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ABSTRACT

This paper reports the results of investigations carried out on the chemical characteristics and phytoplankton community of Lake
Iseo. Samplings were performed on a monthly basis from 1998 to 2000. At least three main algal groups dominated the community
throughout the study period. The large Bacillariophyceae were dominant mainly during late winter and early spring (Aulacoseira
spp., Melosira varians, Asterionella formosa), with few species able to maintain occasional positive growth also during mid summer
and/or autumn (Fragilaria crotonensis and Diatoma elongatum). The thermal stability of the water column and silica depletion were
the main factors responsible for the decline of the large spring diatoms. The subsequent growth of Mougeotia sp. (Conjugatophy-
ceae) was favoured by its lower sinking rate and resistance to increasing grazing pressure by the dominant copepods (Copido-
diaptomus steueri) and cladocerans (Daphnia hyalina x galeata). Among the cyanobacteria, the greater development of Planktothrix
rubescens in the autumn months, with conditions of vertical homogenisation and decreasing Z,,/Z,,, ratios, was favoured by its abil-
ity to survive at low light irradiances. The temporal replacement of these three groups constitutes the main sequence of the annual
phytoplankton succession in Lake Iseo. A large development of other algal groups was recorded only in one or two of the three study
years (e.g. Dinophyceae and Chlorococcales). The changes observed in the annual phytoplankton development are discussed in the
light of differences in the spring fertilisation of the waters, caused by differences in the depth of the layer involved in the late winter

and spring vertical mixing.
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1. INTRODUCTION

The deep southern subalpine lakes, or Insubrian
lakes (from West to East, Orta, Maggiore, Lugano,
Como, Iseo, Idro and Garda), are located in one of the
most densely populated and highly productive areas of
Italy. They are an important resource for agriculture, in-
dustry, fishery and drinking water, as well as for recrea-
tion and tourism, thanks to the beauty of their natural
setting and their water quality. The total volume of these
lakes (122.7 km®) constitutes around 82% of Italian
lacustrine resources, estimated at around 150 km’.

During the 1960s, intensifying eutrophication proc-
esses and the corresponding deterioration of water qual-
ity in northern Italy were becoming apparent, initially in
lakes with low maximum depths (Lake Varese and Lake
Endine), and subsequently in the deep subalpine lakes.
This situation prompted a series of investigations to as-
sess the human impact on the trophic and hydrochemi-
cal evolution of the Insubrian lakes over the last 30
years. The limnological investigations carried out dur-
ing the 1990s resulted in an update of the trophic evolu-
tion of the largest lakes (Mosello & Giussani 1997). At
present Lago Maggiore is close to its original pristine
oligotrophic conditions; Lake Garda oscillates between
oligotrophy and mesotrophy; Lake Como shows condi-
tions between mesotrophy and eutrophy; and lakes Iseo
and Lugano are eutrophic.

Past studies on Lake Iseo were described in
Garibaldi et al. (1997b). The increase of algal nutrient
loads has resulted in a dramatic worsening of the trophic
conditions of the lake. Reactive phosphorus in the
whole water column increased from around 10 pg P 1"
in 1967, to 20, 32 and 50 pg P I'' in 1973, 1980 and
1990, respectively (Garibaldi et al. 1998). The last
mixing involving the deepest waters in Lake Iseo oc-
curred at the beginning of the 1980s; during the second
half of the 1980s, there was a marked decrease in
hypolimnetic oxygen concentrations and the establish-
ment of conditions of anoxia during the 1990s
(Garibaldi et al. 1995, 1999). In fact, owing to climatic
factors (mild winters) and to the accumulation of cal-
cium and bicarbonate ions in the hypolimnion, Lake
Iseo may currently be defined as meromictic. Lake
Lugano (Barbieri & Simona 1997) and Lake Idro
(Garibaldi et al. 1997a) have also been in this state since
the 1950s and the 1960s, respectively. Under these con-
ditions the renewal time of the deepest waters is re-
duced, favouring the increase of nutrients (due to inter-
nal recycling) and further increasing water density (due
to the dissolution of CaCOj;). These changes have a
huge impact on water usability, particularly for fishing,
drinking and recreational purposes.

The increase in nutrient concentrations was paral-
leled by a corresponding increase in algal biomass.
Among the cyanobacteria, Planktothrix rubescens,
which was observed for the first time during the 1970s,
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MORPHOMETRIC
CHARACTERISTICS
Watershed area 1842 km”

Lake area 61 km’
Maximum depth 258 m
Mean depth 124 m
Lake volume 7.6 km”
Water renewal time 4.2 years

Fig. 1. Lake Iseo and its drainage basin: the main morphometric characteristics are reported.

has shown striking increases over the last 20 years, and
now represents one of the most abundant phytoplankton
species of Lake Iseo. In addition, extensive surface
water blooms of Anabaena lemmermannii have been
observed since the 1990s, particularly along the shore.

