
INTRODUCTION

Cyanobacteria are the most primitive and ancient
photo-oxygenic organisms on earth. With a variety of
morphologically different types, they occur in aquatic and
terrestrial habitats, as well as in extreme environments
such as ultraoligotrophic oceans (Seymour, 2014), soil
crusts in semi-arid areas (Metcalf et al., 2012), and geot-
hermal hot springs (Ward and Castenholz, 2012). In fresh-
water ecosystems, they can dominate the phytoplankton
assemblages forming blooms in the water column or at
the surface of lakes and rivers. This ability to colonise and
dominate virtually every habitat on earth is due to their
long evolutionary history (Tomitani et al., 2006) and to a
number of adaptations that render them competitively su-
perior to many eukaryotic phytoplankton groups (Dokulil
and Teubner, 2000). In this regard, cyanobacteria are one
of the major eubacterial lineages. The diversity within this
group includes morphological characters (from single
cells to branching filaments), the formation of specialized

cells (akinetes and heterocytes) and cell structures (aero-
topes or gas-vesicles), and physiology (nitrogen fixation,
heterotrophy, motility) (Graham et al., 2009).

The growth and dominance of cyanobacteria have im-
portant consequences on the characteristics of water bod-
ies. Along with effects in common with other eukaryotic
algae (decrease of water transparency, increase of pH, al-
teration of biogeochemical cycles), cyanobacteria have
further critical impacts, which include changes in the bio-
mass size spectrum and edibility by zooplankton, and the
production of an impressive range of secondary toxic
metabolites (Sukenik et al., 2015), including hepatotoxins
and neurotoxins (Metcalf and Codd, 2012). The massive
development of this algal group is considered as one of
the principal problems for the utilisation of water re-
sources, with possible impacts on human health (Chorus
and Bartram, 1999; Ibelings et al., 2014).

The cyanobacterial species belonging to the Nosto-
cales have the ability to develop specialized cells with dis-
tinctive morphological and physiological adaptations for
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ABSTRACT
Since the beginning of the 1990s, Lake Garda showed the appearance of extended surface water blooms of Dolichospermum lemmer-

mannii (Nostocales, Cyanobacteria). Between the 1990s and the 2000s, the blooms appeared also in the other large lakes south of the Alps
(Iseo, Como and Maggiore). Despite the sudden appearance of the blooms, the correct identification of the establishment time of the pop-
ulations of Dolichospermum in the southern subalpine lake district remained unclear. In this work, the establishment of the populations of
D. lemmermannii in Lake Garda has been evaluated by the direct counting of sub-fossil akinetes extracted from sediment cores, and by es-
timating the abundance of filaments germinated from sub-fossil viable akinetes. The two techniques provided comparable results, allowing
locating the beginning of the establishment of Dolichospermum around the middle of the 1960s. Four strains of Dolichospermum germinated
from akinetes isolated from the core sediments between around the 1989 and 2012 did not show any mutation or recombination signal in
the rpoB gene sequences, suggesting a strong founder effect. The establishment of Dolichospermum coincided with the beginning of the
rapid increase of total phosphorus as inferred from the distribution of sub-fossil diatoms in the sediment core. These results supported the
hypothesis of a strong link between the shift of Lake Garda from ultraoligotrophy/oligotrophy to oligo-mesotrophy and the development
of Dolichospermum. This colonisation pattern was possibly reinforced by the increase in the water temperatures in the subalpine lake
district during the last 3 decades. In warmer lakes, gas-vacuolated Nostocales are favoured by high replication rates and, in particular, by
their ability to control vertical movements in stratified water columns. This allows these species to exploit the gradients of light and nutrients,
giving them a competitive advantage compared to other species. From a management point of view, the control and decrease of Dolichos-
permum should be obtained through the reduction and control of nutrient loads to the lake.
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the fixation of atmospheric nitrogen (heterocytes) and sur-
vival in harsh environmental conditions while quiescent
in bottom sediments (akinetes). Mature akinetes have a
normal cell wall surrounded by a thick three layered coat
and a conspicuous granulation due to high concentrations
of glycogen and cyanophycin, a nitrogen-storage polymer
(Lee, 2008; Meeks et al., 2002). The loss of gas-vesicles
and the increase in cytoplasmic density favour the sinking
of overwintering akinetes to the bottom sediments. Func-
tionally, akinetes act as spores. They differentiate from
vegetative cells by increasing in size and thickening the
walls, and by drastically reducing photosynthetic and res-
piratory capabilities. For example, studies carried out on
Aphanizomenon ovalisporum FoRTI showed that mature
akinetes isolated from cultures maintained only residual
photosynthetic activity, as indicated by very low values
of maximal photosynthetic quantum yields (Sukenik et
al., 2007). The rearrangement of the photosynthetic ap-
paratus with the maturation of akinetes is essential to enter
the dormant period, assuring, at the same time, a quick re-
covery of photosynthesis after germination. The environ-
mental factors activating the formation of akinetes differ
between species and even strains. After the examination
of several case studies, Kaplan-Levy et al. (2010) identi-
fied light intensity as the major factor triggering the for-
mation of akinetes, though other factors, such as light
quality, temperature, limitation of phosphorus and other
nutrients and micronutrients, were considered important
in many other instances. on the other hand, the germina-
tion of akinetes is controlled by various environmental
factors, including temperature, nutrients, day length, pen-
etration of light to the sediments and intensity of turbu-
lence inducing resuspension near the bottom sediments
(Kaplan-Levy et al., 2010).

