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EUTROPHICATION AND MUCOUS AGGREGATES IN
THE NORTH ADRIATIC SEA

Phytoplankton blooms

One characteristic of eutrophic coastal waters is a high frequency of algal blooms,
including toxic and non-toxic taxa. It also appears that increasing anthropogenic loads
are possibly responsible for increasing bloom frequencies throughout the world’s coastal
oceans (Anderson, 1989; Smayda, 1990). The North Adriatic Sea is typified by these
recurring blooms of “nuisance algae” leading to accumulation of toxins in local shellfish
and regional oxygen deficits. The principal control of blooms is river discharge with flow
providing vertical and horizontal stratification and nutrients required for growth.
Phytoplankton growth in response to these loads will likely be maintained and, dependent
on local and/or regional heterogeneity in circulation and stratification, blooms will
continue to impact the aquatic food webs.

Biological and physic characteristics
Characteristic Blooms of the Northern Adriatic

In the Northern Adriatic Sea conditions favoring bloom development are most often
observed in the coastal areas of Emilia Romagna. Here nutrient loads are higher than in
all other parts of the basin due to freshwater inputs of the Po River and of minor rivers
along the coast. Peak flows in spring and autumn, and less frequent summer pulses, lead
to enhanced phytoplankton production and in particular dinoflagellate blooms in the
region since 1975 (Mancini et al., 1980). The typical seasonal distribution in the region
processed as follows: Low water temperatures prevented bloom expression in the winter.
After early spring diatom increases, dinoflagellate blooms generally commenced in
March-April. The principals contributors were Noctiluca miliaris and Glenodinium
lenticula, followed by early summer blooms of Prorocentrum micans, P. scutellum,
Scrippsiella trocoidea and G. foliaceum. In summer-fall, Gymnodinium corii (Viviani,
1983), Gonyaulax polyedra {Montanari and Rinaldi, 1983) and Katodinium rotundatum
prevailed (Boni, 1983; Boni et al., 1983; Vollenweider et al., 1992). In most cases, the
blooms were heterogeneously distributed along the Emilia Romagna coast, decreasing in
intensity from north to south, likely partially explaining distributions of chlorophyll
observed in the region (Vollenweider et al., 1992). The patchy distribution of the blooms
also reflected variability in small tributary discharge in the area, with blooms localized to
mouths of the small rivers.

Blooms in Other Parts of the Northern Adriatic Basin

Other regions of the basin and coastal bays are typified by bloom more frequently
observed in the early summer. For example, in June, 1977, a bloom of Noctiluca miliaris
was noted in the Gulf of Trieste (Cassinari et al, 1979), persisting one week and




concentrated in the inner and more confined part of the harbor. The bloom was triggered
by a sudden increase in surface temperature (15-16°C to 19-20°C in a few days)
associated with an increase in tributary runoff of nutrient-rich freshwater (Fonda-Umani,
1985). In the same summer, some of the same taxa noted above in the seasonal
distribution of bloom forming taxa, Gymmodinium corii and Gonyaulax polyedra, were
observed along the Emilia Romagna coast (Boni, 1983), lasting from July 19th to the
27th, followed in August by a Prorocentrum micans red tide. In June, 1980, another
bloom of N. miliaris occurred but was far more widespread, affecting the whole northern
portion of the Adriatic, from the coast of Istria to Venice (Biancht et al., 1982; Malej,
1983; Fonda-Umani et al, 1983). This taxon was not observed along the Emilia
Romagna coast where another P. micans bloom was noted (Boni, 1983). At the end of
summer, frequently only one bloom-forming species has impacted the entire whole
northern basin, with Gonyaulax polyedra in September, 1978 and again from August-
September, 1982; however, late summer densities were generally lower than densities
reported for early summer blooms of the same taxon.

Occasionally, blooms have been noted late in the year. In fall, 1984, a bloom of
Gymnodinium was observed throughout the northern Adrnatic Sea, persisting from
September until December (Artegiani et al., 1985). The bloom developed along the
Emilia Romagna coast after a collapse of the dense blooms of diatoms and later, G.
polyedra, and extended 20 km offshore. New nutrient influx was responsible for the
bloom: heavy precipitation lead to high freshwater inputs and associated new nutrient
loads from the scouring of river bed nutrient stocks that had accumulated in a
meteorologically calm period prior to mid-August (Vollenweider et al., 1992).

