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ABSTRACT

The limnological evolution of Lake Pusiano followed, starting 1970s, an increasing eutrophication process, attaining the
maximum trophic level at the mid 1980s, when the lake reached an hypertrophic condition (around 200 ug P I at winter overturn).
Between mid 1980s and the beginning of this century, the phosphorus concentrations continuously decreased, until reaching TP
values close to 60 ug P I''. Despite this improvement in trophic conditions, since 1994 the cyanobacteria contribution increased:
noticeable was a very intense bloom of Planktothrix rubescens, occurred during autumn 2001. The following year, when we carried
out this research, this filamentous cyanobacterium strongly dominated the phytoplankton population for the whole seasonal cycle.
However, after an intense flood occurred in November the P. rubescens population decreased again. This paper aims at describing
the seasonal dynamics of the cyanobacterium P. rubescens in Lake Pusiano (North Italy) during year 2002, pointing out the
environmental factors which favoured its large dominance during the whole seasonal cycle: particular attention will be paid to the
role played by the physical factors in promoting the growth of P. rubescens, despite the nutrient reduction. Our experimental
evidences suggest the involment of mechanisms already observed in other European lakes, such as the establishment of a
metalimnetic niche. Moreover, our data point out a high sensitivity of this environment to the changes of the hydrological regime,
which probably affect the seasonal phytoplankton dynamics.
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1. INTRODUCTION

Planktothrix rubescens is a cold water stenotherm
species largely distributed in middle FEuropean
(Reynolds 1984) and Southern sub-alpine lakes
(Garibaldi et al. 2000).

During summer stratification it is usually located
within the metalimnion (Konopka 1980; Reynolds 1984;
Schreurs 1992; Feuillade 1994; Chorus & Bartram
1999) where it is able to perform an active photo-
synthetic activity (Micheletti et al. 1998). In fact, due to
the presence of an efficient accessory pigments
apparatus (constituted by phycobiline and phycoerythrin
proteins) this filamentous cyanobacterium is able to
intercept the whole spectrum (400-700 nm) of the
incoming Photosynthetic Active Radiation (PAR) and to
perform active photosynthesis at very low values of
irradiance (Reynolds 1997; Chorus & Bartram 1999).
The efficiency in PAR interception is enhanced by the
high surface/volume ratio of the filamentous shape
(Reynolds 1997). For these reasons the portion of water
column below the P. rubescens peak is characterized by
an intense screening of the incoming solar radiation
which could inhibit the growth of other algae (Feuillade
1994). On the other side, this species is photoinhibited
in conditions of high irradiance (Chorus & Bartram
1999). It usually grows in water column where the

Zeo/Zmix ratio is close to 0.7-1.2 (Schreurs 1992) at depth
where the penetrating PAR is around 1-5% of the
surface values (Chorus & Bartram 1999).

During the mixing period P. rubescens is spread
within the entire water column but it is usually more
concentrated in the upper part of the euphotic zone
(Schmitt & Olive 1980). During summer stratification
the metalimnetic position is maintained by performing a
relatively slow (around 0.1-0.8 m d') buoyancy
regulation (Reynolds 1984; Walsby et al. 2001).
Buoyancy is allowed by the production of gas vesicles
which is higher when the photosynthetic activity is low,
on the contrary when primary production is higher,
more hydrocarbons are stored, the density of the cells
increases and the filaments become less buoyant
(Kromkamp & Walsby 1990). Vertical migration can be
stimulated by both light intensity (Reynolds 1984) and
nutrients distribution (Walsby & Klemer 1974; Klemer
1976).

A statistical approach applied to 80 Dutch shallow
lakes suggested that P. rubescens usually dominates en-
vironment with reactive phosphorus (P-PO,4) concentra-
tions ranging between 0 and 10 pg P I'' (Schreurs 1992).
Laboratory data suggest that in condition of P-PO,
limitation, P. rubescens is able to utilize organic forms
of phosphorus due to the presence of alkaline phos-
phatase (Feuillade 1994).
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Lake Pusiano

Fig. 1. Lake Pusiano location.

E. Legnani et al.

Tab. 1. Main morphometric features of Lake Pusiano and catchment area (GIS elaborations
are based on CTR map, scale 1:10000, developed by Lombardy Regional Government: see

reference under the name Regione Lombardia).