In general, akinete formation takes place at the end of
the growth season. Reynolds (1972) observed akinetes in
water columns after a dense Anabaena population had de-
creased. Kim et al. (2005) found a gradual increase in
akinete cell densities in the surface sediments after a drop
of Anabaena flos-aquae BRéBISSoN Ex BoRNET &
FLAUHAULT densities. Nevertheless, studying the seasonal
dynamics of Anabaena flos-aquae, Kravchuk et al. (2006)
identified two types of akinetes. While in early summer
akinetes germinated in water column soon after differen-
tiation, contributing to the vegetative reproduction of pop-
ulations, in late summer akinetes were deposited to
bottom sediments, acting as resting stages.

Along with other algal remains, the study of akinetes
in core sediments may provide more comprehensive
knowledge of past lake phytoplankton assemblages and
ecological conditions (Livingstone, 1984). Combined
with other paleolimnological proxies, sub-fossil akinetes
may contribute to the assessment of the effects of eutroph-
ication and climate change on lake biota. Akinetes are

very resistant to degradation. Fossil akinetes have been
identified in 1.6 to 2.1 billion years old cherts in different
regions of the world (Tomitani et al., 2006).

At the beginning of the 1990s, Lake Garda showed a
quick and unexpected appearance of surface blooms of a
pelagic Nostocales, Dolichospermum lemmermannii (P.G.
RICHTER) P. WACKLIN, L. HoFFMANN & J. KoMáREK.
Since their first records, the blooms raised major concerns
because of the potential toxigenic effects and the impacts
on the tourism economy. The exact timing of the coloni-
sation, however, remained uncertain because it was based
almost exclusively on the detection of the surface water
blooms and on a few scattered phytoplankton analyses
available before the 1990s. Moreover, since the distribu-
tion of Dolichospermum is clearly localised in the tem-
perate and boreal regions (Salmaso et al., 2015a), the
north to south colonisation pattern of this species con-
trasted with the prevalent south to north invasion routes
of tropical species to the European continent (Sukenik et
al., 2012). on the other hand, many studies demonstrated
that the spread of cyanobacteria can be favoured, besides
by eutrophication, by the increase of water temperatures
caused by global warming (Paerl and Huisman, 2009;
Mehnert et al., 2010). In a recent work, (Salmaso et al.,
2015a) hypothesised that the increase of Dolichospermum
in Lake Garda could be ascribed to the increase of nutri-
ents observed during the last 40 years. This hypothesis
will be further explored in this study, by comparing the
distribution of sub-fossil akinetes of D. lemmermannii in
the deep sediments of the lake with the secular trend of
phosphorus recently inferred from sub-fossil diatoms by
Milan et al. (2015).

Specific objectives of this work include: i) the recon-
struction of the historical colonisation patterns of
Dolichospermum lemmermannii in Lake Garda based on
the analyses of sub-fossil akinetes and its interpretation
based on the secular changes in P-availability and long-
term changes in water temperatures; ii) the assessment of
the comparability of results obtained from the direct
counting of sub-fossil akinetes extracted from sediments
and the estimation of the abundances of strains germi-
nated from sediments; iii) the phylogenetic confirmation
of the taxonomic identity of recent and ancient popula-
tions of D. lemmermannii isolated from environmental
samples and originated from the germination of akinetes
from the sediment layers, respectively.

METHODS

Study site

Lake Garda is the largest Italian lake. It has a volume
of 49×109 m3, a surface of 368 km2, and a maximum depth
of 350 m. Thanks to attractive landscape and water quality,
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the lake is an important resource for recreation and tourism.
Moreover, its waters are also used for agriculture, industry,
fishery and drinking. owing to its climatic location, Lake
Garda should be classified as warm monomictic. In this cat-
egory, lakes circulate completely once a year in the winter
at or above 4°C, showing stable stratification for the re-
mainder of the year. Nevertheless, owing to its great depth,
complete mixing can occur only irregularly, after cold win-
ters (oligomixis). Since the beginning of the 1990s, Lake
Garda has been regularly investigated with monthly sam-
plings in a station located at the deepest point of the basin
(45.69 N, 10.72 E). The Lake Garda sampling station was
included in the Italian Network for the Long Term Ecolog-
ical Research in 2007 (LTER, www.lteritalia.it).

Climatic, environmental, and phytoplankton data

Mean monthly homogenised air temperatures were ob-
tained from the long-term instrumental climate data
recorded in the Alpine region in the framework of the proj-
ect HISTALP (Auer et al., 2007). In this work, we have
considered the temperatures recorded at Torbole - Riva del
Garda, which is the nearest HISTALP meteorological sta-
tion to the lake sampling point (ca. 20 km north). Since a
preliminary interpolation by loess of the long-term tempo-
ral development of the air temperatures showed the pres-
ence of abrupt changes, the data were analysed by
piecewise regressions. The selection of the break-point was
guided by computing the residual standard error of several
two-segment piecewise models and by the results of the
loess interpolation (R Core Team, 2015).

The collection of samples and measurements in the
water layers 0-2, 9-10 and 19-21 m were made at monthly
intervals since 1991 in the LTER station. Samples for the
analysis of phytoplankton abundance and nutrients were
collected since 1993 and 1995, respectively. Vertical pro-
files of water temperature were measured with multi-pa-
rameter probes (Idronaut ocean Seven 401 and 316Plus,
and Seabird SBE 19-03) (Sharma et al., 2015). The sig-
nificance of the linear long-term trend of annual mean
water temperatures in the layer 0-50 m was tested with
the Mann-Kendall (MK) test, whereas the trend coeffi-
cients were estimated with the non-parametric Theil-Sen
estimate of slope following the procedures described in
Salmaso and Mosello (2010). Statistical analyses were
carried out with R 3.2.2 (R Core Team, 2015). Nitrate ni-
trogen (No3-N) and total phosphorus (TP) were analysed
using standard methods (Cerasino and Salmaso, 2012).
Phytoplankton counting was carried out using the Uter-
möhl method as described in Salmaso (2010).