Triggering factors
Initiation of Northern Adriatic Blooms

Annual blooms of individual bloom-forming species are not typical of most of the
Northern Adriatic Sea. Only isolated bays on the coast and the shallow region
immediately south of the Po River delta have conditions favoring frequent bloom
activity, with the latter area bloom-dominated because of (1) a near continuous supply
of new nutrient from the Po and small rivers, (2) tidal- or meteorologically-induced
mixing of remineralized nutrients, vegetative cells and resting stages from the shallow
bottom, (3) persistent, stable fronts (convergences) between the nutrient-rich plume and
oligotrophic offshore water and (4) wind-induced upwelling of deep, nutrient-rich
bottom water from intermediate or deep basin water immediately to the east. In the
summer, river discharge is minimal so that nutrients delivered in the eastward-spreading
summer plume are quickly diluted, restricting bloom development to the western-most
portions of the basin. Blooms occurring further east quickly assimilate fluvial inputs
yvielding low nutrient concentrations in surface waters. Nutrient uptake at depth via
vertical migration provides little substrate for maintaining bloom populations to nutrient-
depleted intermediate water; deeper migrations would require dinoflagellates to swim
through the well-developed pycnocline, a behavior generally avoided by many migratory
dinoflagellate populations (e.g. Cullen et al., 1985). Further, remineralized nutrient pools
as well as “seed populations” in deep bottom water are rarely introduced into surface
water due to strong vertical stratification and depth, thereby restricting surface




production to new nutrient in the plume and surface regeneration in increasingly
oligotrophic water. Thus, blooms in the basin would reflect new nutrient inputs and be
short-lived due to rapid exhaustion of nutrient pools.

Western-shore enhancement of blooms

Blooms in the Northern Adriatic Sea appear to be in response to “new” nutrient loads
entering the basin. Freshwater input with its associated nutrient load stimulates bloom
development in the immediate vicinity of the Po delta (reflecting storm-induced runoff in
the Po River valley) as well as in the vicinity of the small minor rivers along the western
side of the basin (Cacciamani et al., 1992). The increase in nutrient coupled with calm,
stratified conditions support dinoflageilate blooms, conditions achieved after a period of
sunny weather typical of anticyclonic conditions including a weak pressure gradient and
low wind strength (Cacciamani et al, 1992). Three bloom periods are readily
differentiated in the region: 1) following the late spring-early summer diatom bloom
period directly controlled by Po River inputs, surface nutrients are exhausted and surface
heating has stabilized the upper water column. Dinoflagellate blooms start developing
using motility and migration behavior to assimilate nutrient stored at or below the deeper
pycnocline; 2) during summer, surface waters remain nutrient depleted and
dinoflagellates rapidly respond to local nutrient loads yielding small localized blooms
usually associated with river mouths. Local sewage discharge along the whole coast can
also act in a similar manner to the small river discharges contributing to available nutrient
pools and localized blooms. Wind-induced upwelling of nutrients into the euphotic zone
can also form the same function (Galliani et al., 1992); 3) rainfall-induced freshets in
autumn lead to brief diatom blooms followed, as in spring, by blooms of dinoflagellates.
Durations of spring and summer blooms appear to be limited by nutrient availability
while autumn events are more strictly related to stable meteorological conditions and it
could be more probably photolimitation. _

The October, 1984, Gymnodinium bloom exemplifies this latter process. Intense
precipitation in mid-August brought new nutrients previously accumulated in river beds
into the coastal basin leading to an initial diatom bloom subsequently replaced by a
bloom of G. polyedra. In September, Gonyaulax was in turn replaced by Massartia
(Katodinium) in the north and Gymnodinium in the south (Vollenweider et al., 1992).
With winds blowing seaward (libeccio), the bloom spread over a large area, later
invading the whole northern basin (Artegiani et al., 1985).