This study is aimed primarily at evaluating the re-
cent structure and dynamics of phytoplankton in Lake
Iseo. The general lines of research were elaborated ac-
cording to a common protocol, in the framework of a
project on the trophic evolution of the deep Insubrian
lakes (Mosello & Salmaso 2000; Ruggiu 2002).

2. STUDY AREA

With a surface of 61.8 km* and a volume of 7.5 km’,
Lake Iseo (also known as Sebino) is the fourth largest
Italian lake, after Garda, Maggiore and Como. It lies in
the foothills of the Alps, at the end of a prealpine valley
(Val Camonica). The inflow and outflow is the River
Oglio, which forms the border between the provinces of
Bergamo and Brescia. At the centre of the lake is the
island of Monte Isola, which is the largest (4 km?) and
highest (414 m above the lake surface) lacustrine island
in Europe. The islets of Loreto and S. Paolo lie respec-
tively off the northern and southern shores of the island.
The surface area of the watershed, including the lake, is
1842 km?, with a highest point of 3554 m a.s.l. and a
mean altitude of 1429 m. The theoretical renewal time
of the lake is about 4.2 years (Garibaldi et al. 1999).
The main characteristics of Lake Iseo and its watershed
are reported in figure 1.

Water temperatures in the deep Insubrian lakes do
not drop below 4 °C, so that, according to Hutchinson
(1957), they should be classified as "warm monomic-
tic". In this type of lakes full circulation of the water

column should occur every year, during or at the end of
the winter. However, owing to their great depth, these
lakes tend to circulate only irregularly, during harsh,
windy winters. At present only the largest lakes (Garda,
Maggiore and Como, which may be classified as holo-
oligomictic) share this characteristic, whereas lakes
Lugano, Idro and Iseo are meromictic.

3. METHODS

3.1. Chemical and physical parameters

Sampling was performed at a station located be-
tween Montisola and the western shore, in a central po-
sition close to the site of maximum depth, about 258 m.
Samples for chemical analysis were taken monthly; the
water was collected using Van Dorn bottles (3.5-1 vol-
ume) at the following depths: 0 m, 1 m, 10 m, 20 m, 30
m, 50 m, 75 m, 100 m, 150 m, 200 m, 245 m. The sam-
ples were transferred to the laboratory for immediate
analysis.

Secchi disk depth, temperature and dissolved oxygen
were measured in situ. The euphotic depths (Z.,) were
estimated from Secchi disk readings using the relation-
ships reported in Salmaso (2002). Temperature and
oxygen concentration were determined with an auto-
matic oxygen sensor coupled with a thermistor probe
(Microprocessor Oximeter WTW OXI 320). The oxy-
gen concentrations were occasionally checked in the
laboratory by Winkler titration (APHA 1985).

The following parameters were measured in the
laboratory: pH (pH meter Radiometer PHM 83), conduc-
tivity (conductimeter Radiometer CDM 8§83), total phospho-
rus (Valderrama 1981), nitrate nitrogen (Rodier 1984), sil-
ica (APHA 1985) and chlorophyll-a (Lorenzen 1967).
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Fig. 2. Isopleths of temperatures (°C) with superimposed seasonal variations of the euphotic depth (m).

3.2. Phytoplankton

Samples for phytoplankton analysis were collected
monthly at six depths in the 0-10 m layer. Equal vol-
umes of each discrete sample were then mixed to obtain
an integrated sample representative of the 0-10 m layer,
subsequently used for counting. Samples were fixed
with acetic Lugol's solution. The organisms were
counted by the inverted microscope method. The identi-
fication keys reported in Bourelly (1966, 1968, 1970)
and Huber-Pestalozzi (1938, 1942, 1955, 1962, 1968,
1972, 1982, 1983) were used to identify the algae,
mostly to species level. At least 200 individuals of the
most abundant species were counted, with a counting
error of about 15% (Lund ef al. 1958). The cell volume
for each species was estimated according to Rott (1981).

3.3. Zooplankton

Zooplankton were sampled using two small nets of
40 cm diameter. The mesh size was 200 um for col-
lecting Copepoda and Cladocera, 50 pm for Rotifers
and the young stages of Copepoda.

Sampling was performed along a vertical gradient to
a depth of 10 m; three samples were taken at each point
along the vertical, and the filtered material was mixed
and preserved in 4% formalin. The taxa present in the
lake were identified and counted with an optical micro-
scope; most of the animals were identified to species
level. The following manuals were used for the classifi-
cation: Dussart (1969), Ruttner-Kolisko (1974), Braioni
& Gelmini (1983), Margaritora (1983), Amoroso
(1984), Reddy (1994) and Einsle (1996).

