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ABSTRACT

This paper presents a synoptic account of the most important results emerging from studies on the phytoplankton communities in
the deep southern subalpine lakes Garda, Iseo, Como, Lugano and Maggiore (DSL) in the second half of the 1990s. At present, the
trophogenic layers of these lakes are trophically different, ranging from the oligo-mesotrophy of lakes Maggiore and Garda to the
meso-eutrophy of lakes Iseo and Lugano. The research confirmed the existence of a common pool of species developing in the DSL,
as already suggested by early studies conducted on a seasonal basis from the end of the 1970s to the first half of the 1980s. However,
multivariate analyses (Correspondence Analysis, CA, and a subsequent application of Non Metric Multidimensional Scaling) demon-
strated that the species in this common pool were developing differently or exclusively along a geographic and a trophic gradient.
The major differences in the geographic distribution were found between the easternmost lakes (Garda and Iseo) and those farthest
to the West (Lugano and, partly, Maggiore), with intermediate characteristics in Lake Como. These differences were due mainly to
changes in the dominance relationships and only secondarily to compositional changes. The detection of the ultimate causes of these
differences should take into account other factors not considered in the paper (i.e. the specific analysis of the food webs, local
climatic conditions, hydrology and seasonal input of nutrients). Despite the observed differences, common patterns in the sequence of
seasonal assemblages in the DSL could be recognised and defined. The second gradient in the species distribution identified by CA
was strongly correlated with the principal trophic descriptors (algal biomass and total phosphorus); this meant that the
phytoplankton taxa could be ranked along a trophic spectrum, from oligotrophy to eutrophy. A brief examination of the main differ-
ences which have historically arisen with the progress of eutrophication in the DSL showed that the species identified in this study as
being indicative of more eutrophic conditions were increasing in importance in some of the lakes.
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ever, even though laboratory experiments can add much
to our knowledge of the physiological potentialities of
particular algal species, rarely can they permit predic-
tions of algal behaviour in the field (Ruggiu 2002). On
the other hand, the results emerging from field surveys
are an expression of the "realised niche", i.e. the re-
duced hypervolume in which a species exists as a con-
sequence of competition and limitation by other factors,
corresponding to the resources effectively used by a
species. The capacity for colonisation, growth and re-

1. INTRODUCTION

The ultimate aim of ecology is to study the interac-
tion of organisms with their environment and the other
organisms living in it (Wilson 1992; Krebs 2001). In
phytoplankton studies this task has been essentially ac-
complished by two approaches, i.e. the ecophysiological
and the comparative descriptive approaches (Sommer
1988). The first tries to attribute variations in distribu-
tional patterns to differences in the specific, experi-

mentally determined growth requirements and resis-
tance to mortality factors. The second approach, which
is the most widely used by phytoplankton ecologists,
attempts to find distributional patterns from abundances
recorded in extended field surveys. The scientific basis
and the meaning of the results produced by the two pro-
cedures are very different (Salmaso 2003).

A complete knowledge of the specific requirements
for growth factors - an ideal, hypothetical condition —
would involve the complete characterization of the
"fundamental niche" (sensu Hutchinson 1967). How-

sistance to mortality factors in response to the most im-
portant environmental axes (defined by the fundamental
niche) is strongly reduced both by environmental con-
straints typical of the colonised lakes (including climatic
and meteorological factors), and by competition dy-
namics. The relative importance of these two sets of
factors in lakes of different trophic status are still the
object of discussion (e.g., Harris 1994). This underlines
the necessity to consider more abiotic and biotic factors,
or classes of factors, in the study of species distribution
in different types of lakes. Many discrepancies and the



208

lack of unifying concepts in studies of the distribution
of phytoplankton along trophic gradients originated
from the implicit reductive assumption of the existence
of selective factors acting almost exclusively along a
unique environmental axis (Salmaso 2003). In fact,
lakes with the same trophic status, but with different
morphometric and hydrological properties, rarely de-
velop the same algal assemblages, nor they will react in
a similar way to changes in nutrient loads. Practical ex-
amples are the high flushed meso-eutrophic reservoirs
in NE-Italy, where the research carried out during the
1990s documented an almost complete absence of pe-
lagic cyanobacteria (e.g., Moccia et al. 2000), which are
considered a common sign of eutrophication (Watson et
al. 1997), but extremely susceptible to decreasing sta-
bility of the water column (Reynolds 1997; Reynolds et
al. 2002). At the other extreme of the hydrological gra-
dient, significant differences were recognised in the
phytoplankton composition and abundance in a group of
“large lakes” located at different latitudes and climatic
regions (Pollingher 1990).

The large, deep lakes located south of the Alps share
many common physiographic characteristics, which
could have a significant influence on the selection of
common phytoplankton populations; although limited in
their scope and available material, the few comprehen-
sive papers published on this topic seem to confirm this
assumption (see section 2). In our study, the hypothesis
to be confirmed is that the great depth and climatic lo-
cation of the deep southern subalpine lakes constitute a
sort of standardising factor, directing the rearrangement
of the seasonal assemblages towards a limited number
of scenarios in response to changes in trophic status (cf.
Ruggiu & Mosello 1984; Salmaso 2000). This assump-
tion implies that lake districts with different physi-
ographic and climatic characteristics will exhibit their
own associations, even in the presence of comparable
trophic levels (Ruggiu 2002).

This paper concludes a concerted series of contribu-
tions on the phytoplankton ecology of the southern
subalpine lakes (from E to W) Garda (Salmaso 2002),
Iseo (Garibaldi et al. 2003), Como (Buzzi 2002),
Lugano (Simona 2003) and Maggiore (Morabito et al.
2002). Its main objectives are: i) to ascertain whether
common patterns exist in the recent distribution and
abundance of the dominant phytoplankton species in the
deep southern subalpine lakes; ii) if this is the case, to
interpret the differences in abundance and/or composi-
tion on the basis of the chemical (including nutrient
content), physiographic and hydrological characteristics
of the single lakes; and iii) to provide indications about
the trophic range covered by the most important phyto-
plankters in this peculiar typology of lakes.

2. STUDY SITES AND PREVIOUS STUDIES

The geographical location and morphometric char-
acteristics of the deep southern subalpine lakes (DSL)
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considered in this research are reported in figure 1. In
this group of lakes, the largest is Lake Garda (V = 49
km®; S = 368 km?), followed by Lago Maggiore (V = 38
km®; S = 213 km?), Como (V = 23 km’; S = 146 km?)
and Iseo (V = 7.6 km’; S = 62 km?). Among the DSL,
Lake Lugano stands out for its subdivision into three
basins (Barbieri & Polli 1992); the northern basin -
which was included in this research - is the largest of
the three (V = 4.7 km’; S = 28 km?). The maximum
depths of these lakes range from 251 m (Lake Iseo) to
410 m (Lake Como).

The DSL present some common morphological
features (Ambrosetti & Barbanti 1997). They are nar-
row, elongated and delimited laterally by steep sides;
their bottom is generally flat. Their thalwegs are
roughly North-South oriented, with the exception of the
N-basin of Lake Lugano (East-West).

The watersheds of lakes Garda and Iseo are mainly
composed of sedimentary rocks; crystalline formations
(including both igneous and metamorphic rocks) are
present only in the most northerly sections. Similarly,
the drainage basin of Lake Lugano is dominated by cal-
careous rocks (limestones and dolomites), with outcrops
of quarziferous porphyries and metamorphic rocks. The
northern and southern parts of the watershed of Lake
Como are mainly composed of igneous and sedimentary
rocks, respectively. The northern and western drainage
basin of Lago Maggiore is composed of metamorphic
and igneous rocks; calcareous rocks are present only in
the eastern part of the watershed (Vollenweider 1965;
Bonomi ef al. 1979).

The DSL lie within the River Po catchment area, and
contribute water for about 40% of its discharge. Their
theoretical renewal times are around 4-5 years (lakes
Maggiore, Como and Iseo), 12 years (Lake Lugano, N-
basin) and 27 years (Lake Garda). Compared with the
other lakes considered, the longer water renewal time of
Lake Garda is due to its low catchment/lake surface
ratio and to lower annual rainfall.

During the 1990s, the DSL were the object of nu-
merous studies centred on the quality of lake waters and
eutrophication. Besides the series of papers edited by
Mosello & Giussani (1997) and de Bernardi et al.
(2000), other studies concerned limnological investiga-
tions carried out in Lake Garda (Salmaso et al. 1997,
2001a, 2002; Salmaso & Decet 1998), Lake Iseo (Gari-
baldi et al. 1995, 1999), Lake Como (Mosello et al.
1991, 1999, 2001), Lake Lugano (Barbieri & Polli
1992; Barbieri & Mosello 1992; Barbieri & Simona
2001) and Lago Maggiore (Manca et al. 1992; de Ber-
nardi et al. 1996; Morabito & Pugnetti 2001).