Environmental consequences

Large excursions in oxygen concentrations are typical for the areas affected by algal
blooms. Surface layers are often oversaturated, but occasionally can be undersaturated,
although oversaturation in bottom waters also may occur. Prolonged periods of hypoxia
and anoxia over large areas of Emilia-Romagna coasts, mostly parallel with the shore and
up to some 5 km offshore, can be catastrophic for the ecosystem causing severe fish and
benthic fauna kills. The effects of the blooms on oxygen and accordingly, the effects on
the whole metabolic dynamics of this area, have been sometimes dramatic. As an
example, during 1984, at the peak of algal blooms, oxygen concentrations in surface




waters reached values up to 170%,; such peaks were followed on at least three occasions
by drops to practically zero oxygen inshore. This was due to the mixing of surface waters
with anoxic bottom waters sucked inshore by offshore winds. Events of this nature
caused wide-spread fish kills, the stranding of dead fish along the shore in early
September, and decaying biomass producing obnoxious stenches of hydrogen sulphide
which could be noted several km inland. The development of anoxia bottom water zones
had their own dynamics. Starting south of the Po delta in mid August, the anoxic zone
extended progressively south parallel to the coast reaching Rimini in the first week of
September. This rapid expansion was not only produced in loco but was probably helped
by bottom currents to the south. While surface waters were often oversaturated during
the rest of the year due to continuing algal blooms, the oxygen conditions in bottom
waters remained much better in later months, due to lower water temperature and
reduced bacterial activity (Vollenwetder et al., 1992).

Mucous Aggregates (“Mare Sporco” phenomenon)
Temporal and Spatial Considerations

Red tides were common to the Northern Adratic until 1987. Thereafter, another
nuisance phenomenon appeared, macroscopic mucus aggregations. These accumulations
of mucilage, visible also with remote sensing techniques, affected the entire northern
basin in the summers of 1988, 1989 and 1991, apparently displacing dinoflagellates as
blooms along the Emilia Romagna coast were absent in the mucilage-rich years. In 1990,
no mucilage accumulation was observed and dinoflagellates were recorded, from March-
April to August.

Macroscopic mucus aggregations in the Adnatic display a varety of different
appearances. The accumulation, the “mare sporco” phenomenon, is described by
Stachowitsch et al. (1990) as a “creamy surface layer” and a “gelatinous surface layer”.
However, the phenomenon is not new, first reported as the “mare sporco” (dirty sea) in
the northern Adriatic in 1729 (Della Torre Tassis, 1748), followed by other outbreaks in
1872 (de Syrski, 1872), 1880 (De Toni, 1891), 1903, 1905 (Forti, 1906), 1920, 1930
(Fonda-Umani et al., 1989) and possibly 1951 (Canadija, 1951). In 1976 and 1983,
mucilage accumulation was isolated in the Kvamer region (Pucher-Petkovic and
Marasovic, 1987). In the summer of 1988, 1989 and 1991, large aggregation of
gelatinous masses were noted throughout the Northern Adratic, spreading along the
eastern and western coasts; in 1990, it occurred only in the Kvarner area. Few reports
are available for the 1988 phenomenon because of the general lack of the regional
experience and universal surprise: few recognized the nature of the phenomenon and its
similarity with previous observations of the past century. It appears that aggregates were
first visible in mid-July, earlier in the eastern basin areas than in the other regions. In
1989, gelatinous layers were formed in areas between low and high salinity waters and
appeared earlier in the eastern transitional areas than in western regions. In 1991, larger
aggregates were first noticed in the water column of the north-eastern Adriatic, including
the Kvarner area, in the last week of June. Approximately two weeks later, suspended
gelatinous aggregates and surface layers were present throughout most of the Northern
Adnatic, except the Kvarner areas. Generally, the gelatinous material became most
concentred along frontal systems with time, particularly well-developed in the western




region off the Po delta (Degobbis et al., 1995). During the remainder of summer,
distributions were dependent on both advective transport by the eddy circulation pattern,
characteristic of the season (Franco, 1973; Franco and Michelato, 1992) and local winds
(Degobbis et al., 1995).

