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Abstract We hypothesised that increasing winter
affluence and summer temperatures, anticipated in
southern Europe with climate change, will deteriorate
the ecological status of lakes, especially in those with
shorter retention time. We tested these hypotheses
analysing weekly phytoplankton and chemistry data
collected over 2 years of contrasting weather from
two adjacent stratified lakes in North Italy, differing
from each other by trophic state and water retention
time. Dissolved oxygen concentrations were higher in
colder hypolimnia of both lakes in the second year
following the cold winter, despite the second summer
was warmer and the lakes more strongly stratified.
Higher loading during the rainy winter and spring
increased nutrient (N, P, Si) concentrations, and a
phytoplankton based trophic state index, whilst the
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N/P ratio decreased in both lakes. The weakened Si
limitation in the second year enabled an increase of
diatom biovolumes in spring in both lakes. Chloro-
phyll a concentration increased in the oligo-mesotro-
phic lake, but dropped markedly in the eutrophic lake
where the series of commonly occurring cyanobac-
teria blooms was interrupted. The projected increase
of winter precipitation in southern Europe is likely to
increase the nutrient loadings to lakes and contribute
to their eutrophication. The impact is proportional to
the runoff/in-lake concentration ratio of nutrients
rather than to the retention time, and is more
pronounced in lakes with lower trophy.
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Introduction

Climate change represents a gradual change of
statistical average weather patterns over a limited
region and a long period, usually, minimum 30 years
(Allaby, 2007). Still years with contrasting weather,
especially if the main contrasts point to the same
direction with the projected climate change, offer an
alternative to long-term investigations to study
climate change impacts on ecosystems (George &
Hurley, 2003). This type of approach has been used,
for example, for studying the lake stratification and
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thermal regimes in relation to droughts (Nowlin et al.,
2004), responses of stream chemical composition to
an increased rate of snowmelt (Wolford & Bales,
1996), the effect of climate change on phytoplankton
(Markensten & Pierson, 2007; Tolotti et al., 2007),
zooplankton (Visconti et al., 2008), lake macrophytes
(Giménez-Benavides et al.,, 2007), and even fish
(George et al., 2006).

According to the literature, the effects of climate
warming on aquatic ecosystems often resemble those
of eutrophication (e.g. Schindler, 2001; Gerten &
Adrian, 2002; Visconti et al., 2008). An analysis of
nutrient losses within 17 catchments covering differ-
ent climatic conditions across Europe (Bouraoui
et al.,, 2009) showed that climatic variables, in
particular total rainfall, explained most of the vari-
ance in the nutrient load at the catchments outlet.
Even if the loadings decrease, increased evapotrans-
piration may lead to higher nutrient concentrations in
the remaining water (Ozen et al.,, 2010; Jeppesen
et al.,, 2011). Paerl & Huisman (2008, 2009) have
shown that at elevated nutrient concentrations rising
temperatures in several ways favour cyanobacteria,
which grow better at higher temperatures and exploit
the longer and more stable stratification to form
surface blooms.

According to climate projections (Palmer &
Riisdnen, 2002), in 50-100 years time, the occur-
rence of extremely wet winters in northern Italy will
be 3-5 times more likely compared with today. In a
more recent overview of climate change projections
for Europe (Réisdnen et al., 2004), the four simula-
tions agreed on a general increase in the amount of
winter precipitation and a decrease in summer
precipitation in southern Europe whilst the warming
peaks in southern Europe in summer reached locally
10°C in the RE-A2 simulation and 6—7°C in the RH-
A2 and RE-B2 simulations.

Over 2 years, 2008 and 2009, we studied the
chemical regime and phytoplankton development of
two adjacent stratified lakes in Lombardy lake area in
Italy, the oligo-mesotrophic Lake Monate (2.5 km?,
max. depth 34 m) and the eutrophic Lake Varese
(14.8 km2, max. depth 26 m). The cool winter
followed by a hot summer in 2009, resulted in
extreme vertical temperature gradients and unusually
high thermal stability of both lakes (Noges et al.,
submitted) that could mimic the situation in warmer
climate. As also the high amount of precipitation
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from November 2008 to April in 2009 was in line
with the projected growth of winter rainfall, and as
we were not aware of any big changes in the lake
management in these years, we considered the data
useful to have an insight to the possible future
changes in the lakes.

Before having analysed the chemical and biolog-
ical data from our study lakes, our working hypoth-
esis was that we will see signs of deterioration of the
ecological status of the lakes from the year
2008-2009. This hypothesis was based on two
suppositions:

1. That the bigger amount of precipitation in spring
2009 supposedly increased the nutrient load to
both lakes,

2. That the higher water temperature in summer
2009 and higher stability of the water column
supposedly favoured bloom-forming cyanobac-
teria species in the eutrophic lake.

As the sensitivity of lakes to meteorological
forcing has been shown to increase with decreasing
depth (Choi, 1998; George et al., 2010) and residence
time (Pettersson et al., 2010), and with increasing
catchment to lake area ratio (Cardille et al., 2004), we
expected to see bigger changes in the larger and
shallower Lake Varese.