Several papers on phytoplankton ecology appeared
in the same period, and some of them touched on his-
torical aspects, e.g. those edited by Mosello & Giussani
(1997) and those published in the frame of this project
(Buzzi 2002; Morabito et al. 2002; Salmaso 2002; Gari-
baldi et al. 2003; Simona 2003). However, papers of a
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Fig. 1. Geographical location and morphometric characteristics of the deep southern subalpine lakes (DSL) in Northern Italy (data
from Ambrosetti & Barbanti 1992). The hollow circles indicate the location of the six sampling stations.

comprehensive nature are very rare, and are limited to
selected temporal periods of the annual cycle, or discuss
only some aspects of the phytoplankton communities.
Ruggiu (1983) and Ruggiu & Mosello (1984) described
the phytoplankton characteristics of the largest lakes
south of the Alps based on samples collected at the time
of the deepest mixing (early spring) and at the end of
the stratification period (October-November). These
works showed that the same group of species was pre-
sent in the phytoplankton communities of the studied
lakes, which had quite different trophic conditions, and
consequently showed a wide range of biomass and pro-
duction values. Reviewing the literature published dur-
ing the 1990s, Salmaso (2000) recognised the existence
of the same dominant functional groups of chlorophytes
and cyanobacteria in the DSL, with increasing impor-
tance of Oscillatoriales (Planktolyngbya limnetica and
Planktothrix rubescens) and Chlorococcales in the
meso- and eutrophic lakes.

3. METHODS

Details of the methods used for limnological investi-
gations, chemical analyses and phytoplankton determi-
nations are reported in the papers published in the frame
of this project, namely Buzzi (2002), Morabito et al.
(2002), Salmaso (2002) Garibaldi et al. (2003), and Si-
mona (2003); these papers will be collectively referred
to below as "DSL papers".

The data used in this work are essentially those re-
ported in this set of papers, with few original integra-
tions. Further information on the seasonal development
of phytoplankton in lakes Garda and Maggiore during
the years analysed in this work was reported in Salmaso
(2003) and Morabito et al. (2003), respectively. Except
where otherwise stated, the data refer to monthly sam-
ples collected in the layer between 0 and 20 m. The field
work and samplings refer to the periods 1997-1999
(Maggiore), September 1997-August 1999 (Como) and
1998-2000 (Garda, Iseo and Lugano). The research was
carried out at single stations located at the deepest point
of each lake, with the exception of Lake Como, where
the field work was performed at two stations represen-
tative of the W and E branches (Como, Z,,x = 100 m,
and Abbadia Lariana, Z,,, = 135 m) (Fig. 1).

An effort was made to characterise each lake with a
series of variables of a synthetic nature, evaluated at
significant moments in the year or as averages in time,
or as peak values and in different depth ranges. All of
them, and the values for the respective lakes, are re-
ported in table 1. The computations were carried out for
every lake and every year, with the exception of the two
Lake Como stations, for which the study period (Sep-
tember 1997-August 1999) was considered as a whole.
To highlight the similarities among the different lakes
on the basis of synthetic groups of variables, the single
cases (the six stations considered for the different years
or periods, for a total of 14 cases; cf. table 1) were or-
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Tab. 1. Principal chemical, physical and biological characteristics of the deep southern subalpine lakes (DSL). Except where
otherwise stated, the computations refer to the epilimnetic layer 0-20 m and to the indicated years or periods. TPy, average
concentrations of total phosphorus (TP) measured at spring overturn in the whole water column; TPy,sp, maximum spring
concentrations of TP; TP,,,, annual average concentrations of TP. The remaining parameters report the annual averages and
maximum concentrations of chlorophyll-a (Chl,g, Chly,y) and pH (pHgye, PHinax), the annual averages and minimum values
of transparency (Zs ayg, Zs_min), Nitrate nitrogen (NO3-Nyy, NO3-Nyiy), reactive silica (Siayg, Simin), alkalinity (Alkyyg, Alkpmin)
and conductivity at 20 °C (Cond,ys, Condy,,), and the annual average values of phytoplankton biovolume (Bioviyg). @1
Lake Como the computations of TP and TPyus, refer to average values representative of two spring periods (1998 and
1999); @ In Lake Iseo the chlorophyll-a and phytoplankton samples were collected in the 0-10 m layers.

Garda Iseo Abb.(‘li(.mgomo Lugano Maggiore
1998 1999 2000 1998 1999 2000 IX/97- IX/97- 1998 1999 2000 1997 1998 1999
VIII/99 VIII/99

TPi” (ug P17 20 21 19 66 68 62 36 38 172 172 148 10 12 11
TPo (g P17 9 12 11 11 21 21 16 27 12 25 39 9 9 10
TPyaxsp (pg P17 13 21 17 22 46 45 35 41 2 56 67 . . .
Chl,,® (ug I 31 37 41 59 63 83 39 37 65 75 87 37 34 29
Chlpe® (ug 1) 44 77 93 140 150 320 84 97 13.0 251 234 95 62 5.6
Zs ave (M) 106 104 7.2 62 53 49 78 62 81 55 63 63 71 175
Zs. min (M) 60 35 35 27 28 24 35 15 33 25 28 25 25 20
NO;-N, (ugNT") 233 200 193 723 585 575 706 824 430 340 370 677 765 747
NO;-Npin (ng N1 171 58 53 629 453 472 482 464 330 170 230 573 679 612
Sl (mg Si 1Y) 042 0.53 037 044 0.75 0.8l 0.66 0.64 027 038 0.54 1.07 096 1.07
Simin (Mg Si ™) 022 026 016 007 021 0.12 0.08 0.14 0.11 0.3 0.14 0.88 0.59 044
AlKyyg (meq ™) 200 203 2.04 1.69 170 1.64 121 121 195 201 1.99 074 074 0.5
Alkyyi, (meq 1) 188 1.90 191 131 133 124 1.10  1.08 164 177 175 0.69 0.67 0.67
Cond, (1S cm™) 208 209 209 250 250 242 161 183 203 208 211 136 136 140
Condyy (uS cm™) 198 196 195 229 225 193 145 169 176 188 184 127 124 123
PHae 833 826 835 834 811 8.9 8.03  7.90 8.14 809 8.10 8.04 779 7.70
PHonax 8.66 859 8.62 879 837 8.3 8.75 885 837 841 830 8.62 819 837
BioVay,2(mm’m™) 845 1059 1103 2629 3469 2600 792 1053 848 1454 1226 1157 730 918

dered by Principal Components Analysis calculated
from the correlation matrix obtained from selected sub-
sets of the environmental and biotic variables, followed
by orthogonal rotation (varimax method, Stenson &
Wilkinson 2002).

Unlike the data reported in the DSL paper (Salmaso
2002), to make it easier to compare the water transpar-
ency in the five lakes, the Secchi disk values for Lake
Garda considered in this work refer to readings made
without bathyscope. In any case, for this lake and for the
period 1998-2000, the readings made with (Zy,) and
without (Zs) the bathyscope were strongly related to
each other (Zpy, = 1.174 Z5 - 0.134; = 0.98, n=37).

The phytoplankton communities of the five lakes
were compared considering - for every station and pe-
riod - the biovolume peaks of the single taxa. Of these,
only those reaching biovolume peaks greater than 100
mm’ m” at least in one year (or in the whole study pe-
riod in Lake Como) were considered in the analyses.
The use of this "dominance based" criterion reduces the
risk of spurious results due to the inclusion of rare, oc-
casional, or poorly determined species.

As a preliminary step, the species datasets from the
five lakes were checked out for taxonomical compara-
bility. In the case of the same species classified within
different taxonomical categories, and in the case of se-
lected closely related species or genera, the species were
merged in one group of organisms (taxon). In particular,

this was the case with Aphanothece spp. and Aphano-
capsa spp., Limnotrichoideae (Limnothrix-like colonies
and Limnothrix redekei; Anagnostidis & Komarek
1988), Aulacoseira spp. (A. granulata and A. ambigua),
small centric diatoms (mainly Cyclotella spp., followed
by Stephanocostis sp. and Thalassiosira sp.), Tabellaria
spp. (T. fenestrata and T. flocculosa), Snowella spp. (in-
cluding S. cf. aracnoidea and colonies ascribed to
Coelosphaerium or Snowella, i.e., colonies with the cy-
toplasmatic radial stalks apparently absent or difficult to
identify) (cf. Komarek & Anagnostidis 1999). Hereaf-
ter, the filaments of the Planktothrix rubescens/agardhii
group (cf. Humbert & Le Berre 2001), will be reported
as P. rubescens/ag.

The matrix of the single 14 cases (one column per
year or period of observation for each lake) against bio-
volume peaks was examined using Correspondence
Analysis (CA); before computation, the data were log-
transformed (Y; = log(X; + 1)) to reduce the weight of
the most abundant taxa. The simultaneous ordinations of
the lakes and species obtained by CA were compared
with those obtained by applying Non Metric Multimen-
sional Scaling (NMDS), following the methods de-
scribed in Salmaso (1996, 2002). Axes I and II of the
lakes and species ordinations obtained by CA and
NMDS were compared by parametric and non-paramet-
ric correlations. As in NMDS the orientation of the axes
is arbitrary, the configurations were rotated and trans-
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Fig. 2. Ordination of the DSL by principal components analysis with varimax rotation. The single lakes have been coded using the
first three letters of the name (Gar, Garda; Ise, Iseo; Lug, Lugano; Mag, Maggiore) and the studied years; the two stations of Lake
Como have been written in full. The five lakes are marked with different symbols. The component loadings are reported in table 2.

posed before the comparisons to maximise their fit with
the corresponding CA-ordinations by orthogonal Pro-
crustes rotation. Multivariate analyses were carried out
using Statistica and Systat packages (StatSoft 1997;
Systat 2002).

