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Abstract

A linked chain of causal factors—namely, winter air temperature, spring lake temperature, extent of the spring
lake overturn, and extent of surface nutrient enrichment—had significant effects on the annual development of
phytoplankton structure and biomass in Lake Garda, a large (49 3 109 m3), deep (350 m) lake located south of the
Alps. The relationship between the winter climate and the North Atlantic Oscillation (NAO) was unclear, probably
because of the location of the lake, which was on the border between different centers of action of the NAO (the
Mediterranean region and central and northern Europe). Soon after the major enrichment episodes, conjugatophytes
and large diatoms developed with higher biovolumes during April, whereas from midsummer to midautumn, the
cyanobacteria and, more irregularly, the conjugatophytes were more important. In two other deep southern subalpine
lakes (Iseo and Lugano), the interannual variations in the extent of spring vertical mixing, nutrient replenishment,
and phytoplankton development were closely related because of the common effects of winter climate on the
subalpine region. The effect was proportionally more evident in the two meromictic and more eutrophic lakes, Iseo
and Lugano, because of the higher nutrient content in their hypolimnia.

External nutrient loads and the consequent overall content
of algal nutrients do not exclusively control the trophic status
of a lake. Other factors, such as morphometry, hydrology
and in-lake hydrodynamics, climatic conditions, and food-
web structure, also have a major influence on the develop-
ment of algal biomass and species composition (Ryding and
Rast 1989). Identification of the most relevant factors and
mechanisms affecting the trophic evolution in different ty-
pologies of lakes is crucial for correct interpretation of the
modifications observed in the chemical and biotic charac-
teristics as well as for identification of the most efficient
recovery strategies.

Large, deep lakes belong to a well-defined typology (Til-
zer and Serruya 1990). Depending on their maximum depth,
morphology, and climatic location, they may undergo com-
plete circulation every year (holomictic lakes) or show a
constant stratification (meromictic lakes), whereas those
lakes characterized by variable temporal periods of incom-
plete mixing, interspersed with occasional events of com-
plete mixing during cold winters, are classified as oligom-
ictic (Wetzel 2001). In oligomictic and meromictic lakes, the
vertical distribution of nutrients and many chemical char-
acteristics of the deep waters are influenced by the microbial
decomposition of the algal biomass and by the duration of
the segregation of the hypolimnion from the surface waters
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(Salmaso and Decet 1998). In these lakes, the extent of ver-
tical mixing at the end of the winter months represents an
important factor in determining the fraction of algal nutrients
that may be recycled from the deep waters to the surface.
At the beginning of the year, the mixing processes affecting
the water masses may have a strong influence on algal pro-
duction in successive months. The late winter and early
spring months therefore may be considered to delimit the
most critical period within the annual evolution of a deep
lake. In this context, the climatic evolution during the coldest
months and the water-mixing dynamics represent a complex
of factors that are essential for interpretation of the inter-
annual variations of the trophic status in oligomictic and
meromictic lakes. On the other hand, despite the acknowl-
edged importance of spring mixing events in deep lakes, the
quantitative significance of these events has been poorly in-
vestigated (Goldman and Jassby 1990).

The deep lakes located south of the Alps (lakes from east
to west: Garda, Iseo, Como, Lugano, and Maggiore; Fig. 1A)
constitute one of the largest freshwater supplies in Europe.
Because of their great depth, ranging from 251 m (Iseo) to
410 m (Como), the deep southern subalpine lakes are oli-
gomictic (lakes Garda, Como, and Maggiore; Salmaso and
Decet 1998; Ambrosetti and Barbanti 1992), either tending
toward meromixis (Lake Iseo; Garibaldi et al. 1999) or being
completely meromictic (Lake Lugano; Barbieri and Mosello
1992).

The limnological investigations carried out during the
1990s in the largest of the deep southern subalpine lakes
(Lake Garda) showed a significant interannual variability in
the chemical and biotic characteristics of the trophogenic
layers, with conditions ranging from oligomesotrophy to me-
sotrophy (Salmaso 2002). Important year-to-year variations
in the nutrient concentrations and phytoplankton were also
documented in Iseo and Lugano (Salmaso et al. 2003a). In
previous studies, Salmaso et al. (2003b) and Simona (2003)
suggested that a key role was being played by the winter
climatic conditions and spring vertical mixing in controlling
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Fig. 1. (A) Geographic location and morphometric characteristics of the deep southern subalpine
lakes in Northern Italy (data from Ambrosetti and Barbanti 1992). S, lake surface area; zmax, max-
imum depth; V, lake volume; tw, theoretical water renewal time. (B) Bathymetric map of Lake
Garda (From IRSA 1974, modified) and location of the sampling station (circle).

the year-to-year variations of the trophic status in the deep
southern subalpine lakes.

The objective of the present study was to provide inter-
pretative elements essential for explaining the causes of the
interannual differences of the trophic characteristics ob-
served in the large, oligomictic Lake Garda. The study an-
alyzes the relationships between climatic fluctuations during
the winter months, the extent of the spring vertical water
mixing and phosphorus fertilization, and phytoplankton
composition and structure. Finally, the hypothesis of a com-
mon effect of the winter climate on the mixing regimes and
spring fertilization of the deep southern subalpine lakes was
investigated using a subset of coherent temporal data re-
corded in the lakes Garda, Iseo, and Lugano.

Methods

Study site—The geographic location of the deep southern
subalpine lakes, their morphometric characteristics, and the
bathymetric map of Lake Garda are reported in Fig. 1. These
lakes present some common morphologic features. They are
narrow, elongated, and delimited laterally by steep sides;
their bottoms are generally flat. Their thalwegs are roughly
north–south oriented, with the exception of the N-basin of
Lake Lugano (east–west).