Unit Reference

Variable Value
Geographic coordinates Long 521107
Lat 5072268
Mean level lake's altitude 259.7
Lake's perimeter 12.6
Lake's area 5.26
Volume 69.2
Maximum depth 24.3
Mean depth 132
Maximum length 3.8
Maximum width 2.6
Sinuosity index 1.44
Total catchment's area 96.4
Maximum catchment's altitude 1453
Catchment's perimeter 12.6

UTM  Calculated data
1950
m GIS elaboration from CTR 1994
km GIS elaboration from CTR 1994
km® GIS elaboration from CTR 1994
m’ 10°  Gaggino & Cappelletti 1984
m Gaggino & Cappelletti 1984
m Calculated data
km GIS elaboration from CTR 1994
km GIS elaboration from CTR 1994
Calculated data
km® GIS elaboration from CTR 1994
ma.s.l. Gaggino & Cappelletti 1984
km GIS elaboration from CTR 1994

Like other cyanobacterial species, some clones of P.
rubescens are able to produce microcystins (Chorus &
Bartram 1999) one of the most dangerous class of
hepatotoxins currently known (Ade & Funari 2000).
The production of toxins has been interpreted as a de-
fence strategy against the zooplankton, which usually
avoids grazing the filaments of this species (see for an
extensive review Kurmayer & Jeiittner 1999). More-
over, the filamentous shape, difficult to handle by the
alimentary apparatus of the herbivorous zooplankton,
enhances the defence against grazing (Webster & Peters
1978). Furthermore, many authors described the capa-
bility of toxic cyanobacteria to inhibit the growth of

other algal species during massive blooms (see for
example Sukenik et al. 2002).

The present study aims to describe the seasonal
dynamics of P. rubescens in Lake Pusiano (North Italy)
during 2002, pointing out the ecological factors which
favoured its large dominance during the whole season.

1.1. Study site and historical factors

Lake Pusiano is an inter-morainic lake, located
between the two branches of Lake Como (Fig. 1). Itis a
mid-size natural lake (volume = 69.2 10° m®) with surface
area of 5.26 km* and mean depth of around 14 m (Tab. 1).
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More than one hundred scientific papers (Tartari et
al. 2000) deal with Lake Pusiano, one of the most
studied among Italian lakes. Seven major studies depict
its limnological evolution (Vollenweider 1965; Bonomi
et al. 1967; Gerletti & Marchetti 1977; de Bernardi et
al. 1985; Chiaudani & Premazzi 1992; Quattrin et al.
1998; Tartari et al. 2000).

Lake Pusiano has been classified as a phosphorus
limited environment considering the N/P mass ratio >15
(Chiaudani & Vighi 1974; Redfield 1934). The TP
concentrations during winter overturn increased in this
environment between 1973 (86 pg P I'") and 1984 (198
ng P I'"), when the lake reached an hypertrophic
condition (OECD 1982). Since the middle of 1980s the
TP concentration continuously decreased until reaching
a stable value around 60 pg P I"' at the beginning of this
century. Two main interventions were responsible for
the phosphorus reduction in Lake Pusiano: the
prohibition, by the Italian legislation, in using
polyphosphate in the detergents (Marchetti 1987) and
the building of a sewage treatment plant within the
catchment (Quattrin et al. 1998). Nitrogen did not
follow the same trend: in the period 1973-2003 the total
nitrogen concentrations ranged between 1.90 and 2.33
mg N 17, due to the different origin of this chemical
species, mainly coming from wet and dry atmospheric
depositions and only in minor part from urban
wastewaters and agricultural practices. Studies on the
chemistry of atmospheric deposition in the pre-alpine
zone, showed that this source is responsible for nitrogen
loads among the highest in Northern Italy and that this
amount remained almost constant during the last decade
(Balestrini et al. 2000).

Transparency followed a similar trend of the TP
concentrations. In 1972 the Secchi disk (SD) depths
were typical of a productive environment with a
maximum value of 3.6 m in January. At 1984 winter
overturn the transparency decreased to 1.25 m, whereas
in 1995 the partial recovery of the lake ecosystem is
confirmed by a winter overturn transparency higher than
8 m.

Between 1973 and 1994 four limnological studies
described the seasonal phytoplankton succession in
Lake Pusiano (Gerletti & Marchetti 1977; Scaglia 1986;
Chiaudani & Premazzi 1992; Quattrin et al. 1998).
Information related to winter overturn and summer
stratification only, are available from Bonomi et al.
(1967) and de Bernardi et al. (1985). Because of the
irregularity in phytoplankton studies it is difficult to
recognize a clear evolution of the algal assemblages in
Lake Pusiano. The following is a tentative to outline the
meaningful steps of the inter-annual succession during
the last three decades.