4. RESULTS AND DISCUSSION
4.1. Trophic characterisation

The variables computed for the five lakes (ordered
from E to W) are reported in table 1. Detailed comments
on the seasonal evolution of these variables in the single
lakes may be found in the DSL papers (section 3).

The average epilimnetic concentrations of TP and
chlorophyll-a, the average values of Secchi disk depth,
the maximum concentrations of chlorophyll-a and the
minimum values of the Secchi disk depth were used as
in OECD (1982) to estimate the trophic status of the
five lakes in the different study periods. Lakes
Maggiore and Garda are oligo-mesotrophic, the two
stations of Lake Como are meso-oligotrophic (Abbadia-
L.) and mesotrophic (Como), whereas lakes Iseo and
Lugano are meso-eutrophic.

The inclusion of some of these lakes in broad trophic
categories reflects the existence of significant differ-
ences in the development of the algal biomass in the dif-
ferent years. In particular, the observations made on
lakes Garda, Iseo and Lugano in the period 1998-2000
showed a greater replenishment of TP during the spring
mixing in 1999 and 2000 (Tab. 1, TPyuxsp), With a cor-
responding increase in algal biomass. The higher re-
plenishment of TP in these two years occurred after two
harsh winters, which caused a deep overturn in lakes

Iseo and Lugano (Garibaldi et al. 2003; Simona 2003)
and a complete overturn in Lake Garda (Salmaso 2002).
More in general, the synchronisms in the year to year
changes in the trophic status of these three lakes origi-
nated from the common effects of the evolution of win-
ter climatic conditions on the subalpine region (Salmaso
et al. 2003; Simona 2003). The phosphorus replen-
ishment was greater in the two meromictic lakes Iseo and
Lugano, because of the greater differences in the phospho-
rus content in the trophogenic and hypolimnetic layers.

In contrast to the above cases, the interannual varia-
tions of the algal crop in Lago Maggiore seem depend-
ent rather on meteorological conditions occurring over
short timescales than on climatic evolution (Morabito
2001). The vertical distribution of TP in Lago Maggiore
is fairly homogeneous (compare TPy and TP, Tab.
1), so that the impact of a complete or greater overturn
triggered by harsh winters is strongly minimised or
poorly detectable (cf. Manca et al. 2000). In Lake
Como, the shorter study period and the location of the
two stations in the shallow zones of the W and E basins
(100 and 135 m, respectively) make it impossible to as-
sess the effects of overturn on the trophic status. How-
ever, data collected in the spring months in the deepest
station of Lake Como (Z,.x = 410 m) during the last
decade showed differences in the vertical distribution of
TP, suggesting that this lake may be susceptible to deep
mixing events. The higher trophic conditions recorded
at the station of Como are due to its location in the
rather closed W basin, separated as it is from the rest of
the lake by an underwater ridge, devoid of effluents and
subject to high anthropogenic pressure (Mosello et al.
1991).
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4.2. Synthetic analysis of the environmental and biotic
variables

The results of the ordination of the individual cases
of Table 1 by PCA and varimax rotation are reported in
figure 2 and table 2. To simplify the presentation of the
data, the computation was based only on the annual
epilimnetic averages of TP, chlorophyll-a, nitrate, reac-
tive silica, alkalinity, conductivity, pH and biovolume;
transparency (Zs ,,) Was also considered. The inclusion
of the remaining variables (minimum or maximum val-
ues) computed for the epilimnetic layers does not
change the general conclusions, as significant correla-
tions (0.73<r<0.97, P <0.01) exist between these vari-
ates and their corresponding average values, with the
exception of the nonsignificant relationship between
pHae and pHpy. (= 0.39, P >0.05). A two-factor
solution explaining around 78% of the total variance
was computed (Tab. 2). In addition to the large propor-
tion of the explained variance, this solution was chosen
because it yielded the most straightforward interpreta-
tion without loss of significant information.

Tab. 2. Principal components analysis with
varimax rotation: percentage of explained
variance and correlations between the first two
factors and the input variables. The significant
correlations are reported in bold (P <0.01) and
italics (P <0.05). Variables are abbreviated as

in table 1.

Factor 1 11
Variance explained 44.2% 33.4%
Alkayg 0.96 0.23
pHave 0.88 0.11
Cond,y, 0.69 0.63
Siavg -0.88 -0.05
NO3-N, -0.87 0.18
Chlay, 0.31 0.85
Biovyy 0.08 0.80
TPy 0.07 0.68
ZSfavg 041 -0.84

The first factor has the highest positive loadings for
alkalinity, pH and conductivity, and the highest negative
loadings for nitrate nitrogen and reactive silica (Tab. 2).
These variables are subject to many in-lake modifica-
tions, especially through primary production and calcite
precipitation, but all are strongly linked to the charac-
teristics and processes operating in the watersheds (geo-
chemical structure of the drainage basins, weathering,
precipitation and human influence). With this specifica-
tion, this factor can be defined as the watershed factor.

The first axis of the factor scores plot (Fig. 2) sepa-
rates lakes Maggiore and Garda, which are located at
the opposite sides of the lake district, the other lakes
falling in between. The epilimnetic average values of
conductivity, bicarbonates and pH increase clearly to-
wards the lakes lying in watersheds with a prevalence of
calcareous rocks (Lugano, Iseo and Garda) (Fig. 2; Tab.
1). The concentrations of reactive silica show an inverse
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trend, with a marked decrease from Lago Maggiore to-
wards lakes Como and Iseo, and lowest values in lakes
Garda and Lugano. The high conductivity of Lake Iseo
derives from the high concentrations of calcium and
bicarbonate, and from sulfate originating in gypsum
rocks present in the drainage basin (Bonomi et al. 1979;
Mosello 1983). Altogether, the average epilimnetic pH
values (pH,) are positively correlated (P <0.01) with
conductivity (» = 0.74) and alkalinity (» = 0.80), and
negatively correlated with reactive silica (» = -0.70, P
<0.01).

On an annual basis, the strongest decrease of Si con-
centrations in the epilimnetic layers was in late winter
(Iseo, Como, Lugano, Maggiore) or spring (Garda), as
reported in the DSL papers. The minimum values varied
between around 0.05 and 0.25 mg Si 1" in lakes Garda,
Iseo, Como and Lugano, and between 0.4 and 0.9 mg Si
1" in Lago Maggiore (Tab. 1). These data are indicative
of a potential limitation of diatoms by silica in all the
studied lakes apart from Lago Maggiore. However,
there may be a potential Si limitation in the upper
trophogenic layers even in Lago Maggiore when there is
a high dominance of diatoms, as occurred in the year
2000, when a large development of Cyclotella comensis
up to mid summer caused silica to drop to about 0.05
mg 1" in the top few metres of the water column.

Nitrogen dominated as nitrate in the surface waters
of all the considered lakes. The lowest NO;-N concen-
trations were typical of Lake Garda (193-233 ug N I"' as
annual epilimnetic averages); they were three or four
times greater (575-824 pg N I') in lakes Como,
Maggiore and Iseo, while Lake Lugano showed inter-
mediate values (340-430 pug N I'). The lower concen-
trations in Lake Garda are probably related to its high
water renewal times (Fig. 1) (Ambrosetti e al. 1992). In
this lake the summer epilimnetic nitrate concentrations
were far lower than in the other lakes (Tab. 1). The de-
crease of nitrate was more accentuated at the surface,
where it reached summer minimum values below 10 pg
N I'" after the two complete overturns of 1999 and 2000.
In the other lakes, very low surface concentrations
(between barely detectable values and 30 pg N I') were
reached only in Lake Lugano in the same years, i.e. af-
ter two episodes of greater vertical mixing and higher
phytoplankton production. These data indicate that a
marked limitation of phytoplankton growth in the top
metres of the water column in lakes Garda and Lugano
during the summer months may be determined by nitro-
gen as well as phosphorous, and that this limitation in-
creases in importance after stronger spring mixing epi-
sodes and P replenishment. However, the importance of
N as a limiting factor within the euphotic zone lessens
markedly with increasing depth (Salmaso 2000; Simona
2003).

The second factor has the highest positive loadings
for chlorophyll-a, phytoplankton biovolume, total phos-
phorus and, partly, conductivity, and the highest nega-
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tive loadings for transparency (Tab. 2). This factor is
strongly dependent on the variables expressing the
lakes' trophic status, and may be referred to as the tro-
phic factor. The second axis of the ordination diagram
(Fig. 2) distinguishes the more eutrophic lakes (Iseo and
Lugano, with the exclusion of Lugano in 1998) from the
mesotrophic (Como, station of Como) and oligo-mesot-
rophic (Garda, Maggiore and Como-Abbadia L.) basins.

The highest and lowest annual average transparency
values were found in Lake Garda (7.2-10.6 m) and Lake
Iseo (4.9-6.2 m), respectively; lakes Como, Lugano and
Maggiore were characterised by intermediate values
(5.5-8.1 m). Overall, the annual average values of trans-
parency were linked to the annual evolution of phyto-
plankton biomass, expressed both as annual averages of
chlorophyll-a (#* = 0.34, P <0.05) and phytoplankton
biovolume (#* = 0.35, P <0.05). However, caution
should be taken when using transparency for the trophic
determination of these large water bodies. Salmaso et al.
(2001b) found some inconsistencies in the assessment
of the trophic status of Lake Garda made using Secchi
disk depths compared with other trophic estimators (cf.
also Tab. 1). Morabito et al. (2002) showed that in Lago
Maggiore a significant amount of light attenuation was
due to non-phytoplankton material. The greater inflow
and the reduced renewal time of Lago Maggiore com-
pared with Lake Garda may result in a larger amount of
inorganic suspended material in the water column and,
under comparable trophic conditions, lower transparen-
cies.