Lake Garda is the largest Italian lake (Fig. 1B). The main
inflow is the river Sarca, at the northern edge of the lake;
other tributaries are less important and mainly flow toward
the western and northern shores. The outflow, with an av-
erage discharge of 58 m3 s21, is the river Mincio, at the

southern edge of the lake. Compared with the other deep
southern subalpine lakes, Lake Garda has a long theoretic
water renewal time (27 yr) because of its low ratio of catch-
ment area to lake volume and its low annual rainfall (790–
1,150 mm; Istituto di Ricerca sulle Acque [IRSA] 1974). On
the basis of bathymetric values, Lake Garda can be divided
into two basins separated by an underwater ridge connecting
the Sirmione peninsula with Punta S. Vigilio. The western
basin is the larger and deeper of the two. In its northern part,
the shores are steep and the bottom extends for .20 km at
depths ranging from 300 m to 350 m. The shallower eastern
basin has a maximum depth of 81 m and represents only a
small portion of the lake’s overall volume (,7%). Details of
the catchment and the lake have been reported by IRSA
(1974).

Field program and laboratory analyses—Samples nor-
mally were collected every 4 weeks between 1991 and 2003
in the deepest zone of the lake (western basin, off Brenzone;
Fig. 1B). Detailed and continuous chemical analyses have
been performed since 1995; in the years before 1995 chem-
istry was determined only irregularly and on a limited num-
ber of variables and samples. In 1995, water samples for
chemical analysis (including dissolved oxygen) were col-
lected at the surface and at depths of 20, 100, and 200 m.
From 1996 onward, further samples were collected at 150
m and 300 m and, since 1997, at 60 m; additional samples
to determine oxygen were collected at depths of 10 m and
250 m and at ;1 m above the bottom. Oxygen was fixed in
the field and determined in the laboratory by titration (io-
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dometric method; American Public Health Association
[APHA] et al. 1989). From 1995 to 2000 and from 2002 to
2003, the chemical analyses were carried out by the Veneto
Region Environment Protection Agency (ARPAV, district of
Belluno) following standard methods (APHA et al. 1989);
the analytical procedures have been described in detail by
Salmaso et al. (1997) and by Salmaso and Decet (1998). In
March 2001 and from August to December 2001, the chem-
ical analyses were carried out by the CNR-ISE (Institute of
Ecosystem Study, Pallanza) and by the Department of Chem-
ical Processes of Padova University, respectively. The chem-
ical methods and results were checked and verified in the
framework of different projects (e.g., Mosello et al. 1995)
and with regular, annual intercalibrations.

Water samples for chlorophyll a (Chl a), dry weight, and
phytoplankton analyses were collected in the euphotic layer
(depth, 0–20 m) from June 1992; in the preceding period,
the analyses were carried out on samples collected only on
the surface. The statistical analyses take into consideration
the biological data recorded exclusively within the 0–20-m
layer from January 1993 to December 2003. The concentra-
tion of Chl a was determined by spectrophotometry after
filtration on Whatman GF-C glass-fiber filters, disruption of
the filters with a grinder, and 24-h extraction in 90% acetone.
Dry weight was determined following Salmaso and Decet
(1998). Phytoplankton analysis was carried out on subsam-
ples preserved in acetic Lugol’s solution. Algal cells were
counted on Zeiss Axiovert 135 and IM35 inverted micro-
scopes. A detailed description of the procedures used in the
field and laboratory has been reported by Salmaso (2002).

Transparency was estimated, with the aid of a bathyscope,
using a Secchi disk.

Since 1991, measurements of temperature, oxygen, pH,
and conductivity have been carried out in the water column
using underwater multiparametric probes (Idronaut Ocean
Seven 401 from 1991 to 1997 and Seacat SBE 19-03 as of
January 1998). The resolution of the temperature probes is
0.0018C or less. Before taking the measurements, the probes
were conditioned for at least 30 min in the surface waters.
The whole sequence of depth profiles of pH, conductivity,
and oxygen was used for determining the time and extent of
mixing in Lake Garda. The depth of the spring mixing was
taken to be the maximum point at which an upper layer of
almost-uniform values for the selected variables met a lower
layer of rapidly changing values (Goldman and Jassby
1990). The reported values of mixing depths represent only
approximate estimates because of their dependence on the
sampling frequency and on nonperfect synchrony (in some
years) in depth and time changes of all the selected variables.
Previously published estimates of mixing depth in 1992–
1993 (180 m) and in 1998 (170 m) were checked and cor-
rected with slightly different estimates (190 m and 150 m,
respectively). Lake volumes were calculated by means of
polynomial interpolation of discrete depth (Z, in m) and vol-
ume (V, in m3 3 106) data tabulated by IRSA (1974): V 5
(3.295 3 102)Z 2 (7.509 3 1021)Z2 1 (6.025 3 1024)Z3 (r 2

ø 1). This function was used to estimate the volume-weight-
ed average values of the temperature between 0 m and 100
m and the volume-weighted average concentrations of total
phosphorus (TP) and dissolved oxygen in selected layers.

Climatic data—Mean daily air temperatures were ob-
tained at the Agricultural Institute of San Michele all’Adige
(Section of Agrometeorology). The meteorological station is
located at Arco (91 m a.s.l.), which is ;5 km away from
the northern border of the lake. In some cases (particularly
from the end of 2000 to 2002), missing observations were
replaced with the corresponding measurements made at Dro
(123 m a.s.l.), which is 5 km north of Arco (Fig. 1B). A
comparison of the daily temperatures recorded in the two
stations from the end of 1999 to 2003 showed that the two
series gave practically the same results (r ø 1). Finally, the
data were checked with those obtained at the Trento station
(194 m a.s.l.), which is ;25 km north of Arco, showing the
existence of a high correspondence between the two datasets
(r 5 0.96, p , 0.01).

The local climatic conditions were related to large-scale
climatic phenomena influencing the European regions,
namely the north–south dipole pattern found over the Atlan-
tic Ocean (North Atlantic Oscillation [NAO]). A seasonal,
station-based NAO index representative of the winter con-
ditions (December–February; NAOW) was obtained from the
website of the U.S. National Center for Atmospheric Re-
search (Climate and Global Dynamics Division, Climate
Analysis Section; Hurrell 1995; Hurrell et al. 2003). The
index expresses the difference of sea-level pressure between
Ponta Delgada, Azores, and Stykkisholmur/Reykjavik nor-
malized relative to the period 1865–1984.