In 1967 the contribution of cyanobacteria in Lake
Pusiano was very low. Among the twenty species
described by Bonomi et al. (1967) only two belonged to
cyanobacteria  (Gomphosphaeria ~ aponina  and
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Merismopedia tenuissima). The limnological surveys
conducted in 1972-1973 (Gerletti & Marchetti 1977),
1985-1986 (Scaglia 1986) and 1987-1989 (Chiaudani &
Premazzi 1992) confirmed the same situation.
Thereafter, the phytoplankton structure suddenly shifted
towards the cyanobacteria domination. In 1994-1995
more than 25 species of Cyanoprokaryota were
detected. During summer the phytoplankton was
dominated by three Chroococcales (Aphanothece sp.,
Microcystis sp. and Merismopedia tenuissima) whose
total density was greater than 150,000 cells mI™. Finally
after few occurrences of reddish algal blooms, ascribed
to P. rubescens, during the 2001 autumn a very intense
bloom of P. rubescens took place. The following year
this cyanobacterium strongly dominated the Lake
Pusiano ecosystem for the whole season. Between 2002
and 2003, after an intense autumnal flood, a sudden
shift between cyanobacteria and chlorophyte has been
detected.

This historical picture points out a consistent
increase of the cyanobacteria between 1994 and 2002,
in concomitance with a significant improvement of the
trophic conditions. However, as the most recent records
show, exceptional hydrological inputs can deeply affect
the hydrological regime of the lake, playing as a
controlling factor of the phytoplankton dynamics.

2. MATERIAL AND METHODS

During the 2002 limnological survey, 16 samplings
were conducted in Lake Pusiano, at the point of maximum
depth. The frequency of the sampling was monthly in
absence of stable stratification and fortnightly during
summer stratification (June-September).

Transparency was measured by Secchi disk (SD).
Conductivity (at 20 °C), pH, temperature, chlorophyll-a,
dissolved oxygen and percentage of oxygen saturation
were measured in real time during each sampling using
two multiparametric probes (Idronaut Ocean Seven
Mod. 401 e Ocean Seven Mod. 401 equipped with a Sea
Tech fluorometer). During four seasonal samplings
(April, August, October and December) the underwater
PAR was measured by a Li-Cor 192-SA quantum flat
sensor, allowing a direct estimation of the euphotic zone
depth and an evaluation of the relationship between
Secchi depth and euphotic zone depth.

This relationship, reported below, was then used to
calculate Zeu when direct measurements of PAR were
not available.

Zow=3.042 x SD*™* (r = 0.966; n = 4; p <0.01)

Although this regression model was obtained from
four points only, it could be used to obtain a reliable
estimation of Z, in our range (1.6-5.5 m) of Secchi
depths.

A thermistor chain with 13 temperature sensors
(VEMCO - Minilog8-TR, -5 - +35 °C) and one pressure
sensor (VEMCO - Minilog8-TDR) has been settled at
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the deepest station. The data were recorded every 15
minutes.

Water samples for chemical analysis were collected
by a Van Dorn bottle at seven different sampling depths
(0.5, 2.5, 5, 7.5, 10, 15, 22.5 m). The following vari-
ables were measured: total nitrogen, total phosphorous
and reactive phosphorus (Valderrama 1977, 1981); main
hydrochemical (alkalinity, nitrate, sulphate, chloride,
ammonium, calcium, magnesium, sodium, potassium)
variables (A.P.H.A. AW.W.A W.E.F. 1995; Camusso &
Polesello 2000a, b).

Phytoplankton samples, integrated on the water
column, were collected monthly and fixed with Lugol's
solution. Specific identification and counting were car-
ried out at the inverted microscope, following the crite-
ria reported in the monographs of the Series "Das
Phytoplankton des Suesswassers", established by
Huber-Pestalozzi and in Starmach (1966, 1974, 1980),
Geitler (1932), Krammer & Lange-Bertalot (1986,
1988, 1991a, b, 2000), Ettl (1978), Frére Irénee-Marie
(1938), Komarek & Anagnostidis (1999). Biovolume
was estimated by geometrical approximations according
to Sicko-Goad et al. (1977), Trevisan (1978), and Rott
(1981). Phytoplankton data have been analysed by
cluster analysis, carried out on a distance matrix, ob-
tained from the calculation of the Bray-Curtis similarity
index (Bray & Curtis 1957).