Sediment sampling, and akinetes analyses

A sediment core was collected with a gravity Kajak
corer (UWITEC, Mondsee, Austria) at the LTER station

of Lake Garda on 11 March 2014. The core was vertically
extruded and sliced in the laboratory at 0.5 cm intervals
from 0 to 30 cm and at 1 cm intervals from 31 cm down
to the core bottom (45 cm). Hereafter the layers will be
indicated by their mid-depth (e.g., 1-1.5 cm: 1.25 cm).
Water content was determined after drying ~2 g of wet
sediment at 105°C for 24 h.

The direct microscopic analysis of akinetes is dis-
turbed by the presence of sediments and organic material
(including siliceous diatoms). This is especially true in
low productivity, nutrient-poor lakes, where the abun-
dance of akinetes is low. In such environments, a reliable
counting could require a pre-treatment of the samples
aimed at removing carbonate and silicate crystalline ma-
terial, and diatom carpets. Before observation, the sedi-
ment samples were therefore processed adapting standard
laboratory methods used for pollen analysis (Faegri and
Iverson, 1989). Examples of applications of these meth-
ods in the analyses of sub-fossil akinetes and cyanobac-
teria are reported in Platt Bradbury et al. (2004),
Danielsen (2009), Menozzi et al. (2010) and Miras et al.
(2015). For each sediment layer, subsamples of ca. 2 g of
fresh sediment were put in 15 mL plastic test tubes. The
sediment was initially processed with 10% hydrochloric
acid (HCl) for the removal of carbonates. For the removal
of organic matter, 10 mL 10% KoH were added to the test
tubes placed in a boiling water bath for 10 min, stirring
slowly. The siliceous material was removed by adding hy-
drofluoric acid (HF). Compared with standard methods,
the concentrations of HF were reduced to 10% to reduce
the risk in laboratory procedures. The fluorosilicates gels
formed during the reaction with HF were removed by
adding 10 mL hot 10% HCl for 20 min. After the treat-
ment with HCl, KoH and HF, the samples were cen-
trifuged at 3000× g for 3-4 minutes, pouring away the
supernatant. After the last treatment with HF, the final
residue was diluted in 100 mL water and fixed with
Lugol’s solution. The samples, diluted 1:20, were trans-
ferred into10 mL sedimentation chambers and analysed
by an inverted microscope at 400×.

The enumeration of akinetes was carried out analysing
the whole bottom chamber of two replicates (Supplemen-
tary Fig. 1). The application of this method allowed obtain-
ing clean samples, rich in akinetes. Furthermore, after this
treatment the akinetes were not hidden by siliceous frus-
tules, therefore reducing the risk of misidentification, which
is particularly high in lakes rich in diatoms, such as Lake
Garda (Salmaso, 2010). During this research, the reliability
of the method was tested with a parallel counting of
akinetes on treated (T, n=4) and non treated (NT, n=8) fresh
sediment samples (without step 2 in Supplementary Fig. 1)
extracted from a core rich in akinetes collected in Lake Bal-
aton in November 2010 within the framework of the project
EULAKES (www.eulakes.eu). The concentrations (average
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±SE) of akinetes in the T and NT samples were equivalent
(83±9 and 88±6 akinetes mg–1 fresh sample, respectively;
ANoVA, F1,10=0.23, P>0.60).

The germination of filaments from sub-fossil akinetes
was obtained using ca. 4 g of fresh sediment inoculated in
100 mL conical flasks. A final volume of 60 mL was ob-
tained by adding ASM-1 culture media (Carmichael and
Gorham, 1974). The cultures were added with actidione
(cycloheximide, 250 mg L–1) as an inhibitor of eukaryotic
growth (Livingstone and Jaworski, 1980). The flasks were
incubated in a growth cabinet at 20°C under continuous
irradiance with day light florescent lamps at 85 µmol m–2

s–1. The germination of akinetes was observed up to 16-21
days. Later on, the culture media with germinated vegeta-
tive cells were harvested and preserved in 100 mL bottles
fixed with Lugol’s solution. After dilution 1:40, the sub-
samples were transferred into 10 mL sedimentation cham-
bers. The enumeration of the germinated cells was carried
out with an inverted microscope by analysing the whole
bottom chamber of 4-6 replicates (Supplementary Fig. 2).
owing to the successive vegetative replication after the
initial germination, the final densities of the cells recorded
in the flasks were only roughly proportional to the initial
number of akinetes in the sediments. on the other hand,
one of the advantages of this method is to allow resurrec-
tion of ancient akinete-forming populations.

Core dating and analysis

The 2014 sediment core was dated by parallelisation
(Thompson et al., 2012) with a core collected at the same
sampling point in october 2009. The 2014 and the 2009
cores showed a well resolved and comparable macro-
scopic layering, and very similar depth profiles of water
content (r=0.94, P<0.01). The core collected in 2009, and
used for the parallelization, was dated analysing radionu-
clide activity of 210Pb, 226Ra, 137Cs and 241Am in subsam-
ples of individual sections, as described in Milan et al.
(2015). The radionuclides allowed dating the core until
the end of 1800s (26-27 cm). The dating of the deeper lay-
ers was estimated based on the 14C analysis made on a
vegetable remain isolated at 48.5 cm, which was dated
back to 1388-1448 AD (Milan et al., 2015). In order to
assign an age to each sediment layer of the core collected
in 2014, a LoESS interpolation of radiometrically deter-
mined dates for non-contiguous sediment layers was per-
formed using R 3.2.2 (R Core Team, 2015).