Overall, chlorophyll-a (both Chl,, and Chly,y) was
strongly related to the availability of TP (TPjue, TPumaxsp
and TPq,; 0.41</7<0.65, P <0.01). However, owing to
the high variability observed in lakes Iseo and Lugano,
these relationships did not hold for the biovolume val-
ues, indicating a different and variable response of the
phytoplankton community in these two waterbodies to
high P replenishment events (Garibaldi et al. 2003; Si-
mona 2003).

The stations which were more impacted by mixing
overturn and phosphorus replenishment in 1999 and
2000 (Iseo, Lugano and Garda; section 4.1) score high
along the second axis of the ordination diagram in com-
parison to the 1998 cases. In particular, the impact de-
termined a clear separation of the 1998 and 1999-2000
cases in lakes Lugano and Iseo, with a more gradual dif-
ferentiation in Lake Garda (Fig. 2, Table 1).

4.3. Dominant phytoplankton taxa

There were 46 taxa exceeding biovolume peaks of
100 mm® m™ in the considered lakes and study periods.
In the following analyses, taxa found in less than 4
study periods and/or lake stations will not be consid-
ered. This subgroup includes the taxa present during a
single study year (Chlorella vulgaris and Asterococcus
superbus in Lake Iseo, and undetermined filaments as-
cribed to the Ulothrichales in Lake Garda) or in single

lakes (undetermined Chroococcales in Lake Lugano);
the other taxa excluded from the analysis are Trachelo-
monas sp. and Navicula sp., and a group of small cryp-
tophytes difficult to identify (Chroomonas sp. ?).

The final 39 taxa are reported in table 3. These were
represented mainly by Cyanobacteria (8 taxa), Chloro-
phyceae (8 taxa), Bacillariophyceae (9 taxa) and
Chryso- and Haptophyceae (5 taxa). The Conjugatophy-
ceae, Xantophyceae, Dinophyceae and Cryptophyceae
were each represented by 1-3 taxa. For lakes Garda,
Iseo, Lugano and Maggiore, table 2 reports the average
values of the maximum annual biovolume values re-
corded in the three study years; for Lake Como, the
peaks of biovolume refer to the whole study period
(September 1997-August 1999).

With a few exceptions, the species reported in table
3 were historically recorded in all the considered lakes
(see, for example, Ruggiu 1983). The absence of one
species in a lake indicates its recent low importance in
the phytoplankton community. Among the cyanobacte-
ria, some consolidated major differences are the strong
development of Aphanizomenon flos-aquae in Lake
Lugano and its presence in Lago Maggiore, and the oc-
currence of oligotrophic blooms of Anabaena lemmer-
mannii in lakes Garda and Iseo (Salmaso 2000). In any
case, considering the major changes observed in the
phytoplankton community since the 1950s in response
to the changes in the trophic level of the DSL (e.g.,
Mosello & Ruggiu 1985; Ruggiu 1989; Ruggiu et al.
1998; Salmaso 2002; section 4.6), Table 3 allows a
comparison of the lakes in their present trophic condi-
tion.

Figures 3 to 6 report the seasonal changes of some
selected species listed in table 3. To increase readability,
only the most eutrophicated station in Lake Como was
considered ("Como"); the most important differences
between this and the station of Abbadia-L. will be dis-
cussed in the text (see also Buzzi 2002). The species not
included in the graphs will be briefly examined, also
taking account of the information reported in the DSL
papers.

Of the cyanobacteria (Fig. 3, Tab. 3) the most repre-
sentative taxon was Planktothrix rubescens/ag., with
highest biovolumes found in lakes Iseo and Como.
Filaments of Planktothrix were present during most of
the year, with highest biovolumes in summer and au-
tumn. During the warmest months, this taxon may de-
velop in deep lakes with localised populations in the
metalimnetic layer, close to the lower limit of the eu-
photic zone (Micheletti et al. 1998; Salmaso 2002). The
remaining Oscillatoriales were represented by Oscilla-
toria limnetica, Limnotrichoideae and Planktolyngbya
limnetica, the first two of these taxa showing occasional
(O. limnetica) or irregular (Limnotrichoideae) develop-
ments. The population of Limnotrichoideae (Limnothrix
sp. (7)) in Lake Garda is mainly limited to the summer
months (June-September), but with irregular biomass
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Fig. 3. Temporal variation of biovolumes (mm® m™) for the most abundant cyanobacteria in the lakes Maggiore (1997-1999), Como
(station of Como; September 1997-August 1999), and Garda, Iseo and Lugano (1998-2000). As in the following figures 4-6, the
shaded area indicates the period when the information was simultaneously available for all five lakes.

growth in the different years and occasional occurrences
in other periods (spring or late autumn) (Salmaso 2003).
P. limnetica occurred almost exclusively in the E lakes
Iseo and Garda, mainly during the summer and autumn
months (Fig. 3¢).

Of the Chroococcales, the colonies belonging to the
genera Aphanocapsa and Aphanothece characterised the
summer and autumn phytoplankton assemblages of all
five lakes, but with different seasonal peaks (Fig. 3b).
The largest development of these colonies occurred in
lakes Como (Abbadia-L.), Lugano and Maggiore, with
the maximum peaks recorded in 1997 in Lago Maggiore
(Aphanothece clathrata). Gomphosphaeria (Snowella)
lacustris was mainly present in summer and early au-
tumn, and colonies belonging to Snowella spp. were
limited to the E lakes Iseo and Garda. (Figures 3d-¢).

Aphanizomenon flos-aquae is the only Nostocales
reported in table 3. This species was found exclusively

in the W lakes, with a regular (Lugano) or irregular
(Maggiore) appearance and with different biovolume
peaks in the different years (Morabito et al. 2002; Si-
mona 2003). A Nostocales not included in table 3, but
which is a characteristic component of the phytoplank-
ton communities in the E lakes Garda and Iseo, is Ana-
baena lemmermannii. During the 1990s this cyanobac-
terium developed occasional summer oligotrophic
blooms, i.e. blooms strictly localised in the top few cen-
timetres of the water column and with low overall bio-
volumes in the trophogenic layers (Salmaso 2000). Het-
erocystous cyanobacteria present an interesting problem
in these lakes. The blooms of A. lemmermannii, which
were restricted to lakes Garda (oligo-mesotrophic) and
Iseo (meso-eutrophic), do not appear to be linked to a
precise trophic gradient. Moreover, no apparent rela-
tionship exists between summer N depletion and the de-
velopment of Nostocales in the DSL. The summer in-
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Tab. 3. Dominant phytoplankton taxa (with annual biovolume peaks >100 mm® m™) identified in the specified periods
in the DSL. For each species, the table reports the identification code and the average values of the annual peaks of
biovolume recorded over a three study period (Garda, Iseo, Lugano and Maggiore), or the single biovolume peaks
recorded from September 1997 to August 1999 (Como). " Mainly Planktolyngbya limnetica; ® including R. minuta v.
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nannoplanctica.

Garda Iseo Como Lugano Maggiore

Abbadia Como

Taxa Code 1998-2000 1998-2000 IX/97-VIII/99 1X/97-VIII/99 1998-2000 1997-1999
CYANOBACTERIA
Planktothrix rubescens/agardhii Plan ru 303 1294 961 2314 128 148
Aphanocapsa/Aphanothece Aphanot 17 36 197 16 274 528
Oscillatoria limnetica Osci li 104 26 5 <1 463
Limnotrichoideae Limnotr 27 61 244 6 136
Leptolyngbyoideae'” Plan li 51 238 <1 1
Aphanizomenon flos-aquae Apha fl 166 15
Gomphosphaeria lacustris Gomp la 49 162 22 89 81
Snowella spp. Snow sp 10 41
CHLOROPHYCEAE
Oocystis spp. Oocy sp 3 128 <1 <1 869
Coelastrum spp. Coel sp 21 731 23 4 100 20
Sphaerocystis schroeteri Spha sp 576 24 10 103 32
Dictyosphaerium pulchellum Dict pu <1 176 5 3 1
Pandorina morum — P. minodi Pand mo <1 13 108
Carteria spp. Cart sp 11 72 47 39 102
Monoraphidium spp. Mono sp 5 48 <1 14
Scenedesmus spp. Scen sp 41 45
CONJUGATOPHYCEAE
Mougeotia sp. Moug sp 1268 3240 1006 257 257 48
Closterium aciculare Clos ac 111 380 35 71 8
Staurastrum spp. Stau sp 15 290 224 70
BACILLARIOPHYCEAE
Asterionella formosa Aste fo 75 797 183 4720 264 922
Aulacoseira islandica Aula is 98 2821 136 250 402 354
Fragilaria crotonensis Frag cr 1131 1591 1784 559 452 990
Diatoma tenuis Diat te <1 460 1276
Melosira varians Melo va 15 1170 43 50 1
Stephanodiscus spp. Step sp 34 11 289 138 982 47
Tabellaria fenestrata — T. flocculosa Tabe fe 41 534 75 722 673
Cyclotella spp. (small centric diatoms)  Cycl sp 60 101 75 270 609
Aulacoseira granulata — A. ambigua Aula gr 115 380 78 46 <1 4
CHRYSO- and HAPTOPHYCEAE
Uroglena spp. Urog sp 540 21 53
Dinobryon sociale Dino so 138 13 443 4 110
Chrysochromulina parva Chry pa 11 22 114
Ochromonadaceae Ochromo 101 34 3
Mallomonas spp. Mall sp <1 15 29 39
XANTOPHYCEAE
Tribonema sp. Trib sp 15 265
DINOPHYCEAE
Ceratium hirundinella Cera hi 126 416 1179 1231 28 231
Gymnodinium helveticum Gymn he 18 20 15 6 114 57
Gymnodinium sp. Gymn sp 6 1 38 95
CRYPTOPHYCEAE
Cryptomonas spp. Cryp sp 41 139 18 13 426 34
Rhodomonas minuta® Rhod mi 84 94 61 85 183 155