Phytoplankton biodiversity was calculated from
abundance data, using the Shannon-Wiener index
(Shannon & Weaver 1949) and 10 as the base log.

Samples for the analysis of the marker pigments
were collected monthly at five depths, selected accord-
ing to the wvertical distribution of -chlorophyll-a
(measured by fluorometric probe, see above). 700 to
3500 ml of water were filtered onto Whatman GF/F fil-
ters and the filters were frozen at -10 °C until analysed.
Frozen filters were placed in 9 ml of 90% acetone,
grinded with Ultra-Turrax T25 (10000 rpm for 1 min)
and extracted in darkness overnight a 4 °C. Pigment ex-
tracts were centrifuged and a volume of 100 pl of
filtered mixture was injected into a Beckman HPLC
system equipped with a reverse phase C18 column
(Jeffrey et al. 1997).

Data on the concentration of specific marker
pigments allowed to estimate the biomass of P.
rubescens, using a multiple linear regression model with
breakpoint. The main advantage of this technique is that
the model takes into account that the nature of the
relationship between one or more independent variables
and the dependent variable changes over the range of
the independent variables, giving different values of the
curve parameters (slope and intercept). In our case the
relationship between the biovolume of a single algal
class and the specific pigments changes below a certain
pigment concentration (indicated as breakpoint). The
pigments to be included in the equation have been
chosen according to the typical pigment composition of
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P. rubescens: chlorophyll-a and the carotenoids B,p-
Carotene, Echinenone, Lutein, Lycopen and Oscil-
laxanthin (Feuillade & Davies 1994). Lacking discrete
phytoplankton samplings, these estimations were
successfully utilized to describe the vertical distribution
of P. rubescens.

Primary productivity was measured once per season
(April 22™; August 20™; October 15™ and December
10", by the 'C technique (Danish-Standard-
Association 1982). Two replicate bottles (each labelled
with 5 pCi of radioactive NaH'*CO5) were incubated in
situ with a multiple holder at five depths corresponding
to 100%, 50%, 25%, 10% and 1% of the subsurface
PAR. The incubation were usually kept in situ for 4 h
around noon. After the incubation, 30 ml of the sample
were filtered through Nucleopore PC filters (0.2 um
pore size); the filters were transferred to LS vials,
acidified and, after 1 h, placed in the liquid scintillation
counter (Beckman LS 6000). Counting efficiency was
automatically determinated by the use of a '*C standard.
The daily productivity was calculated according to Platt
(1971).

The Algal Growth Potential (AGP), as a sensitive
method to detect changes in nutrient bioavailability, was
measured on lake water samples collected in June 2003
from one sampling site at 5 different depths (1, 3, 5.5,
7.5, 12.5 m), selected to be representative of the termo-
cline profile. The algal assay was performed according
to the basic EPA methods (1978). The green alga
Selenastrum capricornutum cultured in P-limited me-
dium was used as test organism. P-depleted cells (8000
cell mI™") were used to inoculate the 0.45 pm filtered
lake water. Triplicate samples were incubated under
controlled conditions until the maximum standing crop
was reached in all samples. The algal growth was daily
monitored using an electronic particle counter (Coulter
Counter ZBI) to determine the maximum algal biomass
supported by each sample. The measured values of cell
density were expressed as mg 1" dry weight of algal
biomass.

3. RESULTS
3.1. Physical and chemical features of Lake Pusiano

Figure 2 reports the thermal structure of Lake
Pusiano between February 7™ 2002 and March 4"
2003. Until April 24", the data are related to monthly
sampling, whereas, after this date, to a thermistor chain
located at the point of maximum depth. The isotherm
plot has been obtained interpolating by kriging the
temperature data recorded at 11:00 AM of each day. In
February the temperature was homogeneously
distributed along the water column at around 4.3 °C.
After an incipient stratification in March, a stable
metalimnion can be identified between April and
November. In summertime the thermocline is located at
around 7-8 m depth, whereas in autumn the thickness of
the mixed layer gradually increased and the thermocline
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Fig. 2. Lake Pusiano thermal structure between February 2002 and March 2003. Interpolation obtained with Surfer® Golden

Software.
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Fig. 3. Trend of the transparency as depth of Secchi disk disappearance and mm d™' of rainfall during 2002.

dropped down until its disappearance at the time of
mixing. Figure 2 also shows the very short period (less
than 10 days) of complete overturn, occurred between
January and February 2003.