In this work, we will also report additional results re-
garding the bacterial photosynthetic pigments and secular
lake TP concentrations reconstructed from sub-fossil di-
atoms obtained from the analyses of the 2009 core (Milan
et al., 2015). Photosynthetic pigments were determined
after sonication of sediments, extraction with acetone and
analysis by light spectrometry and HPLC. Sub-fossil di-
atom frustules were cleaned following standard proce-

dures (Battarbee et al., 2001). Diatom-inferred total phos-
phorus concentrations (DI-TP) were reconstructed using
a weighted-average regression model with inverse
deshrinking that was calibrated against the Northwest Eu-
ropean training set (NWEu-TP) (Bennion et al., 1996).
The detailed description of these procedures was reported
in Milan et al. (2015).

Isolation of Dolichospermum strains and genetic
analyses

Single filaments of germinated Dolichospermum
were isolated from the cultures (stage 2 in Supplementary
Fig. 2) obtained from the layers 1.25, 3.25, 4.25 and 6.25,
corresponding to the years 2012, 2005, 2000, and 1989,
respectively. Compared with filaments isolated from en-
vironmental samples, the individuals obtained from the
germinated akinetes were more difficult to grow. After
washing 3-4 times, the single filaments were grown in
Z8 medium at 20°C under 16:8 h light:dark photoperiod
and at 25 µmol m–2 s–1. DNA extraction of the cultures
containing the single strains was carried out following
Shams et al. (2014). Phylogenetic analyses were carried
out by the amplification of the rpoB gene encoding the
β subunit of RNA polymerase. rpoB was amplified with
the primers rpoBanaF and rpoBanaR, following a modi-
fied protocol described in Rajaniemi et al. (2005). The
reaction mix (20 µL), contained 1x optimized Dy-
NAzyme PCR Buffer, 0.25 mM dNTPs mix, 0.4 U of
DyNAzyme II DNA Polymerase, 0.5 µM of the two
primers, and 5-20 ng DNA templates. PCR amplification
involved an initial denaturation for 5 min at 94°C, 30 cy-
cles of amplification: 1 min at 94°C, 1.5 min at 59°C and
2 min at 68°C, and a final elongation for 7 min at 68°C.
PCR products were separated by 1% agarose gel elec-
trophoresis stained with ethidium bromide. The rpoB
gene was sequenced with the same primers used in the
PCR following the methods described in Shams et al.
(2014). The sequences (564-576 bp long) were deposited
to the European Nucleotide Archive (ENA) with acces-
sion numbers LN871489- LN871492.

Phylogenetic analysis

The rpoB sequences of the germinated Dolichosper-
mum strains were compared with other 2 sequences of D.
lemmermannii isolated from recent pelagic samples col-
lected in Lake Garda in 2013 and 2014 (accession num-
bers LN871471 and LN871475, respectively; Salmaso et
al., 2015a) and other Dolichospermum species from Gen-
Bank. Microcystis aeruginosa (KüTZING) KüTZING
(EU151907) was included as outgroup. All the steps in
the phylogenetic analysis were performed with the free
statistical software R 3.2.2 (R Core Team, 2015). Se-
quences were aligned with MUSCLE (Edgar, 2004), and
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poorly aligned positions and divergent regions were elim-
inated using Aliscore (Misof and Misof, 2009). Phyloge-
netic trees were computed by Maximum Likelihood (ML)
with 1000 bootstrap (BS) replicates using the package
phangorn. The analysis of DNA substitution models indi-
cated in the K80+G the best-fitting evolutionary model
for the rpoB gene.

RESULTS

Long term development of air and water temperatures

The long-term development of the mean annual air tem-
peratures recorded at the northern border of the lake showed
an overall tendency to increase (Fig. 1A). The interpolation
by the loess function suggested the existence of at least two
different linear relationships in the data, with an abrupt
change of slopes around the first half of the 1960s. The
piecewise regression (R2=0.60, P<0.001) indicated an in-
crease in air temperature around 0.07°C per decade between
the end of the 1800s and 1965, and 0.45°C per decade in the
successive years. overall, since 1965, the mean annual air
temperatures increased from around 12.5°C to over 14°C.

The long term change of the lake water temperatures
was evaluated in the mixolimnetic layer, between 0 and

50 m (Fig. 1B). Since 1991, this layer underwent com-
plete cooling every year, thus representing the part of the
lake most affected by the winter climate. In this layer, the
annual mean water temperatures showed a significant in-
crease (Kendall’s tau 0.34, P<0.05), at a rate of 0.24°C
per decade (P<0.05).

Nutrients

In the first half of the 1970s, total phosphorus concen-
trations measured in the whole water column (0-350 m)
were around 5-10 µg P L–1 (Fig. 2A). In the following 30
years, TP increased continuously, until reaching concentra-
tions between 20 and 25 µg P L–1 around 2000. More re-
cently (i.e., after 2005), TP showed a slow tendency to
decrease. Present concentrations are around 18 µg P L–1

(Fig. 2A). During the coldest months, in the epilimnetic lay-
ers TP reached homogeneous concentrations from the sur-
face to the bottom only during complete overturn. During
summer stratification, epilimnetic TP concentrations were
generally between 5 and 10 µg P L–1 (Salmaso, 2011).

