e.g. Agawin et al. 1998). In addition, an important
tion problems (Kemp et al. 1983, Dennison 1987, Boynton et al. 1996). In contrast, a significant increase in
fraction of the primary production is released as disbiomass and primary production of the NW Meditersolved organic matter through lysis of phytoplankton
ranean phytoplankton community investigated was
cells (Agusti et al. 1998, Agusti & Duarte in press). In
only observed after nutrient inputs were increased
contrast, phytoplankton losses appear to be lower in
more than 4-fold over the 'business as usual' loading.
Atlantic waters, such as the much lower cell lysis
Hence, the plankton community investigated was able
rates reported in Atlantic waters, even during bloom
to assimilate nutrient inputs far exceeding the summer
collapse (van Boekel et al. 1992, Brussaard et al.
loading at Blanes Bay, which is already considerable.
1995).
The results from this short-term experiment suggest
The differences may also be partially attributable
that the critical nutrient load, at which phytoplankton
to differences in the nature of nutrient limitation, for
biomass accumulates and eutrophication problems are
while N appears to be the main limiting element in
likely to become important, is on the order of 20 mm01
Atlantic waters, Mediterranean plankton appears to
N m-2 d-' or 1 mm01 P rnV2 d-l, at the N:P:Si loading
be P limited (Krom et al. 1991, Thingstad & Rasratios observed in Blanes Bay. Since eutrophication
soulzadegan 1995, Thingstad et al. 1998).The role of
N versus P limitation in controlling phytoplankton
symptoms are observed at nutrient loadings well
below this level in Atlantic waters, these results
development cannot be properly addressed here.
suggest that critical nutrient loadings are higher for
since this experiment used a constant N to P input
Mediterranean coastal plankton communities than
ratio.
they are for Atlantic ones. This suggestion would, if
Human pressure on the Mediterranean Sea has been
confirmed, have important consequences in setting
increasing rapidly over this century as a consequence
management goals for Mediterranean waters and
of rapid population growth (UNEP 1989, Duarte et al.
should, therefore, be tested further.
1999). Nutrient loading to the Mediterranean coastline
The reason for such differences, if confirmed, are
has increased in parallel (e.g. Duarte et al. 1999),and is
unclear, but probably result from the high losses
now comparable to or exceeds the values observed in
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areas affected by severe eutrophication problems along
the Atlant~ccoast (Borum 1996, Boynton et al. 1996).
Yet, phytoplankton biomass remains relatively low
throughout most of the \lt.diterranean coastal areas
( e . g .Yilmaz et al. 1992, Mura et al. 1996a),but eutrophication problems are becoming apparent, particularly
in areas with excessive nutrient loading and/or re-

stricted water exchange Severe problems have occurred in the northern Adrlatic Sea, where nutrlent
loading exceeds 123 X 106kg N yr-' (Provini et a1 1992),
and, even In areas ~ h i water
~ e q u a l ~ t yremains good,
symptoms of d e t e r ~ o r a t ~ oare
i ~ el. i r l ~ n t For Instancl
water transparency on the 'IE Spanlsh coast has declined at a rate of 0 1 m Er over the past 3 decades
(Marba & Duarte 1997), and widespread loss of seagrasses, which are
Mean (SE)
Maximum
very sens~tiveto changes In water
quality (Duarte 1991),has been documented (Marba & Duarte 1997) Indeed, phytoplankton development
was reduced when n u t r ~ e n loading
t
rates below the 'buslness as usual'
scenario were applied, suggesting
that phytoplankton development can
be reduced by controll~ngnutrient
inputs, which may help restore the
transparency levels and the seagrass growth observed decades ago
The results reported here suggest
that the response of phytoplankton
biomass and product~onto nutnent
loading is not h e a r but rather that
abrupt changes occur once the critical nutrient threshold is exceeded
Hence, although the c n t ~ c anl u t r ~ e n t
loadlngs required to cause algal
blooms in Elanes Bay appear to be
high, the apparent h ~ g hreslllence of
these communit~esmust be tested
on time scales much longer than
20 d before permissive cntical nut r ~ e n tloadings are proposed This
is partlr~ilarly Important because,
althougn the abrupt responses
expected when critical nutnent
loadlngs are exceeded are not
w ~ d e s p r e a d in the NW M e d ~ t e r ranean as yet, symptoms of eutrophcation, such as a gradual loss of
transparency In coastal waters, are
becomlng apparent Moreover, the
resilience of NW Mediterranean
phytoplankton commun~tiesto high
nutrient loadings appears to lnvolve
the control exerted by high loss
rates The response of these loss
N loading (FM d ' l )
factors, including grazing and mortality (Mura et al 1996b, Agusti et
P loading (PM d - l )
a1 1998, A g u s t ~& Duarte in press),
Fig 6. Relationship between the mean and maxlmum values of primary proto
nutrient l o a d ~ n gmust also be
ductton, autotrophic carbon, a n d turnover of autotrophic carbon, a n d n u t r ~ e n t
lnvt \tigated before rc l ~ n b l ec n t ~ c a l
inputs to the mesocosms. The arrow tndicates the 'buslness as usual' l o a d ~ n gto
Irirels r ,tn be formulated
the experimental site
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