crease of Anabaena in Lake Garda and Aphanizomenon
in Lake Lugano during high N depletion may confirm
this. However, significant developments of Apha-
nizomenon were observed even before nitrate exhaus-
tion (LSA 1995; Simona 2003); moreover, in Lake Iseo
the epilimnetic nitrate concentrations are high even
during the summer months (section 4.2), which suggests
that the distribution of Nostocales in the DSL is deter-
mined by other factors besides the ability to fix atmos-
pheric N.

The Chlorophyceae were largely represented by nu-
merous Chlorococcales (Tab. 3). The species belonging
to this order respond positively to the increasing thermal
stability in temperate lakes (cf. Reynolds 1996, 1997),
growing with a high temporal synchronicity and sharing
common adaptations to contrast sinking and/or grazing
(e.g., Salmaso 2003). Collectively, these species domi-
nated the phytoplankton community from late spring or
early summer to early autumn in the more eutrophic
lakes Iseo and Lugano (Fig. 4a). The Volvocales (Pan-
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Fig. 4. Temporal variations of biovolumes (mm® m™) for the most abundant chlorophytes in the lakes Maggiore (1997-1999), Como
(station of Como; September 1997-August 1999), and Garda, Iseo and Lugano (1998-2000).

dorina spp. and Carteria spp.) showed irregular sea-
sonal development and (in the case of Pandorina) ir-
regular geographic distribution.

The Conjugatophyceae were characterised by a very
strong development of Mougeotia in lakes Iseo and Garda
(Fig. 4a). Excluding a single biovolume peak recorded in
the E branch of Lake Como (Abbadia-L; Buzzi 2002),
this taxon showed a progressive reduction towards the
lakes located farther W (Lugano and Maggiore). Its de-
velopment during the spring and summer months is fa-
voured by its success as a competitor for phosphorus
and its good resistance to sinking and grazing (Sommer
1987; Padisak et al. 2003). In Lake Garda this taxon
collapses during the summer months (Salmaso 2000,
2002). In contrast, Mougeotia occasionally persists with
large populations in late summer in Lake Iseo (Garibaldi
et al. 2003), so it may be favoured by the higher avail-
ability of nutrients (both P and N) in this meso-eutro-
phic lake (sections 4.1 and 4.2). Two other important
conjugatophytes in the DSL are Closterium aciculare
and Staurastrum spp. Like Mougeotia sp., C. aciculare
developed with higher biovolumes in the E lakes (Fig.
4c). Staurastrum spp. developed in a fairly delimited pe-
riod, i.e. from late spring to mid summer (Fig. 4d).

Apart from Diatoma tenuis, which was really abun-
dant only in Lago Maggiore, the pennate diatoms were

widely represented in the DSL (Tab 3). Asterionella
formosa had its maximum development in early spring
(Fig. 5a), whereas Tabellaria was characterised by a
longer temporal evolution, from late autumn to early
spring (Fig. 5e). It is more difficult to generalise about
the seasonal evolution of F. crotonensis, due to its con-
tinuous presence in the phytoplankton community (Fig.
5¢).

The centric diatoms were less uniformly distrib-
uted both in space and seasonally, though they were
present among the dominants in all five lakes. Only
Aulacoseira islandica was a typical species in all the
considered lakes. Melosira varians and Aulacoseira
granulata/ambigua were mainly present in the lakes
Garda, Iseo and Como, whereas Stephanodiscus sp.
and, partly, the small centric diatoms (Cyclotella
spp.), showed a tendency to a more intense growth in
lakes Lugano, Como and Maggiore (Tab. 3). The fil-
amentous centric diatoms stood out for their marked
temporal delimitation in the early spring period (Figs
5b, 5g). With few exceptions, this characteristic was
also shared by Stephanodiscus spp. (Fig. 5d). In con-
trast, the small centric diatoms showed a longer tem-
poral distribution (Fig. 5f); however, the develop-
ment of this group during spring was observed only
in the W lakes.
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Fig. 5. Temporal variations of biovolumes (mm® m™) for the most abundant diatoms in the lakes Maggiore (1997-1999), Como
(station of Como; September 1997-August 1999), and Garda, Iseo and Lugano (1998-2000).

The diatoms declined with the onset of thermal sta-
bility in the water column and with reduced availability
of silica. Salmaso (2003) found in Lake Garda an almost
equivalent low tolerance against thermal stability and Si
depletion in Stephanodiscus sp., A. islandica, A. granu-
lata and A. formosa, an increasing tolerance in F. croto-
nensis, and a maximum tolerance in the small Cyclotella
spp. However, the decline of the large centric diatoms

and Asterionella began before Si was at its lowest, sug-
gesting that a major role is played by increasing thermal
stability in this respect (Salmaso 2002; 2003; Garibaldi
et al. 2003). Overall, these data indicate that, among the
largest diatoms, only the flat, ribbon-like colonies of
Fragilaria may be able to compensate their sinking
losses and achieve a net positive growth in stratified and
moderately nutrient-depleted water columns. Padisak et
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Fig. 6. Temporal variations of biovolumes (mm® m™) of some selected species in the lakes Maggiore (1997-1999), Como (stations of
Abbadia L. (a) and Como (b, ¢); September 1997-August 1999), and Garda, Iseo and Lugano (1998-2000).

al. (2003) found that colonies of Fragilaria of more
than 8 cells rapidly increased their resistance against
sinking (estimated by the "form resistance" ®) with in-
creasing cell numbers, reaching the highest ® value that
was recorded in any of their experiments.

Among the Chrysophyceae, an occasional constitu-
ent of Lake Como and of the W lakes Lugano and
Maggiore was Uroglena spp. (Tab. 3; Fig. 6a). Dino-
bryon sociale developed from late spring to mid sum-
mer in all of the lakes except Lake Lugano, where how-
ever it grew with significant biovolumes in the follow-
ing years (up to 646 mm® m™ in 2002; M. Simona, un-
published data). In the study periods considered here, a
further species of Dinobryon (D. divergens) was re-
corded with lower biovolume peaks (<60 mm® m™) in
all the DSL except Lake Como. The Ochromonadaceae
(mainly represented in the E lakes Garda and Iseo) in-
creased from late spring to mid summer, whereas Chry-
sochromulina parva showed a longer and more irregular
temporal development.

Two other typical constituents of the DSL are
Ceratium hirundinella and Cryptomonas spp. (Tab. 3,
Figs 6b-c), which had their greatest development in
lakes Como and Lugano, respectively. On the whole, C.
hirundinella was abundant from spring to mid summer
and/or early autumn, whereas Cryptomonas spp. showed
a longer and more irregular temporal evolution. The re-
maining species reported in table 3 displayed a less
regular seasonal development, with a major localisation
in the W lakes Lugano and/or Maggiore (Mallomonas

spp., ITribonema sp. and Gymnodinium sp.) or a more
homogeneous geographic distribution (Rhodomonas
minuta and Gymnodinium helveticum) (cf. the DSL pa-
pers, section 3).

4.4. Synthetic representations of the seasonal and
geographic distribution of the phytoplankton taxa

A synthetic representation of the geographic and
seasonal distribution of the dominant phytoplankton
taxa described in the previous section is given in table 4.
The table has been structured to consider five seasonal
periods defined on the basis of the temporal evolution of
the taxa reported in figures 3-6, with the addition of M.
varians, Ochromonadaceae, C. parva, D. sociale,
Aphanizomenon flos-aquae and A. lemmermannii; cf.
section 4.3). The choice of periods is consistent with the
models of temporal phytoplankton evolution described
for lakes Garda (Salmaso 2000; 2002) and Maggiore
(Morabito et al. 2002), and reflects the greater turnover
rates of the community from the spring to the autumn
months, when autogenic processes of community
reorganisation prevail, and the relative homogeneity
during the coldest months, when allogenic factors
prevail (Salmaso 2003).