Data analyses—Before correlation analyses, the annual
averages of the physical, chemical, and biological variables
were linearly detrended for selected subperiods under ex-
amination. This transformation makes it possible to compute
correlations representing mechanistic relationships at the an-
nual time scale, avoiding spurious correlations originating
from the presence of temporal trends (cf. Chatfield 1991).
However, the comparison of the correlations obtained with
the detrended and nondetrended series gave essentially sim-
ilar results.

Analysis of variance was used to test for differences be-
tween the means of selected variables. In the case of hetero-
geneity of the variances (checked by the Bartlett’s test at p
, 0.05), the computations were carried out on the log-trans-
formed variables.

Statistical analyses were conducted with Systat 10.2 (Sys-
tat Software, Inc.) and Statistica 5.1. (Statsoft, Inc.).

Results

Climatic fluctuations and their impact on the lake thermal
structure and mixing—The temporal evolution of the hy-
polimnetic temperatures recorded since spring 1990 are re-
ported in Fig. 2A. Episodes of cooling of the deepest waters
were identified in spring 1991, March 1999, and February–
March 2000. The coarse sampling interval during winter
1990–1991 makes it difficult to state the month during which
the cooling occurred in 1991. In the deepest layer (depth,
300 m to bottom), the decrease of the temperature values on
these three occasions ranged from 0.18C (1991) to 0.378C
(1999). In the period between the cooling episodes (spring
1991 to late winter 1998) and from spring 2000, the hypo-
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Fig. 2. (A) Hypolimnetic temperatures from April 1990 to De-
cember 2003. The original series of data (1991–2003) has been
integrated with the temperatures measured during 1990 by Provincia
Autonoma di Trento (1991). (B) Volumetrically weighted spring
minimum lake temperatures between 0 m and 100 m (T0–100) and
average winter (December–February) air temperatures from 1990 to
2003 (TW). As for TW, the years in the graph refer to the months of
January and February; the minimum lake temperature in 1990 was
computed on the basis of two measures carried out on 10 April at
50 m and 100 m. (C) Spring mixing depths (ZSMix).

Table 1. Correlation coefficients, r, between the descriptors of
winter climatic conditions, spring mixing depths, and spring epilim-
netic total phosphorus concentrations in Lake Garda. The correla-
tions refer to the years from 1991 to 2003 (with the exception of
the correlations including TPS, 1995–2003). All calculations are
based on linearly detrended data. Values are significant at p , 0.01
(**), p , 0.05 (*), and p , 0.10 (1).

TW T0–100 ZSMix TPS

NAOW

TW

T0–100

ZSMix

20.42 20.511

0.82**
0.45

20.77**
20.84**

0.33
20.85**
20.80**

0.81**

limnion underwent progressive warming, with temperatures
in the layer below 200 m increasing at a speed of 0.09–
0.108C yr21.

The alternation of periods of gradual warming with short
events of cooling is strongly linked to the long-term evolu-
tion of the winter climatic conditions. Figure 2B shows the
temporal evolution of the mean winter air temperatures at
the Arco meteorological station (TW ). The figure also shows
the minimum mean values of temperature recorded every
year in the lake from 0 to 100 m (T0–100). In the period under
consideration, these values always occurred between the sec-
ond half of February and the beginning of April. The 0–
100-m layer underwent homogeneous cooling every year
and, thus, may be considered to represent the part of the lake
that is most affected by the climatic events during the lim-
nological winter.

The analysis of the vertical, physical, and chemical pro-
files recorded since 1991 with the multiparametric probes
allowed association of the larger hypolimnetic cooling epi-
sodes observed in 1991, 1999, and 2000 with complete cir-

culations of the lake. The complete overturn episodes were
also confirmed by the results of the laboratory analyses on
the discrete samples (see next section). In the remaining
years, the spring mixing depths ranged from 130 to 200 m
(Fig. 2C).

Table 1 summarizes the relationships between the NAO
index, TW, the spring lake temperatures, and the mixing
depths. The table also reports the correlation coefficients be-
tween the above variables and the concentrations of TP at
maximum overturn (TPS; see next section). The spring lake
temperatures were strongly (p , 0.01) correlated with the
TW. The NAOW was negatively correlated with the winter air
and the spring lake temperatures, although the relationship
was significant (p , 0.1) only for T0–100. The extent of spring
water mixing (ZSMix) showed a strong negative (p , 0.01)
correlation with the air and lake temperatures and no signif-
icant correlation (p . 0.10) with the NAOw.

Temporal dynamics of oxygen and phosphorus—The ef-
fects of oligomixis on the long-term temporal evolution and
vertical distribution of the chemical variables became par-
ticularly evident in the case of oxygen and phosphorus (Fig.
3). From 1996 onward (the period with a sufficient number
of chemical analyses in the whole water column), the aver-
age concentrations of oxygen in the deep hypolimnion
(depth, 200 m to bottom; Fig. 3A) and at the bottom of the
lake were always greater than 6 and 4 mg L21, respectively.

Hypolimnetic TP showed a mirror-like temporal dynamic
compared with oxygen (Fig. 3B). In years of incomplete
mixing (1996–1998 and 2001–2003), the annual average
concentrations of TP in the layer from 200 m to the bottom
were 32.5 6 0.5 mg L21 (mean 6 1 SEM); these concentra-
tions were more than threefold as high as those measured in
the layer from 0 m to 20 m (9.5 6 0.4 mg L21). In contrast,
during years with a complete overturn, TP concentrations at
the end of the winter months assumed homogeneous values
in the whole water column. The temporal evolution of the
mean concentrations of TP in the trophogenic layers (depth,
0–20 m) during the maximum overturn of the lake (i.e., be-
tween February and March; TPS), is shown in Fig. 3C. In
the period under examination (1995–2003), and with the ex-
clusion of 2002, the mean spring TP concentrations during
incomplete overturn remained ,15 mg L21, reaching values
of 19 and 16 mg L21 in the years of complete circulation
(1999 and 2000, respectively). Overall, the fluctuations of
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Fig. 3. Average concentrations of (A) oxygen and (B) total
phosphorus from January 1996 to December 2003 in three selected
layers. (C) Average (February–March) concentrations of total phos-
phorus (TPS) from January 1995 to December 2003 in the tropho-
genic layer.