The pattern characterizing the long-term temporal
changes of TP evaluated on the basis of chemical analyses
(Fig. 2A) was confirmed by the TP values inferred from
the composition of sub-fossil diatoms analysed in the core
collected in 2009 (Fig. 3). The reconstruction of diatom-

Fig. 1. Long-term temporal development of the mean annual values of (A) air temperatures recorded at the HISTALP meteorological
station of Torbole - Riva del Garda, around 20 km north the sampling station; the interpolation by the 2-segmented line was obtained
by a piece-wise regression. (B) Annual mean water temperatures in the layer between 0 and 50 m recorded in the LTER station of Lake
Garda; the continuous line shows the linear trend obtained by the Theil-Sen estimate of slope. In (A) and (B) the series have been
smoothed using the LoESS procedure (dashed lines).
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inferred TP concentrations showed that, at least since the
last period of the Middle Ages and until the beginning of
the 1960s, Lake Garda was characterised by near ultra-
oligotrophic conditions (DI-TP <10 µg P L–1). The in-
crease of DI-TP began only during the second half of the

1960s, in line with the results obtained by the modern lim-
nological analyses (Mosello and Giussani, 1997; Fig. 2A
and Fig. 3). Though less distinct, this pattern was con-
firmed also by the TP values inferred by pigment analyses
(Car-TP; Fig. 3).

Fig. 2. Long-term temporal development of the mean annual
values of (A) total phosphorus in the whole water column (0-
350 m), and (B) cyanobacteria and (C) Dolichospermum lem-
mermannii in the trophogenic layers (0-20 m). In (A) the data
before 1995 were redrawn from Salmaso and Mosello (2010).
The series have been smoothed using the LoESS procedure
(dashed lines). In (C), the continuous line reports the LoESS
smoothing computed including the outlier.

Fig. 3. Depth profiles of reconstructed phosphorus and sub-fossil
cyanobacterial pigments in the sediment core collected from the
deepest point of Lake Garda in 2009. DI-TP are TP concentra-
tions reconstructed from sediment diatom abundance data using
an inverted weighted averaging procedure based on the North
West Europe training set (Milan et al., 2015). Echinenone is a
xanthophyll synthesised exclusively by some cyanobacteria.
While zeaxanthin is a major pigment in cyanobacteria, it can be
present in low quantities in most other eukaryotic phytoplankton
species (Takaichi, 2011; Milan et al., 2015).  LoI, loss-on-igni-
tion; the box highlights the first establishment of Dolichosper-
mum lemmermannii.
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In the whole water column, the average annual con-
centrations of nitrates (the prevalent N-compound) be-
tween 1996 and 2013 ranged between 290 and 400 µg L–1.
In the trophogenic layers (0-20 m), annual averages of
No3-N generally varied from 200 to 260 µg N L–1, without
showing any apparent trend in the analysed period (P»0.1).

Cyanobacteria

Since the beginning of phytoplankton analyses, the an-
nual averages of the cyanobacteria biovolumes showed a
gradual increase from 50-100 mm3 m–3 until 250-350 mm3

m–3 in the middle of 2000s (Fig. 2B). In the successive
period, cyanobacteria showed a dramatic decrease, until
reaching biovolumes similar to those measured at the be-
ginning of the 1990s.

The analyses of phytoplankton allowed inferring the
response of cyanobacteria to the changes of phosphorus
in the last 20 years. on a multi-decadal scale, zeaxanthin
and echinenone, which are carotenoids typically produced
by cyanobacteria, showed a sudden increase in the second
half of the 1970s (Fig. 3). In the previous period, both pig-
ments were measured with very low or undetectable val-
ues. The increase of cyanobacteria as inferred from these
two proxies was shifted forward by around 10 years com-
pared with the increase of DI-TP (Fig. 3). It is worth con-
sidering that both zeaxanthin and echinenone did show a
tendency to decrease during and after the first half of
2000s, therefore confirming the recent tendency of
cyanobacterial decrease estimated from the algal counts.

Dolichospermum lemmermannii:
long-term temporal development and water blooms

The annual means of Dolichospermum lemmermannii
biovolume were over one order of magnitude lower than
those of total cyanobacteria (Fig. 2C). Excluding the
higher biovolume value computed in 2012, the long-term
temporal pattern of D. lemmermannii biovolume was
comparable to that of total cyanobacteria.

The very low annual average biovolumes of D. lem-
mermannii at the beginning of the 1990s were consistent
with the timing in the appearance of the first visible water
bloom. The surface accumulation of filaments of D. lem-
mermannii was observed for the first time in the shallower
and wind sheltered E-basin (Salmaso et al., 1994). In the
successive years, and quite rapidly, the water blooms ex-
panded over the whole lake, including the northernmost
and deeper zone. The blooms, which were observed both
in the central zones and along the lake shores, were usu-
ally accumulated by the wind in sheltered bays and har-
bours. The episodes were always observed between early
summer and autumn. A careful investigation among the
scientists studying the lake since the 1950s and the fish-
erman allowed confirming the absence of the water

blooms of Dolichospermum before the 1990s (Salmaso et
al., 1994). Between the second half of the 1990s and
2000s, D. lemmermannii appeared also in the other largest
lakes south of the Alps, i.e., lakes Iseo, Como and Mag-
giore (Garibaldi et al., 2003; Mosello et al., 2010;
Salmaso, 2010; Callieri et al., 2014).