Figure 3 shows the seasonal trend of transparency.
The minimum value (3.2 m) was measured in April
when the maximum P. rubescens peak occurred,
whereas the maximum value was detected in July (6.3
m) after an intense rainy period (Fig. 3) and when an
abrupt crash of the P. rubescens population took place.

The chemical features of the water of Lake Pusiano
at both 2002 winter overturn and maximum stratifica-
tion are reported in table 2. The ionic spectrum is
typical of a karst catchment (Salerno et al. 2004) with
high concentration of calcium and magnesium. During

winter overturn the total soluble ions (7 meq 1) deter-
mined an homogeneous specific conductivity within the
water column of 288 uS cm™ at 20 °C. Due to the high
productivity and the consequent modification of
carbonate equilibrium, in summer season Lake Pusiano
waters showed a consistent calcium carbonate precipi-
tation within the epilimnion, which led to the maximum
reduction in calcium concentrations, corresponding to
about 27.8% less than the content at winter overturn. On
the bottom the anoxic condition, which were detected
between May and October, determined the sulphate -
sulphide reduction. On the contrary the concentration of
the conservative species, such as chloride and
potassium, were mainly influenced by hydrological
regime.
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Tab. 2. Main hydrochemical features of Lake Pusiano during winter overturn and
summer maximum stratification. Summer values are weighted averages in the three

column layers indicated.

Variable Unit Mixing Stratification
(07/02/02) (20/08/02)
Epilimnion Metalimnion Hypolimnion
(0-5m) (5-12m) (>12m)
Temperature °C 5.0 22.2 12.9 6.9
Conductivity ~ uS cm™ 20°C 288 242 249 305
pH 7.95 8.38 8.14 7.60
Total alkalinity meq 1" 3.25 2.15 2.37 3.05
Sulphate meq I 11.0 10.1 9.9 9.6
Chloride mg I 6.0 4.9 5.2 6.4
Nitrate mgN1! 0.3 0.6 0.5 0.1
Ammonium pg N1 394 30 98 617
Calcium mg I 47.5 343 38.7 493
Magnesium mg 1! 8.6 7.9 8.0 8.4
Sodium mg I 47 4.1 4.1 47
Potassium mg I 1.4 1.2 1.2 1.4
Total P pugP 1! 63 8 16 75
Reactive P ugP 1! 31 1 1 34
Total N mg NI 1.1 1.1 1.0 1.2
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Fig. 4. Trend of the P-PO, (A) and TP (B) concentrations as the average (left scale) between 0 and 15 m and on the bottom (right

scale).

3.2. Trophic conditions

During winter circulation the TP and P-PO, average
concentrations were 63 and 31 ug P 1" respectively
(Tab. 2 and Fig. 4). With the establishment of the ther-
mal stratification the P-PO, epilimnetic concentrations
were always below 7 pg P 1" and during some samples
(July, August and October) below 2 pg P 1", indicating
a strong limitation for the algal growth. The same trend
has been followed by the TP which reached a minimum
value around 10 ug P 1.

Conversely, during summer stratification an increase
of bottom phosphorus concentrations (Tab. 2), due to
both mineralization of the organic matter and release
from the sediments, has been detected (Fig. 4). The
highest values of both P-PO, and TP concentrations at
22.5 m depth have been measured in November, when
they reached 369 and 399 pg P I"' respectively.

During February 2002 TN showed an average value
of 1.1 mg N I"" which remained almost constant between
0.5-15 m depth during the whole research period (Fig. 5).

An increase in nitrogen concentrations has been also
found in the deepest layer (Tab. 2), with the highest
concentrations measured in October at 22.5 m, when the
TN reached 3.46 mg 1. On the basis of the nutrient
cycles described above, phosphorus clearly appears as
the nutrient limiting factor: its concentrations, in molar
units, were around one order of magnitude lower than
nitrogen (N = 0.0786 mmol 1"'; P=0.00203 mmol 1" at
winter overturn).

Summarizing, despite a global improvement of the
trophic status, Lake Pusiano is still in eutrophic condi-
tions, as underlined by the high phosphorus values
during winter overturn and the low transparency at the
beginning of the growing season. However, during the
stratification period, the P-PO, epilimnetic concentra-
tion probably decreases to limiting values.
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Fig. 5. Yearly TN concentrations evolution as average (left scale) between 0 and 15 m and on the bottom (right scale).