Fig. 4. Annual average values of the volumetrically weighted
concentrations, from 0 m to the bottom, of total phosphorus from
1996 to 2003. A linear regression, with 95% confidence limits, has
been fitted to the series (r 2 5 0.86, p , 0.01). The vertical bars
indicate the standard errors of the means.

TPS were strongly determined by the interannual variations
in the intensity of lake cooling and mixing. In fact, TPS

showed a strong negative relationship with the TW and with
the minimum spring lake temperatures and a strong positive
relationship with the spring mixing depths (Table 1). The
NAO index had only a marginal, nonsignificant influence on
TPS. As for the other nutrients, the effect of the last two
circulation events was more evident on silica and less on
nitrates, which during incomplete mixing showed less
marked vertical concentration gradients (data not shown;
Salmaso and Decet 1998).

A further inspection of Fig. 3B shows a slight but appre-
ciable tendency of phosphorus to increase in the hypolim-
netic layers. The increase was discernible considering the
mean concentrations of TP before and after the two overturn
episodes (1999–2000) in the layers from 100 m to 200 m
(19.3 6 0.4 and 22.5 6 0.5 mg L21, respectively) and from
200 m to the bottom (30.8 6 0.5 and 36.0 6 0.6 mg L21,
respectively). The tendency for phosphorus in the lake to
increase was confirmed by looking at the temporal evolution
of the mean concentrations of TP in the whole water column
from 1996 to 2003 (Fig. 4). In the period under examination,
the concentrations increased significantly (r 2 5 0.86, p ,

0.01) from 16 to 17 up to 20 mg L21 (i.e., at a rate of 0.4–
0.5 mg L21 yr21). This increase, however, did not seem to
affect the TP concentrations in the surface layers (r 2 5 0.09,
p . 0.1; Fig. 3C).

Interannual variations in the trophic descriptors and phy-
toplankton—Figure 5 reports the annual evolution of some
important trophic parameters in Lake Garda. As for the phy-
toplankton, the figure shows the annual variations for two
selected groups, showing a more interpretable temporal pat-
tern compared with the other classes (cyanobacteria and
Conjugatophyceae; see the following discussion).

The annual averages of TP were always indicative of
moderate trophic status (Fig. 5A). The biological variables
(Fig. 5B,D–G) showed high (but not exclusive) values dur-
ing the complete overturns in 1999 and 2000. The transpar-
ency showed contrasting features, with small values in two
of the three years of circulation (1991 and 2000; Fig. 5C).
The high average transparencies recorded in the middle of
the 1990s, with values near ultraoligotrophy, were strongly
influenced by the maximum values recorded during spring
overturn (up to 27.5 m between March and April 1996).
These high seasonal transparencies were favored by the dis-
persal of the algal cells down to the bottom of the mixed
layer, as shown by occasional fluorometric profiles of chlo-
rophyll a recorded up to 1997.

The influence of the winter climatic fluctuations (NAOW,
TW, and T0–100), ZSMix, and the replenishment of nutrients
(TPS) on the group of variables represented graphically in
Fig. 5B–G was analyzed by computing the correlation co-
efficients reported in Table 2. As for the second group of
variables (phytoplankton and transparency), the series used
in the computations represent the average values of a subset
of data from the period potentially affected by the spring
overturn—that is, between its concluding phases (March)
and the time preceding the next hypolimnetic mixing (De-
cember). The NAO index was only weakly and not signifi-
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Fig. 5. Annual average values (January–December; depth, 0–20 m) of (A) total phosphorus,
(B) Chl a, (C) Secchi disk depth, (D) total phytoplankton biovolume, (E) biovolume of cyanobac-
teria, (F) biovolume of conjugatophytes, and (G) dry weight. For each trophic parameter (A–C),
the graphs report the boundary values for trophic categories (OECD 1982). The vertical bars indicate
the standard errors of the means. m, mesotrophy; o, oligotrophy; u, ultraoligotrophy.

Table 2. Correlation coefficients, r, between the descriptors of winter climatic conditions, mixing depth, spring epilimnetic total phos-
phorus, and the trophic variables in Lake Garda. Column variables report the mean annual values, computed from March to December, of
Chl a (Chl aMD), Secchi disk depth (SDMD), phytoplankton biovolume (BiovTMD), biovolume of cyanbacteria (BiovCyanMD), biovolume of
conjugatophytes (BiovConjMD), and dry weight (DWMD). The correlations refer to the years from 1993 to 2003 (with the exception of the
correlations including TPS and DWMD, 1995–2003). All calculations are based on linearly detrended data. Values are significant at p , 0.01
(**), p , 0.05 (*), and p , 0.10 (1).

Chl aMD SDMD BiovTMD BiovCyanMD BiovConjMD DWMD

NAOW

TW

T0–100

ZSMix

0.42
20.66*
20.67*

0.81**

20.51
0.43
0.36

20.13

0.27
20.571

20.65*
0.64*

0.43
20.72*
20.76**

0.66*

0.34
20.551

20.65*
0.77**

0.37
20.83**
20.71*

0.68*
TPS 0.82** 20.06 0.601 0.78* 0.67* 0.83**

cantly correlated with the column variables. The biological
variables were negatively correlated (mostly at p , 0.05)
with the winter air and spring lake temperatures and posi-
tively correlated with the mixing depth. Winter temperatures

and ZSMix may be considered as the remote causes affecting
the trophic characteristics of the lake. These factors act on
the ultimate cause, which is represented by phosphorus, and
showed a strong positive effect on the whole set of biological
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Fig. 6. Time series of correlation coefficients relating (A) spring
mixing depths (ZSMix) and (B) mean spring (February–March) epi-
limnetic total phosphorus concentrations (TPS) to monthly values
of Chl a (Chla), total phytoplankton biovolume (BiovT), and bio-
volume of cyanobacteria (BiovCyan), Conjugatophyceae (Biov-
Conj), and Bacillariophyceae (BiovBaci); correlations are for the
time periods (A) 1993–2003 and (B) 1995–2003. All calculations
are based on linearly detrended data. The horizontal solid and
dashed lines indicate, for different n values, correlation coefficients
significant at p 5 0.05 and 0.10, respectively.

variables. On the contrary, transparency showed no signifi-
cant association with the climatic fluctuations and mixing
regimes. The mean annual (March–December) biovolume
values of the Chlorophyceae, Chrysophyceae, Bacillariophy-
ceae, Dinophyceae, and Cryptophyceae did not show any
significant (p . 0.1) relationship with the NAOW, TW, T0–100,
ZSMix, and TPS.