Historical distribution of akinetes and resurrected
populations of Dolichospermum

The last measurable quantity of sub-fossil akinetes in
the core collected in 2014 was found at 16.75 cm (1965;
Fig. 4A, Supplementary Fig. 3). Repeated counts made
on layers corresponding to the previous period, between
1935 and 1961, were negative. Since 1965, the number of
akinetes remained practically constant until the end of the
1970s. Since then, akinetes abundance suddenly and fastly
increased until 2007, then began to decrease. The mor-
phology and morphometry of akinetes in the sediments
were the same as those found in the pelagic samples, with
length and width around 14-20 µm and 6.5-8.5 µm, re-
spectively (Salmaso et al., 2015a).

The germination of akinetes, with the corresponding
growth of resurrected populations of Dolichospermum,
was observed between the surface and the core depth of
14.25 cm (1971; Fig. 4B). Similarly to what was observed
with the direct counting of akinetes (Fig. 4A), the new fil-
aments developed with constant and low abundances until
1985. In the following periods, densities steadily in-
creased till the end of 2000s. The counts corresponding
to the uppermost analysed layer (dating 2012) showed a
decrease in the cell abundances (Fig. 4B). The vegetative
cells in the filaments presented characteristics fully com-
patible with the physiographic characteristics of D. lem-
mermannii. Nevertheless, compared with the natural
populations, the formation of akinetes and heterocytes
was usually not observed in the sediment cultures.

The phylogenetic analyses allowed clearly confirming
the taxonomic nature of the sub-fossil populations of
Dolichospermum germinated from the sediments. The
four rpoB sequences of the resurrected strains correspon-
ding to the years 1989, 2000, 2005 and 2012 were identi-
cal. These four strains formed a compact clade along with
the strains of D. lemmermannii isolated in the pelagic
samples of Lake Garda and other two strains isolated in
N-Europe (Fig. 5). The other Dolichospermum species
formed different separated clades.

DISCUSSION

The analyses of the distribution of the sub-fossil
akinetes preserved in a sediment core collected in 2014
allowed to reconstruct the colonisation pattern of
Dolichospermum lemmermannii in Lake Garda. The clear
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identification of the beginning of the colonisation is a nec-
essary requirement to interpret the causes that favoured
the introduction and the successive rapid spread of this
Nostocales in Lake Garda and in the whole southern sub-
alpine lake district. The two laboratory procedures used
to estimate the quantitative presence of Dolichospermum
in the sediment layers provided consistent and repro-
ducible results. The direct determination of akinetes in

cleaned sediments and the counting of the cells germi-
nated from viable akinetes indicated the beginning of the
colonisation in the middle of the 1960s and in 1971, re-
spectively. Though the discrepancy between the two
methods, around 5 years, was very limited we cannot ex-
clude the possible presence of a few other akinetes also
in the older sediment layers. Nevertheless, both the con-
sistency of the two methods in detecting the presence of
akinetes, and the very rapid increase of akinetes after the
1970s, strongly suggest that the populations of Dolichos-
permum increased their importance during the 1980s and
1990s (Fig. 4), i.e., during the period coinciding with the
appearance of the first surface blooms (Salmaso et al.,
1994). Adopting the terminology by Williamson and Fitter
(1996), the methods used in this work allowed to identify
the period of establishment of self-sustaining and natural-
ized populations, after a first importing and introduction
of the species.

The analysis of the records of sub-fossil akinetes pre-
served in deep layers of lake sediments represents a pow-
erful and efficient tool to reconstruct the long-term
temporal development of potentially toxic Nostocales in
water bodies at secular timescales. Akinetes can be pre-

Fig. 4. Vertical distribution of (A) sub-fossil akinetes and (B)
cells developed and reproduced from the germination of viable
akinetes of Dolichospermum lemmermannii preserved in the
sediment layers. The densities have been transformed by square
root. The horizontal dashed lines indicate the period of first ap-
pearance of the blooms. In (B), the isolation and resurrection in
culture conditions of single ancient Dolichospermum strains was
obtained from the layers indicated with the arrows, which cor-
respond to the years 2012, 2005, 2000, and 1989. The counting
of akinetes in the sediments and the counting of the cells origi-
nated from the germination of akinetes indicated the beginning
of the colonisation of Dolichospermum in the middle of the
1960s and in 1971, respectively.

Fig. 5. Maximum likelihood (ML) rooted topology of the four
resurrected Dolichospermum lemmermannii strains isolated
from the sediments of Lake Garda (1989-2012) and other
cyanobacteria (identified by names and accession numbers)
based on alignment of the rpoB gene. The D. lemmermannii
strains isolated from the pelagic samples collected in 2013 and
2014 in Lake Garda have accession numbers LN871471 and
LN871475, respectively. Bootstrap values <70 were not shown.
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served for very long times in the sediments. van Geel et
al. (1994) found that, since 1000 AD on, sub-fossil
akinetes of Aphanizomenon and Anabaena were present
in enormous quantities in the deep sediment layers of
Lake Gosciaz, in Poland. The increase of Nostocales was
interpreted as the effect of the intensification of farming
and land fertilization, which triggered and intensified the
eutrophication of the lake. Similarly, peaks of akinetes of
Anabaena (Dolichospermum) in the ancient sediments of
Lake Aydat, were found since the 5th century AD (Miras
et al., 2015). In Lake Kirmanjärvi, Finland, Kauppila et
al. (2012) utilised the mutual changes in the abundance
of the akinetes produced by Anabaena and Aphani-
zomenon to infer the long-term trophic status changes
since the mid 16th century.