Biological and physic characteristics

. Taxonomic composition of the algal assemblage must be an important factor in mucilage
production since previous work indicates that exudate production is species-specific,
both quantitatively and qualitatively, with the sticky properties of the released products
linked to the producer species. Degobbis et al. (1995) suggest that mucus aggregates
should be produced by a few species of diatoms (e.g., Cylindrotheca closterium,
Skeletonema costatum and Chaetoceros spp.) that grow within the aggregated mucus
material (Monti et al., 1995a). These species, found in late spring communities at modest
levels, are the most abundant aggregate taxa and persist in macro-aggregates in summer
(Revelante and Gilmartin, 1991). This accumulation occurs later in the stratified (e.g.,
pycnocline) layers and larger aggregates may be formed directly by coagulation of gel-
dispersed material, entrapping plankton cells (perhaps including Cylindrotheca,
Skeletonema and Chaetoceros), particulate matter and “marine snow” particles, instead
of a gradual aggregation of “marine snow” as hypothesized by Herndl (1992).

Once large quantities of sticky material are present in water, different factors, mainly
physical, are active in concentrating or dispersing the mucilaginous particles. Aggregate
formation and accumulation appeared to be favored by increased stability of the water
column and reduced water exchange with the mid-Adriatic region. Low shear forces and
pycnocline layer formation have been indicated as important factors favoring the
formation and persistence of large aggregates, essential to the marine snow and
aggregating, growing diatom hypotheses (Herndl, 1992; Degobbis et al., 1995).

Triggering factors

The mechanisms directly responsible for this phenomenon have not been conclusively
identified although there have been special workshops convened and several international
efforts are currently underway to explain mucilage formation in the basin. Two types of
trigger mechanisms are important in explaining basin “mare sporco”, those controlling
inztial production of the mucilaginous material, and those controlling aggregate formation
and the extent and evolution of the phenomenon, once induced. In all possible
explanations, mucilage production is initially attributable to unicellular algae. Forti
(1906) and Zanon (1931} believed benthic diatom exudation produced the mucilage.
Currently, the most popular opinion is the hyperproduction of polysaccharides from the
several pelagic diatoms (Degobbis et al, 1995). Justification for unicellular algal
production is derived from a suite of unrelated observations. A common thread,
however, is that environmental conditions induce large exopolysaccharide production by
phytoplankton, expecially diatom species, and these are the probable primary causes of
mucilage events. Degobbis et al. (1995) suggest that hyperproduction of polysaccharide
exudates appears related to pulsing of freshwater inputs, in particular from the Po River




(Degobbis et al., 1995). The sequence of freshwater inputs and subsequent recycling
appear to select for specific plankton communities with some species benefitting from
short-term nutrient input and, following nutrient depletion, producing large amounts of
polysaccharidic material. Experimental results support environmental control of exudates
as indicated by stimulation of exudate production by a high N/P ratio coupled with low
nutrient concentration {Lewin, 1955; Jones and Stewart, 1969; Myklestad and Haug,
1972; Myklestad, 1977, Monti et al., 1995b; Welker and Monti, 1995).

Environmental consequences

These large, basin-wide mucilage events have large and significant impacts on plankton,
nekton and benthic communities. Within the plankton, microzooplankton appeared to be
most affected, with high incorporation in aggregates (Milani and Fonda-Umani, 1992).
Some commonly observed mesozooplankton taxa, such as June-July swarming Penilia
avirostris, were completely absent during the period dominated by the mucilage
aggregates (Fonda-Umani, 1992). Its absence as well as the overall decline of the entire
grazer community (Cataletto et al., 1996) has been attributed to grazer inability to utilize
phytoplankton embedded in the mucoid matrix (Bochdansky and Herndl, 1992).
However, within one month of the disappearance of the floating masses, typical summer
plankton community abundance and structure returned (Fonda-Umani, 1992).
Eventually, some portion of the floating mucilage was advected to southwestern regions
of the basin, where it settled, seriously affecting organisms living on the seabed (Herndi,
1992), especially coelenterates and crustaceans. Large numbers of bivalve molluscs were
killed by mucilage blocking of inhalant siphons. Further, eggs and larvae of a number of
fish species living on the seabed were also probably affected (Rinaldi et al., 1995). In
contrast to the effects on the benthic macrofauna, which were perturbed by the mucus,
the mucilage aggregates, settled on the bottom, apparently stimulated the community.
The presence of a dense community in 1991 might be explained by a combination of
adequate conditions related to the presence of mucous aggregates, including a more
indisturbed substratum caused by the interruption of dredging, decreased grazing
pressure due to declined filtering capacity of epifauna, and nutrient-rich sediment for
extra nutrient disposal reminelalized at the mucus-sediment interface (Welker and
Nichetto, 1996).