Site description

The studied lakes Monate and Varese (Fig. 1) are
located in Varese province, Lombardy region, Italy
and belong to the Ticino river basin. The lakes are
located at a three km distance from each other that
ensures high similarity of the meteorological condi-
tions at the lakes.

L. Varese is a warm monomictic, eutrophic
medium size lake (Table 1) famous for its heavy
cyanobacteria summer blooms (Giovannardi et al.,
1999; Rossetti et al., 2001). The lake is stratified from
April/May to October/November. Anoxia develops
regularly in the hypolimnion during the stratification
period (Premazzi et al., 2005). Lake Varese collects
its waters from a nearly 100-km?” territory including
the southern slopes of the Campo dei Fiori mountain
(natural park) at the north, the mostly agricultural
areas at the east, the Lake Comabbio subcatchment
and the Brabbia Swamp (regional nature reserve) at
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Fig. 1 Location of the
study lakes Monate and
Varese, and their
catchments (surrounded by
dashed line). Empty circle
deepest points of the lakes
used for sampling; filled
triangle the highest
altitudes of the catchment,
arrow the outflowing rivers;
M RAMAN Meteorological
Observatory of the Joint
Research Centre in Ispra

Table 1 General

e Parameter (unit
characteristics of the study (unit

Lake Monate Lake Varese

lakes and their catchments Catchment area including lake (kmz) 6.3 112
(OLL, 2005) . . .
Maximum altitude within catchment (m a.s.l.) 457 1226
Annual mean outflow from the lake (m> s~ 0.18 3.0
Lake area (km?) 2.51 14.8
Catchment/lake area ratio 2.5 7.6
Geographical latitude of the middle point (°N) 45°47'43" 45°49'01"
Geographical longitude of the middle point (°E) 08°39'50" 08°45'08"
Altitude of the lake (m a.s.l.) 266 236
Maximum depth (m) 34 26
Mean depth (m) 18 11
Volume (10° m?) 45 160
Theoretical retention time (years) 7.9 1.7
Mixing type Monomictic Monomictic

the south of the lake. The Brabbia Canal, connecting
L. Comabbio with L. Varese, is the main inflow of the
latter. The main outflow, the Bardello River, runs into
Lake Maggiore. Gavirate and Azzate towns, parts of
Varese, and numerous smaller settlements are located
within the L. Varese catchment area.

L. Monate is a warm monomictic, oligo-mesotro-
phic small lake (Table 1). Due to its big relative depth,

it develops a stable thermal stratification from April/
May to October/November. Earlier studies (Grone,
1997) have noted the missing of hypolimnetic anoxia
in L. Monate. The lake has no permanent inflows and
direct precipitation on the lake surface is an important
income in the water budget. The catchment represents
a mosaic of settlement areas, fields, and forests. The
effluent Acquanegra Stream runs to L. Maggiore.
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Materials and methods
Meteorological data

Data on precipitation for 2008 and 2009 were
provided by RAMAN Meteorological Observatory
of the Joint Research Centre in Ispra located at
45°48'11”" N, 8°37'36” E, and 259 m as.l. The
amount of precipitation was measured with a wet-
only sampler with a time resolution of 24 h. The
distance of the meteo data source was about 2 km
from Lake Monate and about 7 km from Lake
Varese.

Field works

During 2 years, 2008 and 2009, sampling was carried
out at the deepest points of the lakes weekly from
April to October, and fortnightly or monthly for the
rest of the time, yielding a total of 74 measurement
series for both lakes. Conductivity, pH, temperature,
chlorophyll fluorescence, and dissolved oxygen were
measured in the field with a multi-parameter probe
Hydrolab model DS5X. Based on temperature profile,
the extent of epi-, meta-, and hypolimnion was
determined and sampling depths were decided to
cover the upper, middle, and lower part of each layer.
Water for chemical and phytoplankton analysis was
taken with a Neskin sampler; three samples from
each layer were mixed to get an integrated sample.
During non-stratified conditions, nine samples were
taken with equal intervals over the water column and
integrated by three in order to get a coherent data
structure. Water transparency was measured with
Secchi disc.

Lab analysis

Alkalinity was determined by titration to pH 4.5
using 0.005 M sulphuric acid with bromcresol green-
methyl red indicator.

Inorganic nutrients were analysed by ion chroma-
tography (Dionex I.C. Dx 500). To analyse nitrate
(NO5-N) and phosphate (PO,4-P), the chromatograph
was equipped with an analytical TonPac AS9 and a
guard column IonPac AGY9 using 9 mM sodium
carbonate eluent at a flow rate of 0.3 ml min~' and
column temperature of 25°C. For ammonia (NH4-N)
we used the analytical IonPac CS15 column, with the
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guard column IonPac CG15, and 20 mM methane
sulphonic acid as eluent at a flow rate of
0.3 ml min~" and column temperature of 45°C.