Table 4 takes into account two important features of
the phytoplankton in the DSL, namely the high interan-
nual variability and the high asymmetry in geographic
distribution that marks out some species; these two as-
pects will be discussed below and in the next section.
As regards the first feature, the arrangement of the dif-
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Tab. 4. Synthetic representation of the seasonal distribution of the most representative phytoplankton taxa
in the DSL. The species names are abbreviated as in table 3. The species developing with greater
abundances or exclusively present in the E (Garda and Iseo) or W (Maggiore, Lugano) lakes have been
highligthed in bold. "’ Spring peak observed in lakes Maggiore and Lugano; ® Species not recorded in
Lago Maggiore; @ Species not recorded in Lake Garda;  Species not recorded in Lake Como; © Species

not recorded in Lake Lugano; ©

) "Oligotrophic" surface blooms in the lakes Garda and Iseo, with

biovolume peaks in the epilimnetic layers <100 mm® m™ (Salmaso 2000). For further details see the

section 4.4.
Late winter- Late Spring Early and Late Summer— Late Autumn-
Mid Spring mid summer Mid Autumn Mid Winter
Aste fo
Aula is
Step sp
E (+Como) Aula gr
E (+Como) Melo va
W (+Como) Tabe fe * * *
Cryp sp Cryp sp Cryp sp Cryp sp *
Frag cr Frag cr * Frag cr *)
Cycl sp® *(D Cycl sp
E (+Como) Moug sp Moug sp Moug sp * *
* Cera hi Cera hi *
E (+Como) * Clos ac Clos ac Clos ac *
E Ochromo *
@ Stau sp Stau sp
W (+Como) Urog sp Urog sp
O Chry pa Chry pa *
* * Plan ru Plan ru *
®) * Dino so
* Chloroc *
2 * Gomp la *
E * Anab le® *
w * Apha fl * *
Aphanot Aphanot
E Snow sp Snow sp
E * * Plan li *

ferent taxa in the table aims to identify their most prob-
able (potential) temporal location, leaving out of con-
sideration the differences in absolute abundance with
the other taxa, or of the same taxon in different lakes. A
characteristic or more regular presence of one taxon in
one of the five seasonal periods is indicated by the code
written in full, whereas occasional and irregular devel-
opment is marked by an asterisk. The relative impor-
tance of the different species in a single lake may be
evaluated by consulting table 3. As for the geographic
distribution, the major differences were found between
the E lakes (Garda and Iseo) and those in the W
(Maggiore and Lugano), with intermediate conditions in
Lake Como. In table 4 these differences are highlighted
in bold, and include the dominant or exclusive presence
of A. granulata/ambigua, M. varians, Mougeotia sp., C.
aciculare, Ochromonadaceae, A. Ilemmermannii,
Snowella spp. and P. limnetica in lakes Garda and Iseo,
and Tabellaria spp., Uroglena sp. and Aphanizomenon
flos-aquae in lakes Maggiore and Lugano. Despite these
differences, common patterns are identifiable in the
sequence of the seasonal assemblages, which were
mainly represented by large diatoms in late winter and
mid spring, and by chrysophytes, conjugatophytes and
dinophytes in late spring; these groups were also
represented in the summer assemblages, which showed,
however, a higher diversity, with an increasing
importance of cyanobacteria (Chroococcales, Nostocales

and Oscillatoriales), chlorophytes (many Chlorococ-
cales) and small centric diatoms. The diversity
decreased in late summer and mid autumn, with the
persistence of many cyanobacteria and of the species
present throughout the year (F. crotonensis, Crypto-
monas spp., P. rubescens/ag. and, primarily in the E
lakes, Mougeotia sp. and C. aciculare).

The DSL papers contain comments on the factors
driving the seasonal successions of the phytoplankton
communities in large, deep lakes. Considerations on the
phytoplankton assemblages of the DSL in the light of
algal life-style strategies proposed by Reynolds (1997)
and Reynolds ez al. (2002) are reported in Salmaso
(2000, 2002) and Morabito et al. (2002, 2003).

The seasonal and interannual variations of some se-
lected species in the various lakes presented different
levels of regularity and predictability (see Figs 3-6 and
the DSL papers). Lake Garda is characterised by the
high stability of its algal communities, and has been de-
scribed as being one of the best examples of year to year
similarity in distribution and composition of lake phyto-
plankton in deep lakes (e.g., Salmaso 2003). In this lake,
during the major fertilisation events of the biennium
1999-2000, the phytoplankton biovolume increased, but
without changing its basic structure. In contrast, a high
degree of interannual variability exists in Lake Lugano,
with different species becoming dominant in response to
the major fertilisation events in 1999 and 2000 (Simona
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Fig. 7. Ordination of (a) the DSL and (b) phytoplankton taxa in the correspondence analysis plane defined by the first two axes. The
single cases in (a) have been coded as in figure 2; species names in (b) are abbreviated as in table 3.

2003); similar conditions also prevailed in Lake Iseo
(Garibaldi et al. 2003). Lago Maggiore seems to be in
an intermediate position, while more extensive studies
would be required to assess the situation in Lake Como.
A possible reason for the greater stability of the phyto-
plankton community in Lake Garda may be its greater
volume, associated with a lower water inflow and
higher renewal time (Fig. 1), which confers high inertia
and resilience to perturbations (e.g. meteorological
events). In the remaining lakes, the higher water inflows
and shorter water renewal time, along with a more ar-

ticulated hydrography and, particularly in the case of
lakes Iseo and Lugano, lower water volumes, may sig-
nificantly lessen their inertial properties. This idea is
supported by the studies conducted on Lago Maggiore
by Morabito (2001), who found a significant impact of
the meteorological and hydrological conditions acting
on the phytoplankton community over a short timescale.

The interpretation of table 4 is complicated because
some species attain high abundances in lakes with oppo-
site trophic levels, whereas other abundant taxa (e.g. the
numerous Chlorococcales) are principally distributed in
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the meso- and eutrophic lakes (Tab. 3). These aspects
will be examined in the next section.

4.5. Correspondence analysis

The simultaneous ordination of the 5 lakes and
phytoplankton on the basis of the biovolume peaks re-
corded in the study periods is illustrated in figure 7; the
eigenvalues associated to the first two CA axes are 0.18
and 0.13, respectively.

The left and right quadrants of figure 7a separate the
E lakes (Garda and Iseo) and those in the W (Lugano
and, to a lesser extent, Maggiore); along this axis, the
two stations of Lake Como seem to have different char-
acteristics, intermediate between the two geographic
districts (Abbadia-L.), or closer to the E lakes (station of
Como). The second axis separates the more eutrophic
lakes (Iseo and Lugano) from the mesotrophic (Como,
station of Como) and oligo-mesotrophic ones
(Maggiore, Garda and Como, station of Abbadia-L.).
The simultaneous ordination of the phytoplankton,
based on the maximum annual peaks (Fig. 7b), essen-
tially confirms the results reported in the previous two
sections. Species are located closer to the samples they
occur in. In particular, among the species contributing to
the differentiation of the E and W geographical districts,
the location in the left quadrants of M. varians, A.
granulata/ambigua, P. limnetica, Snowella spp.,
Ochromonadaceae, Mougeotia sp. and C. aciculare is
clear. The right quadrants are typified by the presence of
Uroglena sp., Mallomonas spp., C. parva, Gymnodin-
ium sp., Tribonema sp. and Aphanizomenon flos-aquae.
A further typical trait is that the Chlorococcales and
Volvocales are located strictly in the lower quadrants.

The robustness of the ordination obtained by CA
was confirmed by NMDS analyses, which ordinated the
lakes and the phytoplankton taxa separately on planes
defined by couples of orthogonal axes fully interpret-
able as in Figures 7a and 7b. After Procrustes rotation,
in the case of the lakes, axes 1 and 2 obtained by NMDS
were strongly (P <<0.01) correlated with the corre-
sponding first two CA axes (with Pearson correlation
coefficients, 7, equal to 0.96 and 0.95, and Spearman
rank order correlations, 7, equal to 0.97 and 0.95, re-
spectively). Similarly, in the case of the ordination of
the species, the first two NMDS axes showed a high
(P<<0.01) correlation with the corresponding first two
CA axes (r = 0.95 and 0.89, and r, = 0.97 and 0.87, re-
spectively).

The dependence of the rank along the second axis of
the lakes and phytoplankton on the trophic level is con-
firmed by the strict correlations existing between the
lakes' coordinates (in Fig. 7a) and the environmental de-
scriptors (Tab. 1) of the trophogenic layers (Tab. 5). The
second axis is strictly and negatively correlated with the
annual maximum and average concentrations of
chlorophyll-a, and with the annual averages of phyto-
plankton biovolume; similarly, the average epilimnetic

values of TP showed a negative - although lower -
relationship with the second axis. However, both the
second and the first axis were strictly correlated (» = -
0.61 and 0.68, respectively; 0.01<P<0.05) with the
lakes' potential trophic status (expressed as TPju).
Moreover, the second axis was positively correlated
with the annual averages and minimum values of reac-
tive silica, negatively correlated with the annual aver-
ages and minimum values of alkalinity and conductivity
and with the annual averages of pH. The strict depend-
ence of the second CA-axis on groups of variables asso-
ciated to trophic state and watershed characteristics
(section 4.2) is confirmed by its high correlation with
the first (the trophic factor) and the second (the water-
shed factor) axes of figure 2 (Tab. 5).

Tab. 5. Correlations between the first two CA-Axes and the
environmental variables (for legend see table 1) and the first two
axis of the factor analysis (cf. Fig. 2). (a): Pearson correlation
coefficients (r); (b): Spearman rank order correlations (7,); figures
in bold and italics are significant at P <0.01 and P <O0.05,
respectively. ) P <0.10.