3.3. Phytoplankton communities

The spectrum of the meaningful species points out
that a very low number of species contributed
significantly to the phytoplankton composition. In fact
among the 72 species recognized, just 10 contributed at
least once during the year to build up the 90% of total
density (Anabaena viguieri, Aphanizomenon flos-aquae,
Aphanothece clathrata, Merismopedia tenuissima,
Microcystis  aeruginosa,  Planktothrix  rubescens,
Pseudanabaena sp., Kathablepharis ovalis, Chryso-
chromulina sp. and Monoraphidium convolutum).
Among these species P. rubescens exceeded the 90% of
total density in spring and remained constantly over
60% until August, when Merismopedia tenuissima
became dominant with 56% of contribution. The
following month P. rubescens reached again percent-
ages greater than 70%.

In terms of biomass the contribution of the larger
species is more evident, in particular Cryptomonas
erosa, Dinobryon divergens, Fragilaria crotonensis,
Asterionella  formosa, Cyclotella  ocellata  and
Gymnodinium spp. However, the role of P. rubescens as
the key stone species during the whole season strongly
appears even as biomass.

During the research period the phytoplankton
succession was characterized by a strong dominance of
P. rubescens. Figure 6 reports the phytoplankton
succession, in terms of both density (cells mI") and
biovolume (mm’ m™), of the main algal groups, as well
as a focus on the cyanobacteria dominant species.

At the beginning of the growing season (between
February and March) cyanobacteria were already the
dominant algal group with a density exceeding 30000
cell ml" and a biovolume greater than 2600 mm® m™
(Fig. 6). The highest specific contribution within the
cyanobateria was given by P. rubescens. During early
spring a limited presence of Bacillariophyceae (A4ste-
rionella formosa and Cyclotella ocellata) was also
recorded, with a density values around 1000 cells ml™

and biovolume close to 1000 mm’ m™. Other algal
groups, such as Euglenophyceae (Euglena gracilis),
Cryptophyceae (Cryptomonas erosa, Kathablepharis
ovalis and Rhodomonas minuta), Chrysophyceae (Chry-
sochromulina sp. and Mallomonas sp.), Chlorophyta
(Pandorina sp. and FEudorina sp.) and Dinophyceae
(Gymnodinium sp.) were also found, although with very
low values of biovolume and density.

Maximum values of P. rubescens biomass were
reached in April (3367 mm’ m™). After this peak P.
rubescens population continuously decreased until
August when it dropped down to a minimum biovolume
of 644 mm® m™. At the same time (between July and
August) a change in phytoplankton composition has
been detected (Fig. 6). This change was mainly due to
the contribution of small species such as Merismopedia
tenuissima and Aphanothece clathrata, as suggested by
the peak in cell density and the minimum in biovolume.
Inside the cyanobacteria group, a noticeable increase of
Aphanizomenon flos-aquae, Microcystis aeruginosa and
Pseudanabaena sp. took place, increasing the phyto-
plankton biodiversity.

At the end of the summer, cyanobacteria increased
again, mainly with P. rubescens, together with other
species (e.g. Pseudanabaena sp., Aphanizomenon flos-
aquae). Bacillariophyceae were also important with
Cyclotella ocellata. Finally, in November the total den-
sity reached its minimum value (1555 cells ml™). All the
groups decreased but Chlorophyta, which reached their
maximum seasonal density (1439 cells ml™"), mainly due
to the presence of Monoraphidium convolutum.

The trend of phytoplankton biodiversity during the
research period is reported in figure 7A. The Shannon-
Wiener index remained at relatively low values for most
of the season. The minimum value (0.17) was reached
in April, in concomitance with the maximum peak of P.
rubescens, whereas the maximum value of 1.48 oc-
curred at the time of the minimum abundance of P.
rubescens, corresponding to the change in specific com-
position above described.
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The degree of similarity among the samples,
quantified through the calculation of the Bray & Curtis
index (Bray & Curtis 1957), has been graphically
represented by means of a cluster analysis (Fig. 7B).
Figure 7B reports the dendrogram obtained with the
abundance data: the use of the biomass gave almost the
same sample clustering and the results are not reported
here. The samples are separated into two main clusters,
at 0.5 linkage distance: this clustering pattern probably
mirrors the shift in the assemblage composition fol-
lowing the period of intense rainfall in July. At least
three main aspects of the cluster analysis are note-
worthy. As first, the high similarity among all the
samples (low values of linkage distance), testifying the
almost continuous dominance of a single species,
Planktothrix rubescens.