For measuring total nitrogen (TN) and total
phosphorus (TP), all nitrogen and phosphorous
compounds were transformed to nitrate and orto-
phosphate, respectively, with an oxidizing mixture at
high temperature in a digesting apparatus. After the
oxidation, nitrate was determined measuring the
spectrophotometric absorbance at 220 nm whilst
orto-phosphate was determined by the molybdenum
blue spectrophotometric method.

Dissolved silicon (Si) was determined spectropho-
tometrically applying the molybdosilicate method
4500-Si D (Standard Methods, 1992).

The chlorophyll fluorescence probe was calibrated
against spectrophotometric chlorophyll a (Chl-a)
measurements. Phytoplankton from a known amount
of water was collected on glass-fibres filters; the
pigments were extracted using methanol, measured
spectrophotometrically and calculated according to
Talling (1974).

Phytoplankton samples were fixed with acid
Lugol’s iodine solution and counted using the
Utermohl (1958) technique according to the princi-
ples set by CEN (2003) standard.

Calculations

To test the effect of the rainy winter and spring on the
lakes’ water exchange, we built a simple hydrological
model with a monthly resolution based on catchment
and lake characteristics, and long-term precipitation
record (OLL, 2005). We calculated the seasonal
evapotranspiration dynamics according to Thorn-
thwaite & Mather (1957) and calibrated the model
against published water residence times (OLL, 2005).

The ecological status of the lakes was assessed
according to the German Phyto-See-Index (PSI,
Mischke et al., 2008), and the calculations were
made using the Software PhytoSee Version 3.0
(Mischke & Bohmer, 2008).

The PSI consists of three mandatory metrics:
“biovolume”, “algal classes” and the “Phytoplank-
ton-Taxa-Seen-Index” (PTSI). Like the single met-
rics, the PSI index values range from 0.5 to 5.5 where
0.5 indicates the best status and 5.5 the worst status.
We applied the reference trophic state, the species
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trophic scores, and the weighting factors for single
metrics elaborated for prealpine lakes.

We used Surfer 9 (Golden Software Inc.) to
visualise the seasonal changes in lakes. Gridding of
data was done by kriging method. Student #-test was
run to find out statistically significant differences in
measured lake parameters between the 2 years.

Results
Meteorology and hydrology

The amount of precipitation from February to April
2009 (Fig. 2) was 671 mm, more than double of that
of the year before (252 mm) and even the long-term
average (299 mm). According to our hydrological
balance, direct precipitation on the lake surface and
the catchment runoff in this period exchanged 9% of
the water volume in L. Monate and 41% of that in
L. Varese. In fact, the inflow during these months
could be even larger than calculated given the snowy
December 2008 when the second largest amount of
snow in the area since 1967 was registered (Provincia
di Varese, 2009), which probably contributed to the
spring runoff in 2009.

According to our water balance, on average 36% of
the annual precipitation evaporates and the rest forms
the surface and subsurface runoff. Based on the
catchment to lake surface arearatio of 2.5 for L. Monate
and 7.6 for L. Varese, the direct precipitation on lake
surface and the catchment runoff contribute almost
equally to the water income to L. Monate whereas
in L. Varese these two sources contribute, corre-
spondingly, approximately 20 and 80% showing a
much larger importance of catchment processes in
determining the status of the latter.

JFMAMJJASONDJFMAMJJASOND
Month

Precipitation, mm month"
T IIT

Fig. 2 Monthly amount of precipitation in Ispra as registered
by the RAMAN Meteorological Observatory of the Joint
Research Centre

General physical and chemical variables

Water temperature. The hypolimnia of both lakes were
highly significantly (P < 0.01) colder in 2009 (Table 2)
and the epilimnia nonsignificantly (P > 0.05) warmer
compared to 2008. In detail the differences in thermal
and optical regimes are described in Noges et al.
(submitted).

Secchi depth did not differ significantly between
the 2 years.

Dissolved oxygen (DO) concentrations were higher
in the colder hypolimnia in 2009. The difference was
nonsignificant (ns.) in L. Varese but highly significant
in L. Monate both for the hypolimnion and for the
whole water column. Bottom anoxia developed in
both lakes in the second half of the observed years.
Comparing the years, a common difference for both
lakes was the continuation of anoxia until the end of
December in 2009 whereas the lake was already fully
mixed in December 2008 (Figs. 3, 4). In L. Varese
hypoxia (DO < 1 mg 17") and anoxia started in both
years in May whilst in L. Monate it started one month
later in 2009 (in August) compared with 2008 and
had also a smaller vertical extent.

The pH was higher in the hypolimnia of both lakes
in 2009 (P < 0.01 in L. Monate, ns. in L. Varese). In
the eutrophic L. Varese the epilimnetic pH was
highly significantly lower in 2009 compared to the
previous year (Table 2).