4. RESULTS
4.1. Temperature and thickness of the euphotic zone

Homothermy, with temperatures around 6.5 °C on
the whole water column, was reached in February 1999
and 2000. In contrast, in 1998 the temperature at the
surface never fell below 7.2 °C. A detailed analysis of
the chemical and physical profiles leads to the assump-
tion that the 1999 and 2000 mixings in Iseo reached a
depth between 100 and 200 m, much deeper than the
1998 mixing, which involved a depth between 50 and
100 m.

The progressive thermal stratification begins in
spring and becomes well-defined from June to August,
with the thermocline at a depth between 10 and 20 m
(Fig. 2).

During the maximum summer stratification, the
minimum thickness of the euphotic zone is reduced to
around 10 m, while during the winter months values
may be close to 30 m (Fig. 2).

4.2. Dissolved oxygen, pH and conductivity

In the surface layer (0-10 m), O, concentrations are
always higher than 9.0 mg 1", In the 0-10 m layer from
April to October, oxygen oversaturation is present, due
to intense algal photosynthetic activity (Fig. 3A). The
highest percent saturation at single depth was 162%, re-
corded at 10 m in July 2000.

In the top 10 m, pH values are constantly higher than
8.5 from late spring to the beginning of the autumn.
Maximum pH values (around 9.0) were measured in
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Fig. 3. Temporal variations of (A) oxygen (percent saturation), (B) pH, (C) conductivity, (D) nitrate nitrogen, (E) total phosphorus

and (F) reactive silica in the 0-10 m layer.

August 1998 in correspondence with high concentra-
tions of chlorophyll-a (Fig. 3B; see section 4.5).

Due to their common dependence on photosynthetic
processes, dissolved O, (in percentage) and pH showed
a close linear correlation (» = 0.83, P <0.01). Further-
more, O, exhibits a close correlation with phyto-
plankyon biomass, measured both in terms of
chlorophyll-a (» = 0.38, P <0.05) and in terms of total
biovolume (» = 0.56, P <0.01). A similar relationship
was also observed between total biovolume and pH (» =
0.34, P ~0.05).

Similarly to O, and pH, conductivity in the euphotic
zone followed a marked seasonal trend, with maximum
values in winter (between 260 and 280 pS cm™) and
minima in summer (between 220-226 pS cm™ in 1998

and 1999, and 190 uS cm™ in 2000). The decrease in
conductivity is linked to the precipitation of calcium
carbonate, which is mainly caused by algal CO, deple-
tion during summer stratification (Garibaldi et al.
1997a).

4.3. Algal nutrients

The most important form of N is nitrate nitrogen, the
concentration of which are between 400 and 850 pg N
1" in the 0-10 m layer (Fig. 3d). Ammonium nitrogen
usually exhibits relatively low values, between 10 and
50 ug N I"'. The summer consumption of nitrate was
particularly marked in 1999, with a decrease in concen-
tration in the 0-10 m layer from almost 800 pg N 1"
(December 1998) to 400 pg N 1" (31 August). The low-
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est NO3-N concentrations in the surface layer were
again measured in 1999 (225 ug N 1" on 31 August).

In the three study years, total phosphorus concentra-
tions in the top 10 m showed highly variable values.
The maxima, which were always measured in corre-
spondence with the greatest extent of the late winter
mixing, were relatively low in 1998 (21 pg P I'") and
fairly high in 1999 (46 ug P 1) and 2000 (45 pg P I'")
(Fig. 3E). These differences were a consequence of the
greater extent of the mixed layer in 1999 and 2000 (see
4.1.), and had major consequences on the development
of algal biomass in the three years of the study (sections
4.5.and 4.7.).

Silica concentration in the top 10 m showed a regu-
lar development over time, characterised by a marked
decrease in spring (down to 0.07 mg Si I in April
1999), followed by a gradual increase in late summer
and early winter, when the highest values were usually
recorded (maximum 1.5 mg "' in December 2000) (Fig.
3f). At the surface the minimum value was measured in
April 1999 (0.06 mg Si ™).

4.4. Zooplankton

Zooplankton identified in Lake Iseo during 1998-
2000 included 28 taxa (Tab. 1). Rotifera, Copepoda and
Cladocera were represented by 20, 3 and 5 species, re-
spectively. Over the thirty-four month sampling period,
rotifer and crustacean zooplankton densities ranged
from 2 to 362 ind I"' and from 13 to 97 ind 1", respec-
tively. Rotifers dominated numerically during the
warmest season (June-August), while copepoda densi-
ties were greater during spring and late summer-early
autumn. Cladocera comprised less than 15% of the total
zooplankton density (except in May 1999); the maxi-
mum densities in this group were attained in April-May
and October-November (Fig. 4).