As second, the high dissimilarity among the Lsu
(Late Summer) sample and the others (Su, summer; A,
autumn; LA, late autumn; Sp, spring; and LSp, late
spring), clearly mirrors the decline of P. rubescens and
the following shift in the specific composition. The third
aspect is the inclusion, at a linkage distance of 0.44, of
the LSu sample into the autumnal cluster, due to the
presence of a more diversified population inside the
cyanobacteria group (see above).

The analysis of the marker pigments allowed
reconstructing the vertical distribution of P. rubescens
during the seasons: its metalimnetic stratification is very
clear in figure 8.

Between February and March the vertical
displacement of P. rubescens followed the pattern
described by Schmitt & Olive (1980), with the
trichomes distributed along the column but more con-
centrated in the upper euphotic zone. In these conditions

the dominant species grew up until the end of April
when it reached the maximum abundance. When the
water column stratified, P. rubescens peaked within the
metalimnion, where light climate was more suitable for
growing.

The measurements of primary productivity demon-
strated the high photsysnthetic capability of P.
rubescens at low light intensities. Figure 9 reports a fo-
cus on April 22" bloom. The peaks in P. rubescens
biomass and chlorophyll-a concentrations both occurred
within the metalimnion, at depths close to the limit of
the euphotic zone (Fig. 9A). The high values of primary
productivity (Fig. 9B) at the same depths show that P.
rubescens was actively growing.

An experiment on the trophic potentiality of the
metalimnetic layer was conducted in July 2003. The
Algal Growth Potential assay revealed sensitive enough
to enable defining a clear profile of phosphorus
bioavailability over the water column. Particularly, the
lowest value (0.1 mg 1" AGP) was measured in the
epilimnetic layer (1 to 3 m depth) while the maxima
(0.27 to 0.28 mg I'' AGP) all over the hypolimnion (7.5
to 12.5 m depth), the maximum increase being found
just in the metalimnetic layer (3 to 7.5 m depth), as
shown in figure 10.

4. DISCUSSION AND CONCLUSIONS

As above reported, at the beginning of the growing
season P. rubescens was already the dominant species
within the phytoplankton population (90% of the total
density and 60% of the total biomass). This large
contribution of P. rubescens is likely the residual of the
previous autumnal bloom.
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The capability of this species to overcome the winter
with a conspicuous inoculum from the previous season
has been documented by Walsby et al. (1998) for Lake
Zirich and by Salmaso (2000) for Lake Garda. The
autumnal inoculum gave P. rubescens an early
competitive advantage in exploiting the resources
available at the beginning of the growing season. For
instance, the P-PO, during winter overturn was highly
concentrated and homogeneously distributed along the
water column, allowing P. rubescens to increase its
population, reaching the maximum at the end of April.

The overwhelming dominance of Planktothrix
rubescens had only a short summer break, in concom-
itance with the development of Microcystis and
Aphanothece. Our data do not allow to identify the
process which mainly originated the P. rubescens crash:
the most probable explanation point towards a sudden
change in the light climate of the metalimnetic niche,
which became too much illuminated, with irradiance
intensities perhaps inhibiting the shade P. rubescens, as
indicates the value of the Z./Z,, ratio, increased by
almost four times (from 1.2 at July, 15 to 4.3 at July,
29), thus overcoming the suitable range of 0.2-1.2
(Schreurs 1992). As a consequence, P. rubescens
migrated downward, to depths between 8 and 15 m, at
the end of July. Until the end of August, the species
maintained its deeper displacement. At least two
processes could be responsible for this physical change:
the first one is the epilimnetic nutrient depletion
occurred during summer, which determined a reduction
of the primary productivity in the upper layer and,
consequently, an increase in both transparency and
depth of the euphotic zone. The second process is
dealing with the relationship between water column
transparency and P. rubescens biomass: these two
variables are mutually dependent, so that an increase in
transparency led to a reduction in P. rubescens and a
reduction in P. rubescens to an increase in transparency.
The intense rainfall of July (see Fig. 3), cleaning up the
surface waters, determined a deepening of the euphotic
layer and an increase of transparency, which, due to the
mutual dependence between P. rubescens biomass and
transparency, gave rise to a positive feedback, which led
the system to an abrupt crash (Scheffer et al. 1997). The
decline of P. rubescens and its deepening left the upper
water layers open to the colonization by other species:
those tolerating high values of irradiance and taking
advantage from water column stability, such as the
coccoid Cyanoprokaryota, were the most favourite.
Therefore, the coexistence of the two cyanobacteria
types found between July and August, can be
interpreted as an example of spatial and temporal
separation of two different niches: the physical and
chemical features of the water column separate a
superficial niche characterized by intense light
irradiance but limited by nutrients, and a deepest niche,
where the nutrients concentration is higher and the
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environment is limited by the light intensity. The
deepest niche is colonized by R-strategists organisms
(Reynolds 1997), such as P. rubescens, well adapted to
low light intensity, whereas the superficial niche is
colonized by S-strategists organisms (e.g. Microcystis
aeruginosa), well adapted to grow at the high light
intensity of the surface waters. However, the impact of
allocthonous climatic factors (the heavy rain of July),
through an abrupt change of the physical conditions of
the water column, also contributed to a temporal
separation of the two niches, favouring the decline of
Planktothrix rubescens and the increase of the
Chroococcales.