Alkalinity and conductivity changes had nothing in
common between the lakes. Given the large salinity
differences between the lakes (mean conductiv-
ity + standard deviation in L. Monate 113 +
3 puS cm™! against 312 £ 19 uS cm™ ' in L. Varese),
additional water inflow could increase conductivity in
L. Monate and, at the same time, cause a dilution in
L. Varese. As an example (not shown), a heavy
rainstorm in July 2009 (155 mm in three hours
registered in Varese), the conductivity in the
L. Varese epilimnion dropped from about 300 to
250 pS cm ™!, whilst in L. Monate it rose from 115 to
122 pS cm ™' showing that the inflowing water had a
conductivity somewhere between 150 and 200.

Nutrients
There was a general increase in nutrient concentra-

tions in both lakes from 2008 to 2009 (Table 2;
Figs. 3, 4) whereas phosphorus concentration (both
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Table 2 Changes in physical and chemical variables in lakes
Monate and Varese between years 2008 and 2009

Variable Lake Monate

E

Lake Varese

M H
e O

Group of
variables

<
jani
m

Layer & period code:
General Temperature
Secchi depth
Dissolved oxygen
pH
Total alkalinity
Conductivity
NOs-N
NH4-N
DIN
TN
PO4-P
TP
TN/TP
Si

°

oOOoao

Nutrients

c:::90:00-00 O
O..o.ooOooo
O.oooo.oo‘o

@0 @ -@-cc oo
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Y Change in yearly mean values including measurements in all
layers from January to December; E, M and H change in epi-,
meta-, and hypolimnetic mean values, correspondingly, from
May to November; empty circles decrease from 2008 to 2009;
filled circles increase from 2008 to 2009, the increasing size
of the circles indicates, correspondingly, non-significant,
significant at P < 0.05, and at P < 0.001 changes

inorganic and total) increased more than those of
nitrogen as evidenced by the highly significant
decrease in the TN/TP ratio over the trophogenic
layers. From 2008 to 2009, the average TN/TP ratio
for the epi- and metalimnion from May to November
dropped from 50 to 31 in L. Monate and from 18 to
12 in L. Varese. The concentration increment in N
and P compounds had a stronger manifestation in
L. Monate where most of the interannual changes
were highly significant. In eutrophic L. Varese the
increases were still highly significant for NO3-N,
dissolved inorganic nitrogen (DIN), and silicon for
the whole water column and for TP in the epi- and
hypolimnion. The increase in Si was more evident in
L. Varese than in L. Monate, being highly significant
(P < 0.01) for the meta- and hypolimnia, and signif-
icant (P < 0.05) for the epilimnion.

NH N (not shown) reached considerable concen-
trations in the hypolimnia of both lakes during
periods of anoxia, whilst NO3-N showed the opposite
pattern dropping heavily and proportionally with the
anoxia development. The resulting DIN concentra-
tions (Figs. 3, 4) were more stable and were depleted
only in the epilimnion during the second half of both
years. In L. Varese the DIN depletion was weaker in
2009 compared to 2008.
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PO,4P and Si showed generally similar seasonal
patterns (Figs. 3, 4). In L. Varese both nutrients
were characterised by strong vertical gradients
during thermal stratification and generally low
concentrations during mixing periods. In L. Monate
PO4-P and Si showed rapid changes during the
mixing period, low concentrations over summer, and
a release from the sediments during anoxia at the
end of the year. In both lakes the epilimnion was
depleted of PO,4-P soon after the onset of stratifica-
tion and the depletion lasted longer in 2009 as a
result of stronger stratification and later onset of
winter overturn. In 2008 Si depletion was much
stronger and lasted longer in both lakes compared to
2009. The concentrations of both PO4-P and NH4-N
in L. Monate at the end of the year were higher in
2008 when the hypolimnetic temperature was nearly
one degree higher than in 2009. In the shallower
L. Varese the descending thermocline reached the
bottom by November 2009 and as the water of the
upper layers was generally warmer in this year, also
the bottom layers were warmed up more than in
2008. Correlating with this, the concentrations of
PO,4-P and NHy4-N in L. Varese were higher in 2009
than in 2008. The concentration of PO4-P in the
bottom layer of both lakes in November—December
normalised to the scale from zero to one was
positively related to bottom water temperature
(Fig. 5) showing a temperature coefficient (Qjq)
equal to 2.4. The correlation was equally strong with
r > 0.65 also for both lakes separately, but remained
non-significant (P between 0.08 and 0.09) due to
small number of observations. The Si release
showed no temperature dependence and higher Si
concentrations occurred in both lakes at the end of
2009 characterised by the later full mixing.

Phytoplankton

Chl-a showed a general increase from 2008 to 2009
in L. Monate that was highly significant in the
metalimnion (Table 3). The opposite was true for
L. Varese where Chl-a dropped highly significantly
in the meta- and hypolimnia and in the water column
as a whole. A clear Chl-a peak extending to the whole
water column developed in both lakes in winter
or early spring. For the rest of the year, the
Chl-a maximum was located either in epi- or
metalimnion.
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Fig. 3 Seasonal dynamics
of nutrients and
phytoplankton in Lake
Monate over 2 years
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Phytoplankton biovolume showed generally the
same pattern as Chl-g, but in L. Monate the
biovolume differences between the 2 years were
more significant than those of Chl-a and in L. Varese
vice versa. The epilimnetic biovolume maximum in
L. Monate in 2009 reached a three-fold value of that
in 2008 (7.8 vs. 2.6 mm® 17, accordingly).