The cyanobacteria were dominated by filaments of Plank-
tothrix rubescens/agardhii; other important species were
represented by Planktolyngbya limnetica, Anabaena lem-
mermannii, Aphanothece sp., Aphanocapsa sp., Snowella cf.
aracnoidea, and Microcystis aeruginosa. The conjugatophy-
tes were almost exclusively dominated by Mougeotia sp.,
followed by Closterium spp. The ecology of these species
has been reviewed by Salmaso (2000, 2002).

To identify the periods most affected by spring fertiliza-
tion, Fig. 6A,B show the time series of correlation coeffi-
cients relating the spring mixing depths (ZSMix) and the spring
epilimnetic (depth, 0–20 m) TP concentrations (i.e., TPS) to
the monthly values of phytoplankton abundance (Chl a and
total biovolume) and to the monthly biovolumes of cyano-
bacteria and conjugatophytes. In this case, the computations
were also carried out for the Bacillariophyceae, which

showed a higher development in April and May, soon after
spring TP fertilization. Chlorophyll a, phytoplankton biov-
olumes, and conjugatophytes showed high positive correla-
tions with ZSMix and TPS in April and from July to Septem-
ber–October, with values either over or near statistical
significance after exclusion of the relationship between ZSMix

and the total biovolume in April. The diatoms showed high
correlations in April and/or May and, in the case of ZSMix, in
early autumn. Cyanobacteria were correlated with ZSMix and
TPS only in late summer. Similar results (with correlation
coefficients of opposite signs) were also found when consid-
ering the influence on the seasonal phytoplankton develop-
ment of the TW and minimum lake temperatures (T0–100). On
the contrary, no significant correlations and interpretable
temporal patterns were found in considering the other algal
groups and between the winter NAO index and the seasonal
phytoplankton development.

The effects of a major spring availability of epilimnetic
nutrients on the phytoplankton community may be evaluated
by considering the different temporal evolution of the mean
monthly values of Chl a and phytoplankton biovolumes in
two different conditions exemplified by the years with TP
concentrations at spring overturn (TPS; Fig. 3C) lower or
higher than 15 mg L21 (Fig. 7). During the years of greater
fertilization, Chl a, total phytoplankton biovolumes, and
conjugatophytes showed a large, sharp, and significant in-
crease in April (ANOVA, p , 0.05) and higher values from
July to September–October, whereas cyanobacteria showed
a greater development from August to October (Fig. 6B).
These differences were significantly different (two-way AN-
OVA with months and TP lower or higher than 15 mg L21

as categories) for Chl a (p , 0.05) and total phytoplankton
biovolumes (p 5 0.05) (July–October) and for cyanobacteria
(p , 0.01; August–October). The differences of the mean
values of the conjugatophytes from July to September (Fig.
7D) were not significant (p 5 0.15) because of a higher
variability in the summer development of this group after the
spring TP replenishment. Apart from the conjugatophytes, the
peak of total phytoplankton biovolume in April was also
determined by the development of large diatoms (mainly Au-
lacoseira spp., Asterionella formosa, and Fragilaria croto-
nensis), which during the years of greater TP availability
showed higher mean biovolumes (931 mm3 m23) compared
with the other years (327 mm3 m23; Fig. 7E). However, these
differences were not significant (ANOVA, p . 0.1) because
of the large interannual variability in the development of this
group in April. During the successive months, the diatoms
did not show any significant association with TPS. In general,
the remaining algal groups did not show any strong positive
effects in response to major TP replenishment (Fig. 7F). The
effects of fertilization on phytoplankton development was
also confirmed by the higher values of dry weight in April,
after major TP replenishment, with mean values of 0.65 and
1.65 mg L21 during the years with TPS lower or higher than
15 mg L21, respectively (ANOVA, p , 0.01).

Discussion

Lake thermal fluctuations—The temperatures measured in
the deep hypolimnion immediately before the cooling epi-
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Fig. 7. Monthly variations of (A) Chl a, (B) total phytoplankton biovolume and biovolume of
(C) cyanobacteria, (D) Conjugatophyceae, (E) Bacillariophyceae, and (F) other algal groups in the
0–20-m layer. The values represent the monthly averages computed for TPS concentrations higher
(1999–2000 and 2002) or lower (1995–1998, 2001, and 2003) than 15 mg L21.

sode in 1999 (;8.48C) represent the highest values ever re-
corded in the deepest waters of Lake Garda. During the pre-
vious two decades, the highest temperatures were observed
in the middle of the 1970s (8.208C at 300 m; Salmaso et al.
1997). At present, these data do not appear to be sufficient
for assuming the existence of a warming of the lake. The
temporal evolution of hypolimnetic temperatures in deep oli-
gomictic lakes is characterized by periods of several years
of gradual warming caused by a downward transport of heat
by turbulent diffusion within the hypolimnion during strati-
fication. The hypolimnetic warming thus may occur regard-
less of whether air temperatures are increasing or not. The
warming period is then terminated by sudden cooling during
harsh winters (Livingstone 1997). Therefore, time series of
deep-water temperatures exhibit both short-term and long-
term structures. The long-term series of temperature mea-
sured in Lake Zurich from 1947 to 1991 showed the exis-
tence of a dominant periodicity of 12–16 yr below 80 m,
suggesting that time series shorter than ;50 yr are unlikely
to add information relevant to climatic change (Livingstone
1993). However, detailed analyses of the temperatures mea-
sured since the 1960s and 1970s in the deep southern sub-
alpine lakes revealed a marked increase in the heat of their
water masses (Ambrosetti and Barbanti 1999). A tendency
toward an increase in water temperatures was also docu-
mented in the deep lakes north of the Alps (lakes Geneva
[Ishiguro et al. 2003], Zurich [Livingstone 2003], and Con-