Rotifers were characterised by a high degree of sea-
sonal variability. Some species, such as Keratella
cochlearis, K. quadrata, Polyarthra vulgaris, Filinia
longiseta and Pompholyx sulcata were present through-
out the year. Others were present occasionally with dif-
ferent densities during the three years; in particular,
Conochilus hippocrepis, which is reported separately
from the other Rotifera in figure 4, showed very high
density peaks in July 1998 and 1999.

Crustaceans were predominantly represented by Co-
pepoda, with the calanoid Copidodiaptomus steueri. In
general, the highest densities of this species were re-
corded in summer, though an exceptional peak was re-
corded in December 1998 (73 ind 1"). The cyclopoids
were represented by Mesocyclops leuckarti, in the
warmest months, and Cyclops abyssorum, in winter and
spring.

During 1998 Cladocera developed with lower densi-
ties than in 1999-2000. Among the Cladocera, the
Daphnia hyalina-galeata complex had its maximum de-
velopment in spring (e.g. 13 ind I in May 1999),
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whereas Diaphanosoma brachyurum was mainly pre-
sent during August and September (around 8 ind 1" in
September 2000); Bosmina (Eubosmina) longicornis
was recorded with significant densities (around 17 ind
1) in different months, i.e. December 1998, May 1999
and October 2000. The two predator species, Leptodora
kindtii and Bythotrephes longimanus, were represented
by a few individuals only from May to October.

Tab. 1. Zooplankton taxa found from 1998 to

2000.

1998 1999 2000
COPEPODA
Copidodiaptomus steueri + + +
Mesocyclops leuckarti + + +
Cyclops abyssorum + + +
CLADOCERA
Daphnia complex + + +
Eubosmina longicornis + + +
Diaphanosoma brachyurum + + +
Leptodora kindtii + + +
Bythotrephes longimanus + + +
ROTIFERA
Keratella cochlearis + + +
Keratella quadrata + + +
Kellicottia longispina + + +
Filinia longiseta + + +
Collotheca sp. + + +
Collotheca mutabilis +
Polyarthra vulgaris + + +
Asplanchna priodonta + + +
Synchaeta stylata + + +
Synchaeta oblonga + + +
Squatinella mutica +
Trichocerca porcellus + + +
Trichocerca similis + + +
Trichocerca longiseta + +
Pompholyx sulcata + + +
Ascomorpha ovalis + + +
Gastropus stylifer + + +
Conochilus hippocrepis + + +
Euchlanis dilatata + + +

4.5 Chlorophyll-a and transparency

Chlorophyll-a showed generally the highest concen-
trations in March and April, in correspondence with the
maximum development of cyanobacteria and diatoms.
A second peak of chlorophyll-a occurred in mid or late
summer (Fig. 5 left). In the three study years, the
highest chlorophyll-a concentrations were recorded in
April 2000 (32 pg 1"); mean annual values in 1998,
1999 and 2000 were 5.9, 6.3 and 8.3, respectively.

The highest Secchi disk values were found from De-
cember to February, though with values never exceed-
ing 10 m, apart from one measurement of 11.5 m re-
corded in December 1998 (Fig. 5 right). The lowest
Secchi disk value for the whole study period, 2.4 m, was
recorded in August 2000, the month which always yielded
the lowest transparency values (2.8 m in the two previ-
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Fig. 4. Seasonal variations of the density of Copepoda, Cladocera, Conochilus and the remaining Rotifera. Among Copepoda, the
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Fig. 5. Temporal variations of chlorophyll-a (left) and transparency (right).

ous years). In the first two years of the study, the mean
annual transparency values were very similar (6.2 m in
1998, and 6.3 m in 1999), falling to 4.9 m in 2000.

After linearisation of the two variables by log-trans-
formation, the Secchi disk values showed a strong
dependence on the seasonal trend of chlorophyll-a (+ =
0.21, P=0.01).

4.6. Phytoplankton density

The highest phytoplankton density values, between
15000 and 30000 cells ml”, were always measured from
August to October, when numerous colonies of cyano-
bacteria developed (mainly Planktothrix rubescens and
many Chroococcales, with the genera Aphanothece,
Gomphosphaeria and Microcystis) (Fig. 6B). Colonial
cyanobacteria reached their maximum density (>95% of
the total) in October 1999, following a large develop-
ment of Planktothrix (ca 22,000 cells mI™); the density
maxima in 1998 and 2000 were caused mainly by the
development of Chroococcales, as well as that of P.
rubescens. The other groups present in high densities

were Bacillariophyceae (mainly Aulacoseira islandica
and A. granulata (in spring), Conjugatophyceae (mainly
Mougeotia sp., in late spring 1999) and Chlorophyceae
(mainly Chlorococcales, in summer 2000).