Development of phytoplankton groups

The winter/spring phytoplankton peak developed in
L. Monate in January—February and in the shallower
eutrophic L. Varese 1 month later (Figs. 3, 4). From
2008 to 2009, there was a clear increase of the
biovolume of diatoms in the spring peak in both
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Fig. 4 Seasonal dynamics
of nutrients and
phytoplankton in Lake
Varese over 2 years
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lakes. In L. Monate the 2008 spring dominant
Mallomonas caudata (Ivanov) Willi & Krieger, was
replaced by the diatom Asterionella formosa Hassall
in 2009. In L. Varese diatoms dominated the spring
peak in both years but their biovolume was about
three times higher in 2009 than in 2008, mainly due
to an increase in Fragilaria ulna var. acus (Kiitzing)
Lange-Bertalot, which overtook the Cylotella spp.
that dominated in 2008. In addition, the cryptomonad
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9-Cryptomonas sp.

10- Aphanizomenon
sp.

11- Chlamydocapsa
planctonica

SON
Month
Year

2009

Cryptomonas marssonii Skuja developed in consid-
erable abundance in L. Varese in spring 2009.

During the spring peak, the whole water column in
both lakes was depleted of silicon in 2008 but not in
2009 contrary to phosphates, which depletion was
stronger in 2009. After the spring peak, the avail-
ability of both nutrients recovered but remained
scarce in the epilimnia of both lakes for the whole
vegetation period.
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Table 3 Changes in phytoplankton variables in lakes Monate
and Varese between years 2008 and 2009

Group of Variable Lake Monate  Lake Varese
variables X

Layer & period code: EMH M H
Phytoplankton Chl-a (laboratory)
abundance Chl-a (probe)

Total biovolume
B-Bacillariophyceae
B-Chlorophyceae
B-Chrysophyceae
B-Conjugatophyceae
B-Cryptophyceae
B-Cyanobacteria
B-Dinophyceac
B-Euglenophyceae
B-Ulvophyceae
Phytoplankton N-Bacillariophyccae
diversity N-Chlorophyceac
N-Chrysophyceac
N-Conjugatophyceae
N-Cryptophyceae
N-Cyanobacteria
N-Dinophyceae
N-Euglenophyceae
N-Ulvophyceae
Total number of taxa
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Significance of signs as in Table 2

B Biomass, N number of taxa

Big interannual differences in phytoplankton com-
position were observed also in summer and autumn.
In L. Monate a chrysophyte Dinobryon divergens
O.E. Imhof developed a much higher biovolume in
2009 than in the year before and dominated the
metalimnetic phytoplankton peak in May and June
(Fig. 3). The coccoid cyanobacterium Cyanodictyon
planctonicum B. Hickel was present during the whole

year 2009 whilst occurred only in small numbers
since July in 2008.

The dominant species of the year 2008 in L.
Varese, the cyanobacteria Woronichinia naegeliana
(Unger) Elenkin and W. compacta (Lemmermann)
Komarek & Hinddk were rare in 2009. Instead of
cyanobacteria, a dinoflagellate Ceratium furcoides
(Levander) Langhans, which was not found in 2008,
developed high biovolume during July and August
2009 (Fig. 4).

Changes in biodiversity. A striking difference
between the years 2008 and 2009 was the increase of
the number of species in almost all phytoplankton
groups in both lakes (Table 3). Without any changes
in the counting effort or counting routines, the total
number of taxa found in both lakes increased by
nearly 20% from one year to the other (from 216 to
252 in L. Monate and from 171 to 204 in L. Varese)
whilst the average number of taxa per sample
increased even by 32% in L. Monate (from 41 to
54). Most significant increases in the species numbers
were observed in diatoms, chlorophytes, and chrys-
ophytes whilst only cyanobacteria in L. Varese
showed a consistent decrease between 2008 and
2009.

Some species like the cyanobacteria Aphanocapsa
conferta (W. et G.S. West) Komarkova-Legnerova et
Cronberg and Pseudanabaena limnetica (Lemmer-
mann) Komarek, and the chlorophytes Scenedesmus
arcuatus (Lemmermann) Lemmermann and S. acut-
iformis Schroder were missing from L. Monate in
2008 but occurred in more than 20 samples in 2009.
The dominant species in L. Varese in 2009, the

dinoflagellate Ceratium furcoides was even not found
in 2008.