stance [Straile et al. 2003]), in Asia (Lake Issyk-Kul; Peeters
et al. 2003), in North America (Experimental Lakes Area;
Schindler et al. 1996), and in Africa (lakes Victoria [Hecky
et al. 1994] and Tanganika [O’Reilly et al. 2003]). These
results are consistent with the positive trend documented in
the evolution of atmospheric temperatures, especially during
the last decade in northern Italy (0.7 6 0.18C per century,
during winter; Brunetti et al. 2000), in Europe (Koinig et al.
2002; Luterbacher et al. 2004), and on a worldwide basis
(Intergovernmental Panel on Climate Change 2001).

The strong dependence of the thermal structure of the lake
on TW is reflected by a close association between winter
climatic fluctuations and mixing processes. The link is par-
ticularly evident between the layer that undergoes complete
mixing every spring (operationally defined as between 0 m
and 100 m) and the TW computed for the period between
December and February. The TW had a minor impact on the
deepest layers, with the fraction of variance explained in the
spring (March) lake temperatures measured at 200 m, at 300
m, and at the bottom ranging from 42% to 55% compared
with the higher values computed for the upper layers, from
0 m to 100 m (62%). The slight weakening of the winter
signal with depth is partly determined by the oligomixis of
the lake and by the minor impact of the winter climate on
the deep waters during the years of incomplete mixing.

Air temperatures strongly affect the thermal structure of
the lake acting on the heat-exchange processes between wa-
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ter and atmosphere (Imboden and Wüest 1995). Other fac-
tors (like the wind) may influence the mixing processes.
However, the wind direction and its speed at ground level
are characterized by strong heterogeneities, so it is not al-
ways simple to relate the variations in the thermal structure
of the lake to the variables expressing this meteorological
factor (see Straile et al. 2003 and references herein).

Some recent studies have illustrated the existence of a link
between the thermal properties of European lakes located in
mid and northern latitudes and the NAO. Gerten and Adrian
(2000, 2001) showed that the monthly means of air and sur-
face lake temperatures of medium-sized lakes in the low-
lands of northern Germany were positively and significantly
correlated with the NAO index from December to March.
Straile (2000) and Straile et al. (2003) observed that the
periods of gradual temperature increase in Lake Constance
were associated with high-NAO winters. In Lake Garda, the
TW and the spring lake temperatures showed only slight and
nonsignificant negative correlations with the NAO index.
Weak correlations and different effects of the NAO on the
winter temperatures have been documented recently in the
Mediterranean regions (Esteban-Parra et al. 2003; Luter-
bacher and Xoplaki 2003). This underlines the relative low
constancy that such correlations may have in areas on the
border of different action centers (see fig. 13 in Hurrell et
al. 2003). To obtain generalizable results, the study of the
effects of NAO on the deep southern subalpine lakes re-
quires longer time series and a large number of measurement
stations. However, by extending the measurement period un-
til 1984 (when the first winter measurements were available
in the meteorological station of Arco), it was possible to
confirm the nonsignificant relationship between NAOW and
TW (r 5 20.09, n 5 20; computations on linearly detrended
data).

Trophic trends and interannual trophic variability—The
increase in the average content of TP observed from 1996
to 2003 indicates significant nutrient enrichment of the lake
in the last decade. This enrichment, as documented by anal-
ysis of the data collected during the spring months since
1971 (Mosello et al. 1997), constitutes the last stage of a
long-term increase of phosphorus in Lake Garda. Both re-
active and TP concentrations measured during spring over-
turn in the whole lake increased from ,10 mg L21 in the
first half of the 1970s to 14 mg L21 (reactive concentration)
and 17 mg L21 (TP) in 1996 (Salmaso et al. 1997). However,
because of the absence of a complete identification and con-
tinuous monitoring of the potential pollution sources, the
characterization and the relative importance of the causes
determining the increase of phosphorus loads and concen-
trations are not easy to define.

The doubling of phosphorus in the lake since the 1970s
was paralleled by considerable changes occurring in the phy-
toplankton community (Salmaso 2002). During the 1970s,
the most important and evident modifications to the pristine
oligotrophic conditions were marked by development of the
complex Planktothrix rubescens/agardhii and by the irreg-
ular increase of Conjugatophyceae (Mougeotia sp. and Clos-
terium aciculare). During the 1980s, the increase of the
phosphorus concentrations in the lake and the progress to-

ward more mesotrophic conditions were accompanied by the
appearance of new, dense populations of cyanobacteria
(Planktolyngbya limnetica and Anabaena lemmermannii)
and by the conspicuous increase of conjugatophytes (partic-
ularly Mougeotia sp.). In contrast to these signs of alteration,
Fragilaria crotonensis, Asterionella formosa, Ceratium hi-
rundinella, and Dinobryon spp. were among the most abun-
dant taxa from the 1950s to the present.