Akinetes are markedly more resistant than vegetative
cells to a wide range of extreme physical, chemical and
biotic disturbances (Fay, 1988). Nevertheless, the resist-
ance against specific stressors can be different between
species. For example, while the akinetes of Anabaena
cylindrica LEMMERMANN were resistant to desiccation, hot
temperatures and sunlight (Hori et al., 2003), the akinetes
of Anabaena circinalis RABENHoRST Ex BoRNET & FLA-
HAULT were susceptible as vegetative cells to desiccation
or ultraviolet radiation (Fay, 1988).

When buried in the sediments, the akinetes can retain
their viability for decades. In this study, we use the term
viability as capability to germinate and to produce new
filaments and populations once given the appropriate con-
ditions. In Lake okaro, germination experiments demon-
strated that akinetes of Aphanizomenon issatschenkoi
(USAčEV) PRoSHKINA-LAVRENKo retained their ability to
germinate in core sediments dating 120 BP (Wood et al.,
2009). Livingstone and Jaworski (1980) demonstrated
that akinetes of Aphanizomenon flos-aquae RALFS Ex
BoRNET & FLAHAULT and Dolichospermum (Anabaena)
lemmermannii isolated from 18 and 64 years old sedi-
ments were able to germinate, giving rise to viable popu-
lations. In the case of Aphan. flos-aquae, the inability to
germinate was observed in spite of a large abundance of
akinetes in layers older than 18 years. on the one hand,
that study demonstrated that akinetes not only have over-
wintering functions, but are capable of contributing to the
long-term survival of Nostocales in lakes. on the other
hand, it showed a different ability of akinetes produced
by different species to germinate giving rise to mature
populations. The implications are clear, suggesting that
the germination of akinetes cannot be used to compare the
long-term changes in different species of Nostocales. In
Lake Garda, the concordance in the temporal distribution
of sub-fossil akinetes and germinated cells indicates that
the akinetes of D. lemmermannii retain the ability to ger-
minate in sediments of at least 35 years old. To date, it is
not possible to evaluate how much this approximation is

underestimated, because the deepest layer of germinabil-
ity (Fig. 4B) roughly coincides with the limit of akinete
presence (Fig. 4A).

Since akinetes can be resurrected, the genetic structure
of sub-fossil populations can be compared with that of
modern strains, allowing a more robust assessment of his-
torical fluctuation patterns. In principle, the use of methods
of resurrection ecology might allow to reconstruct evolu-
tion of organisms by comparing the strains originated from
resistance forms with their present descendants (Kerfoot
and Lawrence, 2004). The comparison of strains along
temporal gradients could help reveal whether direct effects
of climate change or other anthropogenic stressors have
caused micro-evolutionary processes (Angeler, 2007). The
results obtained from sequencing the rpoB gene in popu-
lations of Dolichospermum revitalized in the lake sedi-
ments spanning 23 years (1989-2012) and isolated from
recent pelagic samples did not show any mutation or re-
combination signal. Actually, previous analyses of other
cyanobacteria species (Planktothrix rubescens (DE CAN-
DoLLE Ex GoMoNT) K. ANAGNoSTIDIS & J. KoMáREK) in
the large lakes south of the Alps proved that local clonal
expansion and recombination processes were influential
in affecting among-lake diversity (D’Alelio et al., 2013).
Present investigations made on the 16S rRNA and rpoB
genes of several D. lemmermannii isolated from environ-
mental samples are showing the existence of different local
clonal populations living in the perialpine lakes (Salmaso
et al., 2015a) and in Europe (Capelli et al., unpublished
data). overall, though based on a very limited number of
strains, these results could allow to hypothesise a strong
founder effect following the beginning of the establish-
ment of D. lemmermannii (between the half of the 1960s
and the end of 1970s) and the successive development of
the species in Lake Garda. Possibly, these characteristics
could allow identifying the geographical path of colonisa-
tion by comparing the local clones with those isolated in
other European water bodies.