Ecological status

Almost all indicator values (except for the Biomass
metric in L. Varese) were higher in 2009 compared to
2008 showing an increase in the trophic state
(Table 4). The summary PSI index distinguished
clearly between the different trophic states of the
lakes giving ‘good’ status for L. Monate and ‘mod-
erate’ status for L. Varese. The Biomass metric was
even more sensitive to the trophic differences desig-
nating in 2008 L. Monate to the ‘high’ and L. Varese
to the ‘moderate’ class. The interannual differences
were most sensitively reflected in the Algal class
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Table 4 Ecological status of lakes Monate and Varese over 2 years as assessed by the multimetric Phyto-Lake-Index (Mischke
et al., 2008) and its single components applied for the epi- and metalimnetic layers

Lake: Monate Varese

Year: 2008 2009 2008 2009
Biomass metric 1.24 1.84 3.42 3.31
Assessment High Good Moderate Moderate
Algal class metric (chloro + crypto) 2.09 3.08 1.70 2.51
Assessment Good Moderate Good Moderate
PTSI metric 1.93 2.07 2.73 2.81
Assessment Good Good Moderate Moderate
Weighting factor for biovolume metric 2 2 2 2
Weighting factor for algal class metric 1 1 1 1
Weighting factor for PTSI metric 2 2 2 2

PSI Phyto-Lake-Index 1.69 2.18 2.80 2.95
Final assessment Good Good Moderate Moderate

For all single metrics as well as for the final assessment the following class boundaries apply: high/good = 1.5, good/

moderate = 2.5, moderate/poor = 3.5, poor/bad = 4.5

metric based on the sum of biovolumes of chloro- and
cryptophytes, which showed a deterioration of the
status in both lakes by one class. The assessment by
the PTSI metric based on species trophic scores
resulted in similar status classes with the final PSI
assessment.

The daily PTSI values for the sampling days
showed a generally similar dynamics in both lakes
and both years (Fig. 6) with lowest values occurring
in spring (March—April in L. Varese and April-May
in L. Monate) and an increase towards the end of the
year. In 2009 the index increased faster and the
variability range was slightly wider than in 2008.
Despite the large range of the index values covering

-0— Monate
-o— Varese

Daily PTSI

8§ 8 &6 8§ 8 8§ 3 8 38 3 3 8
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Date

Fig. 6 The seasonal dynamics of the PTSI values for the
sampling days. The values are not adjusted to the scale from
0.5 to 5.5 and type specific class boundaries according to
Mischke et al. (2008) are indicated on the y-axis
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three status classes in both lakes, the daily PTSI
values showed constantly a higher trophic state in L.
Varese compared to L. Monate except for two dates
in February when the spring bloom had already
started in L. Monate but not yet in L. Varese.

Discussion

Based on the three times higher catchment/lake area
ratio in L. Varese compared to L. Monate, one could
expect also a stronger effect of the runoff waters on
the nutrient status of this lake. This was true,
however, only for the anthropogenically less affected
silicon which concentrations increased more in
L. Varese, whilst the observed changes in N and P
concentrations in L. Varese were less significant than
in L. Monate. There are two reasons that could
explain this apparent contradiction between the lakes.
The first reason is related to the very different
formation of the runoff to these lakes. The northern
part of the L. Varese catchment includes large
forested areas from which nitrate loading is generally
rather small (Floyd et al., 2009). Waters from the
southern part of the catchment pass through the
shallow eutrophic Lake Comabbio and the Brabbia
Swamp. The important role of lakes, reservoirs, and
wetlands as nutrient sinks in river basins has been
recurrently demonstrated (Teodoru & Wehrli, 2005;
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Nilsson & Renofilt, 2008; Sollie et al., 2008; Lopez
et al., 2009) and so these ecosystems could trap also a
substantial part of the nutrient runoff from the L.
Varese catchment. In L. Monate catchment there are
no other water bodies or wetland areas that could
retain part of the loading from runoff. The second,
and perhaps the main reason explaining the smaller
effect of the increased runoff on the condition of L.
Varese compared to L. Monate, is the generally much
higher background concentrations of nutrients in L.
Varese. The calculated 41% of water exchanged in L.
Varese from February to April 2009 was obviously
replaced by runoff water not very different from the
lake water itself whereas the 9% of volume in L.
Monate was replaced by waters containing higher
concentrations of nutrients than the lake. Although
lakes of lower trophic state are often characterised by
a smaller catchment/lake area ratio, they may have
higher sensitivity to increased water exchange in a
cultural landscape due to more contrasting N and P
concentrations between in-lake and runoff waters.
Having a stronger impact on less eutrophic lakes,
increased winter and spring runoff tends to equalise
the trophic state of lakes.

Occurrence of hypolimnetic anoxia in both lakes
made the seasonality of their nutrient metabolism
rather similar but showed also a considerable dete-
rioration of the status of L. Monate where anoxia was
not recorded in the 1990s (Grone, 1997). Our data
showed the great importance of the hypolimnion
temperature on the ammonia and phosphate release
from the sediment. The Q; value (2.4) found by us
for the temperature effect on sediment phosphorus
release fitted well within the range 1.9-2.7 reported
by Andersen & Ring (1999) for anaerobic sediments.
Hypolimnetic temperature was proved one of the
most important factors influencing the year-to-year
variations in the concentrations of phosphate also in
the Swedish Lake Erken (Pettersson et al., 2010).
Even hypolimnetic water withdrawal that was (suc-
cessfully) used in L. Varese as a restoration measure
against high nutrient concentrations (Premazzi et al.,
2005) may have a negative feedback as the removal
of colder bottom water may increase bottom water
temperatures, which, in turn, increases sediment
oxygen demand and nutrient release rates (Niirnberg,
2007). With regard to projected global warming, the
duration the stratified period of lakes is expected to
increase (Wagner & Adrian, 2009a) whilst less winter

cooling results in higher hypolimnetic temperatures
(Nickus et al., 2010). Extended anoxia and higher
bottom water temperatures are likely to enhance
internal nutrient loading that may strongly counteract
to lake restoration efforts.