The analysis of the data recorded in Lake Garda clearly
demonstrates the importance of the spring circulation in fer-
tilizing epilimnetic waters in deep lakes. Salmaso et al.
(2003b) estimated that in 1998, during a limited overturn,
the input of TP to the productive layers (depth, 0–20 m) was
;39 3 103 kg, increasing to ;80 3 103 kg in 1999, as a
consequence of the lake circulation. The importance of this
rapid replenishment is clear if we consider that the external
load of TP in this lake was estimated at ;170–200 3 103

kg yr21 and that, during the summer, water flux from rivers
is low and mainly limited to the northern shore of the lake.
The major fertilization events, occurring after more extended
or complete overturns, caused a strong and sudden increase
of Chl a and total phytoplankton biovolume in April, mainly
determined by conjugatophytes (dominated by filaments of
Mougeotia sp.) and, more irregularly, by large diatoms. The
competition between these two groups could have strongly
affected the successive growth of Mougeotia sp. soon after
April. The increase in this conjugatophyte started again after
the almost complete disappearance of the large centric dia-
toms in May and after the reduction of Fragilaria sp. in June
because of the thermal stabilization of the water column and
silica consumption (Salmaso 2003). Laboratory experiments
carried out in Lake Constance showed that Mougeotia sp.
was the most successful competitor for phosphorus at low
Si : P ratios among nondiatoms (Sommer 1987). The greater
development of phytoplankton biomass from July to October
during the years of major spring TP replenishment was
caused by cyanobacteria (mainly Planktothrix sp.) and an
irregular contribution of conjugatophytes that showed a more
extended development until August–September. The strong,
temporal delimitation of the impact of the overturn on cya-
nobacteria results from the particular ecological character-
istics of the species forming this group. The Planktothrix
colonies are well adapted to conditions of low irradiance
(Reynolds 1984) and show a clear vertical zonation during
summer, with metalimnetic maxima around the limit of the
euphotic zone and vertical dispersal and homogenization in
autumn and winter (Salmaso 2000, 2002). This seasonal evo-
lution is linked to the perennation strategy of Planktothrix
sp. in the deep lakes, with the autumn populations surviving
in the mixing column during the successive coldest months
(Walsby et al. 1998). The other subdominant cyanobacteria
mainly develop in conditions of high thermal stability;
among these, the Chroococcales, in the deep southern sub-
alpine lakes, are present almost exclusively from early sum-
mer to mid to late autumn (Salmaso et al. 2003a). The higher
phytoplankton biomass during the warmest months, after the
major TP replenishment episodes, agrees with the findings
of Dillon and Rigler (1974), who found a significant rela-
tionship between the TP concentrations from spring turnover
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Fig. 8. Extent of the spring lake overturn and trophic variables in the lakes Garda and Iseo
from 1998 to 2001 and Lake Lugano from 1998 to 2000. (A) Spring mixing depths (ZSMix). (B)
Epilimnetic (depth, 0–20 m) mean spring (February–March) concentrations of total phosphorus
(TPS) in Lake Garda and epilimnetic (depth, 0–20 m) maximum spring concentrations of TP in the
lakes Iseo and Lugano. (C) Annual (January–December) concentrations of Chl a in the lakes Garda
and Lugano (depth, 0–20 m) and Lake Iseo (depth, 0–10 m).

and the mean summer values of Chl a in a large number of
lakes.

The two groups of phytoplankton most affected by the
variable replenishment of nutrients are the same as those that
showed their maximum development during the shift of
Lake Garda from oligotrophy to oligomesotrophy and me-
sotrophy. This indicates a substantial consistency between
the ecological and historical observations. Moreover, these
results have also been confirmed by the synoptic analyses of
the phytoplankton communities of the deep southern subal-
pine lakes, which showed an increasing importance in the
more eutrophic lakes of the species identified in the present
study for being more susceptible to the spring replenishment
of nutrients (Salmaso et al. 2003a). In general, apart from
the cyanobacteria, which generally are positively linked to
gradients of TP concentrations (e.g., Watson et al. 1997), the
chlorophytes (including the conjugatophytes) comprise many
species that are indicative of mesotrophic and eutrophic con-
ditions (Rott 1984).

The mechanisms mediating the linkage between climate
and year-to-year variability in production differ drastically
between different typologies of lakes (Goldman et al. 1989;
Gerten and Adrian 2001). Weyhenmeyer et al. (1999) found
that the snow cover and the timing of ice breakup during
winter had a strong influence on timing of the phytoplankton
spring peak in Lake Erken in southeastern Sweden. The ear-
lier development of phytoplankton and zooplankton in Lake
Müggelsee in northern Germany was explained by similar
mechanisms—that is, shortening or lack of periods of ice
cover in winter (Gerten and Adrian 2000). Straile (2000)
suggested that the positive response of Daphnia in some
years in Lake Constance probably was a direct effect of al-
tered water temperatures on daphnid growth and was not
mediated by changes in phytoplankton concentrations. In all
the above cases, the occurrence of milder winters was pos-
itively related to fluctuations of the NAO, with the water
temperature determining a direct effect on the biological
communities. The studies carried out in Lake Garda show

that in large and deep lakes, other and further mechanisms
may be involved in the control of phytoplankton by climate.
A linked chain of causal factors (i.e., winter climate, TW,
extent of the spring lake overturn, and extent of nutrient
enrichment) has measurable effects on total phytoplankton
biomass, cyanobacteria, and conjugatophytes. However, be-
cause the study of the ecological effects of the NAO is still
relatively new, it is not yet possible to have a clear picture
regarding the whole range of mechanisms acting on the en-
vironment and on the biological communities (cf. Hurrell et
al. 2003). The problem is complicated by the absence of a
synoptic account of the different impact of the NAO on dif-
ferent ecoregions or, as in the case of the deep southern
subalpine lakes, on ecosystems located on the borders of
different centers of action.

Temporal coherence in the trophic response of deep lakes
to interannual climatic fluctuations—The effects of the tem-
poral fluctuations of TW, T0–100, and ZSMix on the epilimnetic
spring concentrations of phosphorus are strongly dependent
on the vertical distribution and content of nutrients in the
water column. High temporal correlations between the causal
factors and TPS would only be expected when the content
and distribution of phosphorus in the lake do not radically
change over time. Some of the high TP values recorded re-
cently in the upper layers during conditions of incomplete
mixing (e.g., 2002) might have resulted from nonquantified
sources; however, taking into account the significant increase
of TP observed in the water column during the last decade,
an enhanced response of the lake to mixing dynamics could
not be excluded.