CA-Axis (a) CA-Axis (b)
I il I il
TPovg 0.30 -0.47" 0.13 -0.54
Chlyyg 0.39 -0.80 0.22 -0.84
Chlypax 0.31 -0.75 0.23 -0.81
75 ave -0.21 0.31 -0.05 0.52
75 min -0.31 -0.09 -0.38 -0.08
NO3-Nyuq 0.07 0.41 0.21 0.42
NO;-Npin 0.09 0.40 0.24 0.35
Siave -0.05 0.63 0.02 0.490
Siumin 0.09 0.72 -0.12 0.66
Alky, -0.08 -0.79 -0.24 -0.54
Alkpin -0.09 -0.65 -0.29 -0.520"
Cond,y, -0.29 -0.93 -0.38 -0.86
Cond,yin -0.36 -0.86 -0.55 -0.71
PHae -0.36 -0.69 -0.48 -0.63
PHnax -0.44 -0.13 -0.38 -0.03
BioVayg -0.33 -0.61 -0.09 -0.75
Factor | -0.16 -0.67 -0.25 -0.520"
Factor IT 0.11 -0.70 0.12 -0.74

The dependence of the second CA-axis on these en-
vironmental variates is exclusive and is confirmed by
the non-significant relationships of the first CA-axis
with all the considered variables (with the exclusion of
an r, value between Cond,;, and CA-axis 1, P <0.05;
Tab. 5). Moreover, the computations of these relation-
ships for the third and fourth CA-axes showed no sig-
nificant correlations, with the exclusion of a significant
association of Zg ., and Bio,,, with the third axis (P
<0.05) and NO;-N,,,;, with the fourth axis (P <0.05).

The effective relationship of the second CA-axis
with the main trophic descriptors makes it possible to
ordinate the phytoplankton taxa along a trophic gradi-
ent. In figure 8 the dominant phytoplankters listed in
table 3 were ranked using their coordinates on the sec-
ond-CA axis. The most striking features of figure 8 are
the high eutrophic character of the Chlorophyceae
(Chlorococcales, Pandorina and Carteria), and the high
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Scenedesmus spp.
Tribonema sp.
Dictyosphaerium pulchellum
Oocystis spp.

Pandorina morum - P. minodi
Melosira varians

Snowella spp.

Coelastrum spp.

Staurastrum spp.

Carteria spp.

Closterium aciculare
Leptolyngbyoideae”
Aphanizomenon flos-aquae
Cryptomonas spp.
Monoraphidium spp.
Sphaerocystis schroeteti
Aulacoseira islandica
Mougeotia sp.
Ochromonadaceae
Mallomonas spp.
Planktothrix rubescens/ag.
Rhodomonas minuta®
Fragilaria crotonensis
Gymnodinium helveticum
Stephanodiscus spp.
Ceratium hirundinella
Asterionella formosa
Diatoma tenuis

Aulacoseira granulata - A. ambigua
Cyclotella spp. (small centric diatoms)
Aphanocapsa/Aphanothece
Tabellaria fenestrata - T. flocculosa
Gymnodinium sp.
Gomphosphaeria lacustris
Dinobryon sociale
Oscillatoria limnetica
Chrysochromulina parva
Limnotrichoideae

Uroglena spp.

Fig. 8. Ordination of the phytoplankton taxa along the trophic gradient, from oligotrophy to eutrophy. Further explanations in the
text. (1) Mainly Planktolyngbya limnetica; (2) including R. minuta v. nannoplanctica.

dispersion of the cyanobacteria along the trophic spec-
trum. Both Snowella colonies, the Leptolyngbyoideae
(mainly P. limnetica) and Aphanizomenon flos-aquae
score high along the trophic gradient, whereas P. rubes-
cens/ag. confirms its status as a typical mesotrophic
species restricted to the medium P-range (Sommer
1986; Lampert & Sommer 1997). The colonies of
Aphanocapsa/Aphanothece and Gomphosphaeria, along
with Oscillatoria limnetica and the Limnotrichoideae

(Limnothrix sp.) score low along the trophic gradient.
Mougeotia sp. is located in the mesotrophic range,
whereas Closterium aciculare and Staurastrum spp. ap-
pear to indicate more eutrophic conditions. Some fila-
mentous centric diatoms appear to have adapted to
higher (M. varians) or medium (4. islandica) trophic
levels. The remaining centric diatoms and the pennates
locate around the meso-oligotrophic range. The chryso-
phytes rank at the lower border of meso-eutrophy
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(Ochromonadaceae and Mallomonas spp.) or in the
oligotrophic range (D. sociale and Uroglena spp.), as in
the case of the haptophyte C. parva. C. hirundinella and
G. helveticum, and Cryptomonas spp. rank around the
oligo-mesotrophic and meso-eutrophic zone of the tro-
phic gradient, respectively.

Caution should be taken when interpreting figure 8
for at least three reasons. Firstly, with increasing or de-
creasing trophic state, phytoplankton in the DSL may
follow different changes in the community structure (cf.
the differences in the geographic distribution of some
species in table 4). Secondly, species with a more ho-
mogeneous distribution in lakes with different trophic
levels are located closer to the horizontal line at ordinate
zero in figure 7b. These species, which may be classi-
fied as "mesotrophic", are better adapted to different
trophic levels than species located at the extremes of the
trophic gradient; in this particular case, tolerance to dif-
ferent trophic conditions tends to increase towards the
middle of the trophic spectrum. Finally, great caution
should be taken in the case of taxa which are taxonomi-
cally uncertain or awaiting confirmation (e.g., Lim-
notrichoideae and Snowella spp.).

In many respects, the classification scheme of figure
8 is in good agreement with the trophic "preferences"
assigned to the functional groups and species of phyto-
plankton by Reynolds (1996; 1997) and Reynolds et al.
(2002). This is the case of some species typical of eu-
trophy (C. aciculare, Cryptomonas spp., numerous
Chlorococcales), mesotrophy (P. rubescens, A. is-
landica) or oligotrophy (Cyclotella spp., D. sociale and
Uroglena sp.). However, a few evaluations reported in
the papers cited above do not agree with the observa-
tions made in the DSL, as these evaluations seem to
overestimate the trophic character of some taxa (i.e.
Asterionella, Fragilaria, A. granulata, Aphanothece,
Aphanocapsa and Ceratium). This suggests that the tro-
phic character of some algal associations should be re-
considered for this peculiar typology of lakes; it should
also be stressed that the conspicuous presence of these
species, if not followed by a substantial contribution of
other indicator taxa, does not necessarily indicate eutro-
phic conditions.

The ordination of the lakes by CA exhaustively re-
flects their mutual relationships based on the phyto-
plankton biovolume peaks. However, a satisfactory in-
terpretation of the species distribution was possible only
along the second axis, which was strongly correlated
with the majority of the environmental variables. The
absence of any association of the first axis with the
watershed and trophic variables (cf. Fig. 2, and Tabs 2,
5) means that the causes determining the differences ob-
served between the E (Garda and Iseo) and the W
(Lugano and Maggiore) lakes are still unresolved. How-
ever, the major differences seem to be between Lake
Lugano and lakes Garda, Iseo and, partly, Como (Fig.
7a); some similar peculiarities in the W lakes may be

explained by the fact that Lago Maggiore receives the
waters of Lake Lugano via the River Tresa. Without ex-
perimental work, it is difficult to ascertain the real im-
pact on the phytoplankton community of Lago
Maggiore of viable populations of specific taxa coming
from Lake Lugano. On the other hand, the synchronism
in the appearance of some specific taxa (e.g., Tabellaria
in 1999; Fig. 5e) in both lakes, or the sporadic presence
of species typical of the more eutrophic Lake Lugano in
the oligotrophic waters of Lago Maggiore (Apha-
nizomenon flos-aquae), suggest a significant involve-
ment of inocula (e.g., viable cells or akinetes) in the si-
multaneous occurrence of some species in these two
waterbodies. These considerations help only to explain
the origin of some peculiarities shared by lakes Lugano
and Maggiore.

An attempt to detect the ultimate causes of the dif-
ferences observed between Lake Lugano and lakes
Garda, Iseo and, partly, Como should take account of
other different temporally and spatially scaled factors
not discussed in this study. In particular, the food-web
interactions have been considered an important element
in the organization of the phytoplankton community in
Lago Maggiore (Manca & Ruggiu 1998). The impor-
tance of the internally generated population and com-
munity interactions (autoecology, predation, competi-
tion, parasitism) in the origin and structure of pelagic
communities has been underlined, among others, by
Harris (1994). In particular, Harris questioned the pos-
sibility of predicting the occurrence of species without
taking the higher level interactions into account. Finally,
a better understanding of the distribution of the different
species in the subalpine lake district should also care-
fully consider the differences existing in the local cli-
mate, hydrological regimes and the intensity and fre-
quency of the seasonal inputs of nutrients from the riv-
ers.

4.6. The historical factor

As emphasised in section 4.3, the modifications ob-
served in the phytoplankton structure during the last 50
years in response to the changes in the trophic states are
such that the distribution and seasonal patterns de-
scribed in this work may be considered valid for the
lakes in their present conditions.