In spring 2008, diatom development was strictly
controlled by silicon availability in both lakes, as the Si
concentration remained constantly below the reported
limiting values of soluble reactive silica (0.14 mg 1"
by Nelson & Treguer (1992) and 0.28 mg 1~! by Ferris
& Lehman (2007)). The more abundant development
of diatoms at better Si availability in 2009 caused a
much smaller depletion of Si showing that some other
factor, such as P-limitation, zooplankton grazing or
sedimentation losses ended the spring bloom.

Sedimentation of heavy diatoms at the onset of
thermal stratification may cause permanent phosphorus
depletion in the epilimnion lasting the whole vegetation
period as described by Poister & Armstrong (2003) in
Trout Lake, Wisconsin. Ford Lake in Michigan, USA,
which had been acting as a P source, changed to a P sink
during a diatom bloom preventing the commonly
occurring cyanobacteria development later in the season
(Ferris & Lehman, 2007). Although PO,4-P concentra-
tions dropped considerably during the spring bloom in
both of our study lakes, this could not be the main cause
of the phytoplankton changes observed in summer as
phosphate concentrations recovered in April, immedi-
ately after ceasing of the bloom.

Our case study showed that increased winter and
spring runoff may replenish Si stocks and support a
stronger diatom spring bloom in Si limited lakes,
which further may affect phosphorus availability. The
permanence of this effect depends obviously on the
predominating loss mechanism of diatoms being long
lasting if the diatoms are mostly sedimented, and
ephemeral if the diatoms are grazed by zooplankton
within the water column. A distinctive phytoplankton
minimum manifested in a clear water phase in both
lakes in April could mainly be attributed to strong
zooplankton grazing as described in the PEG-model
(Lampert et al., 1986; Sommer et al., 1986) given that
all main nutrients were available at that time.

Besides these common features, the year-to-year
changes of phytoplankton were rather diverse. In L.
Monate there was no major change in dominant
species, but in line with the enhanced nutrient
availability, most phytoplankton groups became more
abundant in 2009 and the total biovolume reached a

@ Springer



266

Hydrobiologia (2011) 667:255-270

three-fold higher annual maximum than in 2008. In
L. Varese, the series of regular cyanobacteria blooms
was interrupted by the emerging new dominant
Ceratium furcoides whilst the metalimnetic phyto-
plankton biovolume decreased significantly. Cyano-
bacteria are known for their ability to produce higher
biomass per unit phosphorus compared to other algae
(Hosper, 1997; Dobberfuhl, 2003) and, hence, the
replacement of cyanobacteria by another dominant
can explain the observed decrease in the phytoplank-
ton biovolume.

The ceasing in 2009 of cyanobacteria blooms
characteristic of L. Varese for many years was a
surprise as all the factors changed in the direction
commonly considered to favour cyanobacteria: higher
temperature, higher water column stability, better
nutrient availability, and lower N/P ratio (Tilzer,
1987; Downing et al., 2001; Paerl & Huisman, 2008,
2009; Wagner & Adrian, 2009b). The latter authors
showed that TP concentration was the principal force
driving cyanobacteria contribution to total algal mass.
Within a critical TP range 70-215 g 17, stratification
periods exceeding 3 weeks and exhibiting a Schmidt
stability of >44 g cm cm™? favoured cyanobacteria
proliferation. As all these conditions were richly
fulfilled in L. Varese, it must have been a specific
combination of factors that enabled the new dominant
to win the competition. Simulations with the PRO-
TECH model (Elliott et al., 2009) showed that the
decline in chlorophyll with decreasing retention time
of lakes was the prevalent response due to flushing loss
of both nutrients and algae.

For a long time, C. furcoides was considered a
variety of C. hirundinella (C. hirundinella var.
furcoides Levander) and often not distinguished from
the latter (Heaney et al., 1988). Nowadays C.
hirundinella and C. furcoides are well-defined spe-
cies with clear annual differences in their relative
abundances and times of development although they
often co-exist. In L. Erken C. hirundinella dominated
the spring and summer populations whilst C. furco-
ides was rare in June, but continuously increased its
share towards autumn (Lindstrom, 1992). C. furco-
ides is characterised by low growth rate that strongly
depends on temperature. Lindstrom (1992) reported
doubling times of 2.63 and 4.04 days in L. Erken at
surface temperatures of 19 and 15°C, respectively.
Several authors (Heaney et al., 1945; Hickel, 1988;
Lindstrom, 1992; Salmaso, 2000) have noted
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C. furcoides reaching its annual maxima during the
warmest months. In Feitsui Reservoir, Taiwan, high-
est densities occurred at water temperatures between
24 and 26°C (Wu & Chou, 1998). Lindstrom (1992)
related the highest densities with a distinct thermo-
cline development. Also Heaney & Butterwick
(1985) considered the stability of the epilimnion as
a factor regulating the size of Ceratium populations.
Stefaniak et al. (2007) considered the ability of
C. furcoides to migrate to metalimnion as one of its
main advantages to overcome nutrient depletion in
the epilimnion.