4.7. Seasonal evolution of phytoplankton biovolume and
dominant species

During the three study years, 59 taxa belonging to 7
groups were identified. Of these, the best represented, as
number of species were Chlorophyceae and Bacillario-
phyceae, each with 13 species; then came Cyanobacteria
(12 species), Chrysophyceae and Conjugatophyceae (7
species), Cryptophyceae (4 species) and Dinophyceae (3
species).

Temporal variations in the biovolume of the individ-
ual algal groups - both absolute and percent — are shown
in figures 6b and 6¢c. Taken as a whole, the temporal
trend of total algal biovolumes was closely linked to
that of chlorophyll-a (» = 0.63, P <0.01). Throughout
the study period, the best represented groups in terms of
biovolume were Bacillariophyceae (in late winter and
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spring), Conjugatophyceae (in spring and summer) and
Cyanobacteria (late summer and autumn); Dinophyceae
and Chlorophyceae were particularly important in 1998
and 2000 respectively. Mean annual total biovolumes in
1998, 1999 and 2000 were respectively 2629, 3469 and
2781 mm’® m>.

The Shannon index seems to highlight a more
marked variability in phytoplankton diversity in the two
years 1998-1999 than in 2000 (Fig. 6D). Whereas in the
first two years the index was between ca 0.3-1.0 and
0.2-0.9, in the third year the lower index values were
observed in correspondence with the dominance of a
single group or single systematic units, such as Bacil-
lariophyceae in March 1998 (4ulacoseira islandica) and
May 1999 (Fragilaria crotonensis), and Cyanobacteria
in October 2000 (Planktothrix rubescens).

Following the criterion proposed by Ruggiu (1983),
table 2 lists, in order of abundance, the species which
contributed at least in one occasion to the formation of
80% of the total biovolume. Biovolume peaks and fre-
quency of appearance, calculated over the whole three
year period, are shown for each species. The seasonal
evolution of the dominant species given in table 2 is re-
ported in figures 7a and 7b.

The species appearing in almost all the samples
(with frequency >90%) were Cyclotella comensis,
Rhodomonas minuta and Planktothrix rubescens. The
first two were never present with high biovolume values
during the study period.

In terms of biovolume, the most abundant species in
Lake Iseo were the diatoms. This group was represented
by five species, which developed with biovolume peaks
greater than 1000 mm’ m” (dulacoseira islandica,
Fragilaria crotonensis, Melosira varians, Asterionella
formosa and Aulacoseira spp., mainly represented by A.
granulata). In the other groups, the species with peaks
exceeding 1000 mm® m™ were Mougeotia sp., Plankto-
thrix rubescens, Sphaerocystis schroeteri and Coelas-
trum reticulatum (Tab. 2).

Among the cyanobacteria, apart from an isolated
peak of Planktolyngbya limnetica recorded in 1999,
Planktothrix rubescens reached an annual development
around one order of magnitude greater than other taxa.
The maximum development of this species in 1998 and
1999 was recorded in summer and autumn (Figs 7a and
6A); otherwise, its late summer and autumn develop-
ment in 2000 was lower. The other cyanobacteria de-
veloped almost exclusively during late summer-early
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Tab. 2. Dominant phytoplankton taxa identified in Lake Iseo from 1998 to
2000. The table includes the species that, starting from the most abundant
and at least in one occasion, have contributed to the 80% of the

biovolumes of the identified taxa.

Max. biovolume Frequency (%)
CYANOBACTERIA
Aphanotece clathrata 95 35
Planktothrix rubescens 2113 94
Chroococcus limneticus 71 15
Planktolyngbya limnetica 700 62
Gomphosphaeria lacustris 148 12
Microcystis aeruginosa 67 12
CHLOROPHYCEAE
Chlorella vulgaris 309 18
Coelastrum reticulatum 1417 20
QOocystis sp. 380 15
Sphaerocystis schroeteri 1485 59
Monoraphydium spp. 101 41
Dictyosphaerium pulchellum 502 12
CONJUGATOPHYCEAE
Mougeotia sp. 6386 85
Closterium aciculare 815 62
Staurastrum spp. 800 11
CRYPTOPHYCEAE
Rhodomonas minuta 153 94
Cryptomonas erosa 197 79
BACILLARIOPHYCEAE
Aulacoseira islandica var. helv. 5531 41
Aulacoseira spp. (mainly A. granulata) 1139 15
Melosira varians 2678 29
Cyclotella comensis 179 91
Fragilaria crotonensis 3979 73
Diatoma elongatum 756 23
Asterionella formosa 1956 62
DINOPHYCEAE
Ceratium hirundinella 975 15

autumn (Aphanothece clathrata, Gomphosphaeria
lacustris, Chroococcus [limneticus and Microcystis
aeruginosa) or autumn (Planktolyngbya limnetica).