Among the deep southern subalpine lakes, Lago
Maggiore is a distinctive case of recovery from eutro-
phication, and represents a paradigmatic example of
good water resource management. The main steps of its
trophic evolution have been described in many papers
(see references in Morabito et al. 2002). Of those deal-
ing with phytoplankton traits, that by Ruggiu et al.
(1998) is the first to analyse in detail the evolution of
the basic phytoplankton characteristics during the long
term oligotrophication of the lake. This paper, which
mainly focused on features describing the phytoplank-
ton as a whole (numbers, biovolume, cell size, chloro-
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phyll-a, species richness), identified two phases of the
oligotrophication process. During the first, stable phase
(1978-1987), no significant changes took place in the
phytoplankton structure despite a sensible reduction of
in-lake phosphorus concentration. The second phase
(1988-1995) was characterised by notable changes,
among which the increase of biodiversity, the reduction
of biovolume and the decrease of average community
cell size were most prominent: these trends still charac-
terise the Lago Maggiore phytoplankton.

Changes in the community characteristics during the
last two decades have been both quantitative and quali-
tative. The first of these consists mainly in the bio-
volume reduction of a persistent pool of (mostly) large
species, always dominant across the years in spite of the
phosphorus reduction: the most important are 4. for-
mosa, F. crotonensis, A. islandica morf. helvetica, C.
comensis, P. rubescens, C. hirundinella. All these spe-
cies tolerate a wide spectrum of trophic conditions, ac-
cording to the ranking in figure 8.

The qualitative changes must be ascribed to those
species whose development and decline are closely re-
lated to the trophic changes: Synedra acus, M. varians,
Stephanodiscus alpinus and Microcystis aeruginosa
were important during the first phase of stability, and
during the shift towards oligotrophy were followed by
the gradual development of Aphanothece spp., C. parva,
many new small centric diatoms, Gomphosphaeria
(Snowella) lacustris, O. limnetica and some Limnothri-
coideae. The increase of smaller sized species which
started in the late 1980s has been partly responsible for
the general decrease of community cell size.

An analysis of the changes in species composition
has also made it possible to recognize a transition phase
(1987-1990), during which the first signs of the recent
trends were manifest: in those years many species tried
to exploit the new opportunities offered by the changing
environment, but few of them were able to establish sta-
ble populations. The most important were Mougeotia
sp., which characterized - though with low biovolumes
in the recent period (Tab. 2) - the phytoplankton of
Lago Maggiore during the 1990s, and 7. flocculosa,
very common since the late 1990s.

Though based on fewer observations and studies, the
historical records of phytoplankton in Lake Garda
document the strong impact of eutrophication on the
phytoplankton community (Salmaso 2002). The most
significant modifications of the pristine oligotrophic
conditions in the 1970s were the development of P.
rubescens/ag. and the irregular increase of Conjugato-
phyceae (Mougeotia sp. and C. aciculare). During the
1980s, the increase of phosphorus concentrations in the
lake and the progress towards more mesotrophic condi-
tions were accompanied by the appearance of new,
dense populations of cyanobacteria (P. limnetica, A.
lemmermannii). In contrast with these signs of altera-
tion, F. crotonensis, A. formosa, C. hirundinella and
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Dinobryon spp. have been among the most abundant
taxa from the 1950s to the present. On the basis of these
observations it was possible to clarify the trophic fea-
tures of the dominant species in Lake Garda. Besides
the group of eurytrophic species (F. crotonensis, A.
formosa, C. hirundinella, Dinobryon spp.), P. rubes-
cens/ag. and Mougeotia sp. became dominant at the
start of oligo-mesotrophy, whereas Closterium spp., P.
limnetica and A. lemmermannii seemed to indicate
higher trophic conditions.

The changes observed in these two lakes in the rear-
rangement of the structure of the phytoplankton com-
munities along historical trophic gradients are fully con-
sistent with the trophic rank of the species reported in
figure 8, which is based on the trophic differences cur-
rently existing among the deep southern subalpine lakes.

The historical changes recorded in Lake Lugano are
more difficult to interpret, due to the consistently high
trophic state that has characterised this lake since the
1950s. However, the strong reduction of TP recorded in
the last two decades in the 0-100 m layer (from 145 to
the current 50-70 pug P I''; Simona 2003) has been fol-
lowed by a significant recent reduction in biomass, cou-
pled with a decrease of P. rubescens and Stephanodis-
cus hantzschii (Polli & Simona 1992; Barbieri & Si-
mona 1997).

In lakes Iseo and Como the information is more
scattered and has been critically summarised in Gari-
baldi et al. (1995), Bettinetti et al. (2000) and Buzzi
(2002).

5. CONCLUSIONS

The research carried out during the second half of
the 1990s (Buzzi 2002; Morabito et al. 2002; Salmaso
2002; Garibaldi et al. 2003; Simona 2003) confirmed
the existence of a common pool of species developing
in the deep southern subalpine lakes Garda, Iseo, Como,
Lugano and Maggiore (Ruggiu 1983; Ruggiu &
Mosello 1984; Salmaso 2000). The species belonging to
this common pool, however, showed a different devel-
opment along two environmental gradients, namely a
trophic gradient, and a geographic gradient.

i) Some species were characterised by high interannual
variability and/or high asymmetry in their geo-
graphic distribution. Two types of lakes were recog-
nised on the basis of the first characteristic. The
community of Lake Garda was described as being
one of the best examples of year to year similarity in
distribution and composition of phytoplankton in
deep lakes. In contrast, the studies carried out on
lakes Lugano and Iseo revealed the existence of a
high degree of interannual variability, with seasonal
cycles occurring only at the level of the main taxo-
nomic groups. Conditions in Lago Maggiore seemed
to be intermediate between these two extremes,
whereas there emerged a strong need for more in-
formation for a robust evaluation of the interannual
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variability of phytoplankton in Lake Como. As for
geographic distribution, the major differences in the
phytoplankton were found between the eastern lakes
(Garda and Iseo) and the western ones (Lugano and,
partly, Maggiore), with intermediate characteristics
in Lake Como. However, the chief differences
among the lakes were due to changes in the domi-
nance relationships among the constituent taxa and
only secondarily to compositional changes. It was
possible to recognise common patterns in the re-
placement of the seasonal assemblages, which were
mainly represented by large diatoms during spring,
and by more diversified and changing phytoplankton
groups during the warmest months.

ii) The simultaneous ordination of the DSL and phyto-
plankton by Correspondence Analysis confirmed the
positioning of the different species along the geo-
graphic gradient, underlining the separation of the E
and W lakes. In fact the analysis clearly revealed a
second gradient, which was correlated with the tro-
phic descriptors (chlorophyll-a, phytoplankton bio-
volume and TP) and with many other environmental
variables (conductivity, Si, alkalinity and pH). Con-
sequently, a satisfactory interpretation of the ordina-
tion of lakes and species was possible along the tro-
phic gradient. On the other hand, the absence of any
association of the geographic gradient with the vari-
ables describing the watershed and/or the trophic
characteristics did not help to identify the causes of
the differences in the dominance relationships ob-
served between the E (Garda and Iseo) and W lakes
(Lugano and, partly, Maggiore). It was stressed that
the detection of the ultimate causes of these differ-
ences should take into account other factors not con-
sidered in this work (i.e. specific analysis of food
webs, local climatic conditions, hydrology and sea-
sonal input of nutrients).

iii) The identification by Correspondence Analysis of a
gradient strongly correlated with the trophic de-
scriptors enabled the phytoplankton taxa to be
ranked along a trophic spectrum (Fig. 8). The study
revealed the highly eutrophic character of numerous
Chlorococcales, Pandorina and Carteria, and the
high dispersal of the cyanobacteria along the trophic
gradient. P. limnetica and Aphanizomenon flos-
aquae were representative of more eutrophic condi-
tions, whereas P. rubescens/ag. confirmed its status
as a typical mesotrophic species. The colonies of
Aphanocapsa/Aphanothece and Gomphosphaeria,
along with Oscillatoria limnetica and the Lim-
notrichoideae, were typical of less eutrophic condi-
tions. The conjugatophytes seemed to be better
adapted to mesotrophic (Mougeotia sp.) or meso-
eutrophic (C. aciculare, Staurastrum spp.) condi-
tions. A few centric diatoms (M. varians and, to a
lesser extent, 4. islandica) were probably adapted to
higher trophic levels. The remaining centric diatoms

and the large pennates were positioned around the
meso-oligotrophic range. The chrysophytes were
present at the lower border of meso-eutrophy
(Ochromonadaceae and Mallomonas spp.) or in the
oligotrophic range (D. sociale and Uroglena spp.).

Finally, in view of the marked changes observed
since the 1950s in the phytoplankton community of the
DSL, initially in response to the progress of eutrophica-
tion in the 1960's and 1970's and then as a result of the
contrasting events linked to the generalised attempts to
achieve environmental recovery in recent decades, the
reported results should remain representative for the
lakes in their present trophic condition. It is notable,
however, that similarities are recognisable among the
phytoplankton communities not only in the present
situation but also, to a lesser extent, in comparison to
much earlier times. From a practical point of view, a
brief examination of the historical changes arising in the
phytoplankton of some selected lakes with the progress
of eutrophication shows the increasing importance of
species identified in this study as being indicative of
rather eutrophic conditions.
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