Studies carried out in two lakes of the English Lake
District, Esthwaite Water and Blelham Tarn (Heaney
et al., 1945), showed the difficulty to determine the
leading factors favouring Ceratium growth. Although
the lakes were only about two km apart and shared the
same weather patterns, there appeared to be little or no
coincidence of annual Ceratium population attain-
ment. The authors showed that what was a good year
for Ceratium growth in one lake, was frequently the
reverse in the other and explained it with the multitude
of factors regulating successful population growth.

Owing to slow growth, the production of large
summer populations by C. furcoides is dependent
upon a sufficient inoculum (Heaney et al., 1945). The
fact that C. furcoides did not occur in any sample of
L. Varese in 2008 (or was overlooked due to its very
low abundance), makes the suddenly emerging bloom
in 2009 even more unexpected and suggests the
import of a large inoculum as a possible explanation
to it. George et al. (2004) showed that heavy winter
rains besides transporting more dissolved reactive
phosphate into the lakes, may also modify the
standing crop of phytoplankton by their flushing
effect. In connected lake systems the algae flushed
out of one lake may become the inoculum in the
downstream lake. This kind of import and export of
algae has an important role in the seasonal phyto-
plankton dynamics in river—lake systems with short
residence times (Kohler & Hoeg, 2000). Naselli-
Flores & Barone (2003) described an event in Lake
Arancio (Sicily) where waters transporting a Cera-
tium furcoides bloom, suddenly ‘diluted’ the Micro-
cystis dominance in this lake.

No recent data on the phytoplankton composition
in the shallow eutrophic L. Comabbio discharging
waters into L. Varese was available to check the
occurrence of C. furcoides there, however, a survey
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of lake water quality in Lombardy (OLL, 2005) based
on earlier data, lists C. hirundinella amongst the
dominating species in this lake. Given the similar
ecology and frequent co-existence of C. hirundinella
and C. furcoides, and the not always proper differ-
entiation between these species, it is likely that C.
furcoides could exist in L. Comabbio and that its
inoculum was flushed into L. Varese with the runoff
waters in spring. Owing to rather similar ecological
requirements of C. furcoides and cyanobacteria, it is
difficult to define which the leading factor was to give
the advantage to the dinoflagellate.

We have no good explanation for the observed
general increase in biodiversity of the lakes from
2008 to 2009. The biodiversity of most aquatic
systems decreases with eutrophication (e.g. Prepas &
Charette, 2003; Salmaso et al., 2006). In L. Monate
the liberation of the system from the commonly
strong Si limitation in 2009 can partly explain the
increase in biodiversity in this lake as several diatom
species occurred more frequently in samples. It
remains, however, unclear why the replacement of
one monodominating species with another in L.
Varese allowed the development of a more diverse
phytoplankton community in 2009.

Conclusions

e The study supported our hypothesis that increas-
ing amount of precipitation in winter and spring
will increase nutrient loadings to lakes. Contrary
to our expectations, the effect was stronger in the
oligo-mesotrophic L. Monate where, despite the
smaller catchment/lake area ratio, the concentra-
tions of all main algal nutrients (N, P and Si)
increased more significantly than in the eutrophic
L. Varese.

e Having a stronger impact on less eutrophic lakes
where the in-lake N and P concentrations are
lower compared to those in the runoff water from
the cultural landscape, increased winter and
spring runoff tends to equalise the trophic state
of lakes.

e Increased winter and spring runoff may replenish
Si stocks and support diatom spring blooms in Si
limited lakes, which further may potentially affect
phosphorus availability.

e The hypolimnetic temperature had a strong effect
on the anaerobic phosphorus release in both lakes
characterised by a Q¢ value of 2.4. The projected
extension of hypolimnetic anoxia and higher
bottom water temperatures are likely to enhance
internal nutrient loading that may strongly coun-
teract to lake restoration efforts.

e Upstream lakes and wetland within the catchment
trap efficiently nutrients from the runoff water.
Whilst flushed, these water bodies may deliver
inocula of planktonic species to receiving water
bodies and cause unexpected outbreaks of new
dominants.

e Despite all conditions commonly known to favour
cyanobacteria were fulfilled in L. Varese in
summer 2009, no heavy cyanobacteria bloom
occurred. Instead a dinoflagellate Ceratium fur-
coides caused bloom in this lake in 2009 that
interrupted the series of commonly occurring
cyanobacteria blooms. We could not define which
the leading factor was to give the advantage to the
dinoflagellate.
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