The green algae were dominated almost exclusively
by Conjugatophyceae; the Chlorophyceae were repre-
sented by a rather diversified number of species be-
longing to the Chlorococcales, which developed
almost exclusively during summer and early autumn
(Fig. 7a). In the three study years, however, only a few
species developed with regular cyclicity (Coelastrum
reticulatum, Monoraphidium spp. and Sphaerocystis
schroeteri), while others were recorded in significant
biovolumes only in single years (Chlorella vulgaris,
Oocystis sp. and Dictyosphaerium pulchellum). The
presence of Conjugatophyceae characterised much of
the annual development of the phytoplankton commu-
nity (Fig. 6B). The filaments of Mougeotia sp. had
their maximum development only in late spring and
summer; the temporal trend of Closterium aciculare
and Staurastrum spp. was characterised by a more
irregular development, with maximum biovolumes in
early or mid summer.

The dominant diatoms can be subdivided into
three main types according to their seasonal

development (Fig. 7b). The first group is the most
numerous, and includes the species whose temporal
development is strictly confined to late winter and
spring  (Aulacoseira islandica, A. granulata,
Asterionella formosa and Melosira varians). The
second group comprises species which, while having
their maximum development in spring, can develop,
sporadically and with smaller biovolumes, also in
mid summer and/or autumn (Fragilaria crotonensis
and Diatoma elongatum). Unlike the two former
types, the small Cyclotella comensis has been found —
albeit with much lower biovolumes than other
diatoms — in spring and summer.

The Cryptophyceae were characterised by a some-
what irregular development. In 1999 and 2000
Rhodomonas minuta had biovolume peaks in spring
and autumn, with winter and summer minima (Fig.
7b); Cryptomonas erosa also seems to present a
situation of the same type. The size of these two spe-
cies suggests that their decrease in summer depends
strongly on the development of herbivorous zoo-
plankton. Dinophyceae, with Ceratium hirundinella,
were recorded with high biovolumes only in summer
1998 and 1999 (Fig. 7b).
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Fig. 7a. Temporal variations of biovolumes (mm® m™) for the most abundant taxa (cf. table 2) in the 0-10 m layer.




186 L. Garibaldi et al.

8000 Conjugatophyceae *Mougeotia sp. 3000 + *Melosira varians
. . ' '
. ' '
6000 . 2400 o . .
. i .
. 1800 N ]
4000 . . .
.
1200 o b .
L n "
2000 . . .
" 600 < N .
AN A ;
o4 v 0 t t
1000 = Closterium aciculare 2500 = *  Asterionella*formosa
. . ¥
800 . 2000 .
. .
. .
600 " 1500 ]
Ll [ ]
400 . 1000 .
.
" [ ]
200 L 500 .
u [ ]
o b A/ 0

1000 Staurastrum-= spp. 800

. - Diatoma ekbongatum
. . . .
800 . . [l "
L L} 600 ] []
. . . .
600 . . ' .
] ] 400 L L}
400 L] L] . L]
. . ' .
[] L] 200 L L}
200 . . . .
. . ' .
0+ N\ v v 0 <+ ' '
250 Cryptophyceae Cryptomonas erosa 5000 Fragilaria crotonensis
' . '
200 . 4000
'
'
150 . 3000
i
100 . 2000
.
50 . 1000
.
0 ? ' 0
200 Rhodomonas minuta 200 Cyclotellaxomensis
.
'
150 150 [
.
'
100 100 .
'
'
50 50 '
.
./\’\/\/\
0 0 )
6000 < Bacillarrophyceae Aulaxoseira islandica 1200 Dinophyceae Ceratium hirundinella
' ' " '
. var. helv. . .
. . . .
4000 < [l ] 800 ] [
' ' . .
' ' . .
. . . .
2000 < . . 400 L] []
L L] [ ] [ ]
. . . .
' . . .
0 ) 0 <+ ' +

1200 4 ! JAulacoseira granulata e spp. 1998 1999 2000
800 < é é
400 o é é

: ZARED

1998 1999 2000
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5. DISCUSSION
5.1. Development of the phytoplankton community

The temporal development of the algal biomass fol-
lows a fairly regular annual trend. Over the three years
of the study, this had major consequences for the
chemical characteristics of the water and for transpar-
ency (see sections 4.2., 4.3. and 4.5.). However, on the
whole, the trend of chlorophyll-a values, and to a lesser
extent the trend of total biovolume, exhibit more or less
marked phases of decrease in late spring, perhaps due to
grazing by herbivorous zooplankton.