Conclusions

Dinoflagellate blooms are related in all the cases to “new” nutrient inputs, mainly due to
Po River and secondarily to minor coastal rivers along Emilia Romagna coasts as well as
to river inputs (i.e. Isonzo) in the other northern areas affected dramatically by the same
nuisance blooms. Frontal systems confined river inputs in a narrow coastal belt, limiting
the effect of Po River inputs to inshore areas. Nutrient loads reach the open northern
basin only during spring and autumn freshets causing seasonal diatom blooms (Franco
and Michelato, 1992). Strong stabilization of water column during the whole warm
season prevent from regenerated nutrient upwelling in euphotic zone. Few cases of
reingression in surface layer of bottom waters could sustain blooms already started but




are insufficient to induce them (Vollenweider et al., 1992). Meteorological condition play
a fundamental role in enhancing river inputs through precipitations on the whole
catchment-basin (i.e. Po Valley) and assuring calm sea during anticyclonic conditions
(Galliani et al, 1992). This general features of the Adriatic system can show great
variations due to its year to year variability (Fonda-Umani, 1991; Fonda-Umani et al.,
1990; Baranovic et al., 1993) which affects oceanographic properties as well as plankton
dynamics. Nevertheless it is possible to identify some main patterns: .

1) two cyclical oscillations in abundance (with 5.5 and 7.3 year periodicity respectively)
mainly related to physical factors and a long term trend of increase until the mid eighties
due to eutrophication (Baranovic et al., 1993).

2} a strong increase in NOy/N in the latter years in Po River inputs as well as in coastal
sea waters (Rinaldi et al., in press).

3) a slightly decrease or at least no increase in PO4/P which determines an increase of
N/P ratio (Rinaldi et al,, in press). In northern Adriatic N/P ratios are usually very high
(ranging between 30 and 80), showing annual oscillations with maxima values in winter
and spring, lowering in summer to rise again in autumn (Innamorati and Giovanardi,
1992). In the latter years N/P ratio increase due to N increase and could have enhanced
polysaccharidic hyperproduction by diatoms:

4) an increase of temperature values both in seasonal minima and maxima (Malej and
Fonda-Umani, in press) depending on meteorological evolutions typifying the latter
years, characterized by long period of high pressure due to persistence of anticyclonic
conditions.

5) a general decrease of phytoplankton biomass as chlorophyll values (Malej and Fonda-
Umani, in press) and a shift from larger size phytoplancton to small size phytoplankton,
which indicates a more oligotrophic and less hydrodynamic situation (Smayda, 1970;
Malone, 1980), than in the previous years (Fonda-Umani et al., 1995).

6) an increase of consumer (netzooplankton) biomass in the same period (Malej and

Fonda-Umani, in press) which could have contribute to lower phytoplankton biomass
through grazing impact.

In some cases the effect on the coastal system of the remedials adopted to reduce the
impact of waste discharge is also evident. In particular, in the Bay of Muggia, a small
confined bay in the Gulf of Trieste where in the past the phytoplankton abundance
reached more than 14'10°L™" (Fonda-Umani et al, 1982) and red tides were often
recorded, the starting up of a waste treatment with an underwater pipe discharging
outside the Bay lead to a decrease of phytoplankton which now exceptionally reaches
values of 1.510%L".

The harmful blooms characterizing the seventies and the early eighties appear related to a
widespread increase in the general trophism of the system (Fonda-Umani, 1991;
Baranovic et al., 1993). This increase appeared to be due to combined effects of a series
of factors among which water exchange with the Mediterranean, climatic factors,
particularly temperature and atmospheric pressure, and eutrophication are the most
important (Baranovic et al., 1993). .

The same physical factors seem to cause the appearance of large aggregates. In particular
Degobbis et al. (1995) suggest that climatic changes during the eighties, modifying
oceanographic conditions and hydrological patterns might have influenced the dynamic
of nutrient inputs and recycling mechanisms resulting in a selection of plankton
communities.
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