The large dominance of Planktothrix rubescens
during 2002 may appear in contrast with the recent
improving of the trophic state of the lake; however, the
phenomenon is quite common in the deep European
lakes.

An increase in P. rubescens abundance, after a
progressive nutrient load reduction, has been described
in different large and deep sub-alpine lakes, such as
Lake Constance (Gaedke 1998), Lake Geneva
(Anneville et al. 2002) Lake Ziirich (Gammeter &
Zimmermann 2000) and Lake Baldegg (Buergi &
Stadelmann 2000) where the reduction of the
epilimnetic phosphorus concentration, as a consequence
of the trophic improvement, determined a summer
decrease of the primary productivity. The consequent
increase in transparency allowed the metalimnion to be
included into the euphotic zone, favouring those R-
strategist species, such as Planktothrix rubescens, able
to grow under dim light, exploiting the high nutrient
availability (Reynolds 1997). Despite the lack of
limnological information between 1994 and 2001, our
data let us hypothesise, for Lake Pusiano, a similar
evolution of phytoplankton assemblages. The domi-
nance of Planktothrix rubescens in 2002, the stable
thermal gradient during summer, the strong epilimnetic
phosphorus limitation, joined to a higher phosphorus
bioavailability within the metalimnion, support this
view. The metalimnetic chlorophyll maximum due to
Planktothrix rubescens, characterizing Lake Pusiano
during our study, is commonly recorded in the
mesotrophic deep lakes of the subalpine district, not
only in the large lakes above mentioned, but also in
lakes of smaller volume and depth (e.g. Teubner et al.
2003): apart the trophic condition, the critical factor for
the establishment of a consistent P. rubescens popula-
tion is probably the length of the water column, which
must be deep enough for the formation of a stable
thermocline during summer. This feature makes Lake
Pusiano not so different from the deep European
subalpine lakes, in terms of both thermal structure and
ecological patterns, despite its relatively small size.

On the other side, the abrupt disappearance of P.
rubescens between 2002 and 2003 (occurred after an
intense autumnal flood), points out the strong
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relationship between the biotic responses of the lake and
the input from the catchment, as well as the sensitivity
of this environment to hydrological stressors, suggesting
an ecological resilience (Holling 1973) intermediate
between shallow/small and deep/large lakes.

Current and future research are and will be
addressed to clarify the relationships linking the
hydrology of the catchment with the biocoenosis
variability, coupling seasonal and intensive measure-
ments as well as lake and catchment models (Salerno et
al. 2004). The basic idea is to study the lake-catchment
system as a whole, where the ecological response is
strictly related to the meteorological input as well as to
the hydrological pulse and the nutrient load coming
from the catchment. In fact, the seasonal meteorological
forcing can induce biomass changes or shifts of the
succession pattern: however, both events are strictly
related to the trophic condition of the lake, because of
the pool of the favourite species that may develop is
determined by the local environmental conditions, as
well demonstrated by Anneville ef al. (2004). Therefore,
an integrated study of the lake and its catchment could
give useful information to interpret both the seasonal
and yearly changes of the phytoplankton assemblages,
in particular in a lake ecosystem, such as Lake Pusiano,
undergoing a trophic evolution.
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