In lakes with a higher hypolimnetic phosphorus content,
the extension of mixing determines a proportionally higher
response of the trophic variables. Figure 8 shows the differ-
ent effects of mixing on the trophic state of Lake Garda
compared with the effects on the two more eutrophic deep
southern subalpine lakes, Lake Lugano (from 1998 to 2000)
and Lake Iseo (from 1998 to 2001), based on the data re-
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ported by Salmaso et al. (2003a,b) and Simona (2003). In
the case of Lake Iseo, the mixing depths were provided by
W. Ambrosetti (pers. comm.). From 1998 to 2000, the av-
erage TP concentrations in the first 100 m of Lake Lugano
were 52–76 mg L21, as compared to concentrations of 226–
294 mg L21 in the layer from 100 m to the bottom (288 m;
Simona 2003). In Lake Iseo, during the 1990s, the average
TP concentrations in the first 100 m ranged between 36 and
48 mg L21, as compared to concentrations of ;100–175 mg
L21 from 200 m to the bottom (251 m; Salmaso et al. 2003b).
In the periods taken into consideration in Fig. 8, these two
lakes underwent a greater mixing in the biennium 1999–
2000, in parallel with the complete overturn observed in
Lake Garda. Despite the lower fractions of ZSMix, the con-
sequences of mixing on the epilimnetic TP concentrations
were greater in Lake Lugano because of its larger reservoir
of nutrients in the deep layers. Lake Iseo experienced inter-
mediate effects, whereas within the considered TP scale, the
effects on Lake Garda appeared to be more reduced (Fig.
8B). A similar scaled effect was also found for Chl a (Fig.
8C). On the whole, the annual average values of Chl a in
the three lakes were significantly (r 5 0.91, p , 0.01, n 5
16) related to the spring concentrations of TP. The parallel
response of the three lakes to the larger mixing (lakes Lu-
gano and Iseo) or complete mixing (Lake Garda) in the bi-
ennium 1999–2000 was evident in both variables. The tro-
phic descriptors are characterized by a strict temporal
correlation that originates from a corresponding synchronism
in the interannual variations in the extent of the spring ver-
tical mixing. This synchronicity is determined by the com-
mon effects caused by the climatic evolution in the southern
subalpine area (cf. Brunetti et al. 2000). In Lake Lugano,
Simona (2003) actually found a decrease in the average win-
ter (December–February) air temperatures from 1998 to the
biennium 1999–2000, from 5.38C to 3.98C and 4.38C, re-
spectively, with corresponding water temperatures at spring
overturn of 6.38C, 5.68C, and 5.68C, respectively. Because
of the short period considered in the comparison, the general
mechanisms controlling the year-to-year variability in the
deep southern subalpine lakes will need to be confirmed or
adjusted further by considering additional observations. In
general, however, climate has been found to influence sig-
nificantly the temporal coherence in lakes that are located in
defined ecoregions. In the northern perialpine area of Aus-
tria, Livingstone and Dokulil (2001) found a high degree of
coherence between lakes that reflected much of the temporal
structure of the regional air temperature. George et al. (2000,
2004) found a high level of coherence for the water tem-
peratures and some chemical variables in a group of lakes
in the English Lake District; the winter temperatures of the
lakes studied were strongly and positively related to the
NAO.

The effects of the variable extent of the spring lake over-
turn on the annual productivity only become measurable if
certain conditions are met (i.e., the existence of a significant
supply of hypolimnetic nutrients and a condition of oligo-
mixis or meromixis). For example, the interannual variations
of the algal crop in Lake Maggiore seem to be dependent
on meteorological conditions occurring over short time
scales rather than on climatic fluctuations (Morabito 2001).

The vertical distribution of TP in this lake is fairly homo-
geneous, so the impact of a complete or greater overturn
triggered by harsh winters is minimized or not easily de-
tectable (Salmaso et al. 2003a).

Summary and concluding remarks—Between 1991 and
2003, the deep Lake Garda underwent three complete over-
turns following three harsh winters (in 1991 and in the bi-
ennium 1999–2000). The complete mixing events deter-
mined a great fertilization of the trophogenic layers because
of the homogenization of the surface waters with the deep
hypolimnion, which is richer in nutrients. More generally, a
linked chain of causal factors, from winter climate to phy-
toplankton development, contributed to control the interan-
nual variations in trophic status. The extent of the spring
overturn was significantly and negatively associated with the
winter air and spring water temperatures. In turn, the epilim-
netic concentrations of TP and the annual phytoplankton de-
velopment were significantly and positively associated with
the mixing depths. The TW and the spring lake temperatures
were not significantly or only slightly negatively correlated
with the NAOW. This feature contrasts with the positive im-
pact of this climatic pattern on central and northern Europe
and may originate from the contrasting actions of the NAO
on ecosystems located on the border of different centers of
action (the Mediterranean region and central and northern
Europe). Further observations, with more extensive datasets
and historical analyses, are required to elucidate clearly the
mechanisms regulating the impact of the NAO on the lakes
of the southern subalpine region and, more generally, on the
Mediterranean regions.

The fertilization of the trophogenic layers during spring
overturn determined different temporal-scale effects on a
limited number of phytoplankton groups. Soon after the ma-
jor enrichment episodes, the conjugatophytes and the large
diatoms peaked high during April, whereas from midsummer
to midautumn, the cyanobacteria and, more irregularly, the
conjugatophytes provided the larger contribution to the
greater phytoplankton development.

The remote cause of the interannual variations of phyto-
plankton biomass (i.e., climatic fluctuations) determines its
effects on a regional scale. The analysis of the available data
recorded in the deep southern subalpine lakes revealed the
existence of a temporal correspondence in the interannual
variations of the extent of the spring vertical mixing and
nutrient replenishment in the lakes Garda, Iseo, and Lugano.
This temporal synchronism derives from the common effects
of the winter evolution of climatic conditions on the subal-
pine region, which results in a positive association in the
temporal evolution of the trophic characteristics of the three
lakes. The mechanisms identified in this group of deep lakes
indicate that the effects of winter climate on phytoplankton
development may last a long time, through an extended and
complex chain of factors, with the ultimate cause being the
limiting nutrients.
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