The seasonal development of phytoplankton groups
in Lake Iseo showed common characteristics in the
three study years. The main algal groups developed with
a regular, cyclical seasonal succession, characterised in
particular by the growth in late winter and spring of
large colonial diatoms (pennate and centric), in late
spring and summer of Conjugatophyceae (mostly
Mougeotia sp.), and in autumn of cyanobacteria (mostly
P. rubescens). Other algal groups showed striking
growth in summer only in single years (e.g., Dinophy-
ceae in 1998 and Chlorococcales in 2000).

The development of large diatoms in late winter and
spring is favoured by the high turbulence associated
with homothermy, and by the high concentrations of
nutrients in the sampled layer. The decline of the large
diatoms in the warmest months is due both to the pro-
gressive formation of a thermal gradient in the euphotic
layer - which favours the sedimentation losses - and to
the decrease of Si concentrations. In particular, the
minimum Si concentrations reached in March and April
(around 0.1 mg I"" in 1998 and 2000, and 0.2 mg 1" in
1999) may still support diatom growth, but to a level
probably not sufficiently high to sustain a positive net
balance in a progressively stabilised water column (cf.
Salmaso 2000). However, the observations carried out
in Lake Iseo show a different susceptibility of the vari-
ous species to the increase in environmental stress de-
riving from the decrease of water turbulence and Si
concentrations. In particular, and similarly to the situa-
tion observed in Lake Garda (Salmaso 2002) and Lago
Maggiore (Morabito et al. 2002), the large filamentous
centric diatoms (Aulacoseira and Melosira) appear to
suffer particularly from the effects of the increased sta-
bility of the water column, whereas colonies of Fragi-
laria crotonensis may also develop in summer, albeit
with lower biomasses. The only diatom showing a pref-
erential development in summer is the small Cyclotella
comensis. Its development is favoured by the small size
(and thus by a lower sedimentation rate), and by the ca-
pacity for competing effectively for silica compared to
the large pennate diatoms (Sommer 1987). On the other
hand, compared to larger diatoms, its growth might be
strongly limited by zooplankton grazing.

Mougeotia sp. filaments may constitute a major, and
typical, phytoplankton component, not only in Lake
Iseo, but also in the other large, deep subalpine lakes
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(cf. Ruggiu 1983). The development of this taxon is
generally limited to late spring and summer. The suc-
cess of Mougeotia is due to a complex of factors: it is a
good competitor for phosphorus, resists predation by
zooplankton, and suffers smaller losses than the large
diatoms in thermally stratified environments (Sommer
1987). In particular, the large filaments of Mougeotia
are an unsuitable food for the large herbivores which
develop with their seasonal maxima in late spring and
summer, such as the Daphnia hyalina-galeata complex
and Copidodiaptomus steueri.

The filaments of Planktothrix rubescens are the most
important components of the cyanobacteria. These or-
ganisms are present in lakes of different trophic states,
although they usually show a greater development with
increasing eutrophication (Watson et al. 1997). In Lake
Iseo their development is particularly limited to late
summer and autumn, as has been observed in other large
lakes in the subalpine area (Walsby et al. 1998; Salmaso
2002). In particular, P. rubescens is a cyanobacterium
which can thrive at light intensities which might be lim-
iting for other types of algae (Reynolds 1984), and can
therefore sustain a positive growth even in conditions of
autumn thermal destratification and with an increase of
the depth of the mixed layer in relation to the euphotic
zone (decreasing values of the Z./Z;x ratios).

Again, over the last few years there have been a
number of episodes of blooms of the cyanobacterium
Anabaena lemmermannii. In particular, in August and
September 1997, in conditions of high nutrient concen-
trations and with a water temperature above 23 °C, a
huge bloom of A. lemmermannii occurred along much
of the shoreline in a band 10-15 m wide, along the shore
of Monte Isola and in the marinas and harbours of the
lake. The phenomenon was repeated to a lesser extent in
August of the following year. In the deep subalpine
lakes blooms of A. lemmermannii began to be docu-
mented only in Lake Garda at the end of the 1980s
(Salmaso ef al. 1994). These episodes, being made up of
an accumulation of colonies in the top few centimetres
of the water column (through vertical migration and ac-
cumulation along the shoreline) give a false impression
of the abundance of this species in the phytoplankton
community of the lake. In fact, routine counts represen-
tative of the pelagic layer between 0 and 10 m have al-
ways found Anabaena to be present in extremely small
quantities.

5.2. Trophic characteristics of Lake Iseo

In deep lakes, including Lake Iseo, a key factor
regulating the replenishment of nutrients in the epilim-
netic layer is represented by the depth of the winter
mixing. The importance of this factor emerged very
clearly in a more detailed analysis of the causes behind
the high phosphorus concentrations measured in 1999
and 2000 in the trophogenic layer. The last full circula-
tion recorded in Lake Iseo was in 1981. From the mid
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Tab. 3. Trophic parameters used by OECD (1982) for the trophic characterisation of lakes

and annual averages of phytoplankton biovolumes.