It is widely recognised that the environmental factors
mostly affecting the development of cyanobacteria in lakes
are eutrophication and high water temperatures
(Istvánovics, 2009; o’Neil et al., 2012; Paerl and Paul,
2012). The increase of cyanobacteria following nutrient
enrichment (P and N) has been described in a wide number
of studies (see Dokulil and Teubner, 2000), and confirmed
by experimental works (Schindler, 2012). The response is
strongly dependent from the autecology of the single
species, and the distinction is particularly apparent when
considering the ability to fix nitrogen (Levine and
Schindler, 2011). Nevertheless, more than eutrophication,
a number of recent studies highlighted the role of global
warming in favouring the recent spread of Nostocales (e.g.,
Cylindrospermopsis and Aphanizomenon) from tropical to
subtropical and temperate regions (Sukenik et al., 2012).
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In warmer environments this group, along with Chroococ-
cales, is favoured by its high replication rates and by the
ability to control the vertical positioning in well stratified
water columns induced by light availability and nutritional
conditions (e.g., carbohydrates content) (oliver and
Walsby, 1984; Reynolds, 2006). The control of the vertical
position allows exploiting the full gradients of light and
nutrients, giving to Nostocales and other gas-vacuolated
species a chief competitive advantage compared to eukary-
otic taxa. With the exception of a few localized regions,
lake warming was clearly observed and documented all
over the world (Sharma et al., 2015). Besides Lake Garda
(Fig. 1B), the increase in water temperatures was con-
firmed also in other lakes of the southern perialpine area.
Long-term measurements carried out since the 1970s at
spring overturn in lakes Garda, Iseo, Como and Maggiore
demonstrated an increase in water temperatures ranging
from 0.11 to 0.21°C decade–1 (Salmaso and Mosello,
2010). These data are confirmed also by models simulating
the effects of a climate change scenario in Lake Iseo (Va-
lerio et al., 2015). Along with the rapid increase of air tem-
peratures recorded during the 1960s, these data could
suggest an important role played by climate warming in
the establishment and growth of Dolichospermum in Lake
Garda. Nevertheless, compared to many other Nostocales
(Sukenik et al., 2015), the geographical area of D. lem-
mermannii was shown to be circumscribed to the temper-
ate and northernmost countries (Komárková, 1988),
whereas this species was never found in tropical regions
(Komárek, 2013). Conversely, the establishment of this
Nostocales in the 1960s does appear rather linked to the
increase of phosphorus and to the shift of the lake from a
state between ultra-oligotrophy and oligotrophy to oligo-
mesotrophy. The ecological requirements of D. lemmer-
mannii have been well described (Cronberg, 1999; Padisák
et al., 2008; Reynolds et al., 2002; Salmaso et al., 2015b),
conforming completely to this assumption. In fact, this
species is well adapted to clear, deep stratifying oligo-
mesotrophic lakes, or mesotrophic, non turbid shallow
lakes. Therefore, we could hypothesise that the establish-
ment of this species in Lake Garda might be favoured pri-
marily by the increase of anthropogenic pressure and
changes in trophic status. The successive development of
this species could have been reinforced by the climate
warming in the subalpine area and by the consequent in-
crease in water temperatures. The absence of any consis-
tent change in the long term-availability of No3-N since
the 1990s suggests a possible minor role played by nitro-
gen. Nevertheless, as highlighted in previous works
(Salmaso, 2010), owing to the N-fixing abilities of hete-
rocytous species, the low summer concentrations of N that
are usually found in the upper surface layers in lake Garda
could be a positive factor for the growth of Dolichosper-
mum in the warmer months.

As demonstrated by the analysis of the long-term phy-
toplankton data (Salmaso et al., 2015a), the biovolume
values of D. lemmermannii in the trophogenic layers (0-
20 m) of Lake Garda were always low (<50 mm3 m–3),
contributing for a very small fraction to the total annual
phytoplankton and cyanobacterial biovolumes (less than
1% and 5%, respectively; see also Fig. 2 B,C). The dom-
inant cyanobacterial species in Lake Garda and in the
other large lakes south of the Alps is in fact Planktothrix
rubescens (Salmaso et al., 2012; Leoni et al., 2014). on
the other hand, since the blooms are caused by a rapid ver-
tical movement of filaments present in the euphotic layers,
these accumulations provide a false idea of massive
cyanobacterial development and growth in the surface wa-
ters. These considerations confirm that D. lemmermannii
should be considered a well established species rather
than an invasive or pest species (Williamson and Fitter,
1996; Keller et al., 2011).

We could anticipate that, if the downward trend of P
in Lake Garda will be confirmed, then we could expect a
further decrease of cyanobacteria and Nostocales, and a
decrease in the frequency of summer water blooms of
Dolichospermum. overall, this should favour the recov-
ery of the lake to near-pristine conditions. Conversely, a
further increase in the trophic status, especially if asso-
ciated with an additional increase in summer water tem-
peratures, could increase cyanobacteria abundances and
surface water blooms. However, it is worth to highlight
that an excessive increase in nutrients is a deterrent for
the development of D. lemmermannii, which would be
replaced by other cyanobacteria better adapted to
mesotrophic and eutrophic conditions, such as different
species of Dolichospermum, as well as Aphanizomenon,
Microcystis and, provided a sufficient amount of light is
present in the metalimnion, P. rubescens. These consid-
erations could be confirmed by the absence of consistent
populations and blooms of D. lemmermannii in Lake
Lugano. The reasons are due to the lower water temper-
atures and higher mixing that distinguish the epilimnion
of this lake (Salmaso et al., 2012) and to the higher
trophic status of the trophogenic layers. In fact, the dom-
inant Nostocales in Lake Lugano is Aphan. flos-aquae, a
species that is not only well adapted to develop under eu-
trophic conditions (Reynolds et al., 2002; Salmaso et al.,
2015b), but that it is also well fitted to grow in mixed
surface layers (Kangro et al., 2007).

CONCLUSIONS

In this work, we investigated the timing of establish-
ment of the populations of D. lemmermannii in Lake
Garda by the direct counting of sub-fossil akinetes and by
the estimation of the abundances of strains germinated
from viable akinetes conserved in the sediments. The two
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techniques provided comparable results, allowing locating
the beginning of the establishment of Dolichospermum
between the middle of the 1960s and the early 1970s, re-
spectively. The sequencing of the rpoB genes in popula-
tions of Dolichospermum revitalized in the lake sediments
between around 1989 and 2012 and isolated from recent
pelagic samples did not show any mutation or recombi-
nation, suggesting a strong founder effect following the
successive development of the species. The establishment
of Dolichospermum in Lake Garda has been linked to the
rapid increase of TP in the lake since the 1960s, as in-
ferred from the study of the distribution of sub-fossil di-
atoms in the core sediment layers. The significant increase
in the air and water temperatures observed in the last
decades did reinforce and probably increased the effects
triggered by anthropogenic eutrophication. If the down-
ward trend of phosphorus that was observed in Lake
Garda since the half of the 2000s will continue, then the
biomass of cyanobacteria and Nostocales and the fre-
quency of summer water blooms of Dolichospermum
should show a further and consistent decrease.
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