1998 1999 2000
Total phosphorus, mean (0-20 m ) (ug P 17) 11 21 21
Total phosphorus, overturn (0 m - bottom ) (ug P I") 66 68 62
Chlorophyll-a, mean (ug 17) 5.9 6.3 8.3
Chlorophyll-a, maximum (pg I™") 14 15 32
Secchi disk, mean (m) 52 53 4.9
Secchi disk, minimum (m) 2.7 2.8 2.4
Total biovolume, average (mm® m™) 2629 3469 2600

1980s, the deep water underwent a progressive, stable
isolation from the surface water, reaching conditions of
anoxia in 1994 and 1995 (Garibaldi et al. 1997b; 1999).
A detailed analysis of the physical and chemical profiles
suggests that the 1999 and 2000 mixings in Lake Iseo
involved a depth between 100 and 200 m, contrasting
with the much shallower mixing depth estimated for the
previous year (between 50 and 100 m). The greater
depth of the mixed layer in 1999 and 2000 also deter-
mined a greater replenishment of phosphorus from the
deep hypolimnion towards the surface layers. Salmaso
et al. (2003) estimated that in 1998, during the limited
overturn, the input of nutrients to the productive layers
in Lake Iseo was below 10 t; in 1999 and 2000, during
the greater extension of the overturn, this value
increased to around 29 and 27 t, respectively; the im-
portance of this replenishment is clear, if we consider
that the external total load of TP was estimated at
around 80-90 t y™'.

Table 3 reports the trophic parameters used by the
OECD (1982) for the trophic classification of lakes. The
values indicate that Lake Iseo is in a condition between
mesotrophy and eutrophy. However, the impact of the
greater phosphorus supply to the surface layers in 1999
and 2000, and the shift towards more eutrophic condi-
tions, are highlighted by the increase maximum chloro-
phyll-a concentrations (in 2000 in particular), and by
the decrease in mean transparency values.

At the level of phytoplankton community, the im-
pact of the greater extension of the mixed layer did not
produce the same consequences in 1999 and 2000. In
the former year, the phytoplankton community was
dominated by a strong development of Mougeotia sp.,
while the biovolume peaks in 2000 were determined by
a stronger development of spring diatoms (Fragilaria
crotonensis, Melosira varians and Diatoma elongatum).

6. CONCLUSIONS

The most typical algal groups in Lake Iseo are the
large diatoms, conjugatophytes and cyanobacteria. To-
gether, these groups contribute significantly to the aes-
thetic appearance and quality of the epilimnetic waters.

The large diatoms consist of two groups. The first
group (Aulacoseira spp., Melosira varians and Aste-
rionella formosa) comprises late winter and spring spe-
cies adapted to high Si-concentrations and low water
column stability. The second group is made up of spe-

cies (Fragilaria crotonensis and Diatoma elongatum)
which are able to develop from spring to mid summer
and/or autumn, exhibiting an evident high capacity for
withstanding low Si-concentrations and low water tur-
bulence.

The dominance of Mougeotia sp. in spring and
summer is favoured by its good competition for phos-
phorus and its resistance to sinking and grazing. The de-
crease of Mougeotia in summer occurs during the deep-
ening of mixing and maximum nutrient depletion. In
contrast, owing to their ability to survive at low light ir-
radiances, the filaments of Planktothrix rubescens ap-
pear to be adapted to withstand the autumn conditions
of vertical homogenisation and decreasing Z.,/Zx
ratios.

The species so far mentioned belong to groups
which, in each of the three years of this study, alternated
cyclically in the phytoplankton dominance of Lake Iseo.
The temporal replacement of these three groups consti-
tutes — in terms of biovolume — the main sequence of
the annual phytoplankton succession in this large subal-
pine lake. On the other hand, this sequence can be inte-
grated by the development of other algal classes, such as
Dinophyceae and Chlorophyceae (almost exclusively
represented by Chlorococcales).

The greater importance assumed by the various algal
groups in each year may be due to changes in the me-
teoclimatic conditions during the whole vegetative sea-
son [as has been recorded for Lago Maggiore (Morabito
2001)], but also to the different pool of nutrients re-
cycled from the deep to the surface layers as a result of
late winter and spring circulation processes. However,
the different development of dominant species in the
two years (1999-2000) in which there was a greater ex-
tension of the mixed layer prevents the formulation of
rules about the species able to develop with higher
probabilities in response to episodes of higher fertilisa-
tion of the surface waters.
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