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INTRODUCTION

Transparent exopolymer particles (TEP) are opera-
tionally defined as acidic polysaccharides retained on 0.4
µm pore-size polycarbonate filters and visible when
stained with Alcian Blue (Passow, 2002a). TEP are in-
cluded in the larger category of extracellular polymeric
substances (EPS) but are not in the dissolved phase, they
rather exist as non-living and discrete particles (Alldredge
et al., 1998; Liu et al., 2018).

The study of TEP in the field has focused on its abun-

dance and on the main drivers to forecast its distribution
primarily in the marine environment, from the Antarctic
Southern Ocean to the Atlantic and Mediterranean Sea
(Corzo et al., 2005; Prieto et al., 2006; Ortega-Retuerta
et al., 2009a; Zamanillo et al., 2019a), even though this
component of total organic carbon (TOC) can reach high
concentrations particularly in inland waters (de Vicente et
al., 2010). In freshwaters one of the most common TEP
aggregates are referred to as “lakes snow” in analogy to
their marine counterpart known as “marine snow” (Silver
et al., 1978). Lake snow was studied in the large Lake
Constance and considered as a significant carbon sink
(Grossart and Simon, 1998a) and as a site for intense mi-
crobial decomposition (Grossart and Simon, 1998b). In
north temperate lakes, TEP concentration measured as
gum xanthan equivalent, (GX eq) can range 36-1462 μg
L−1 (de Vicente et al., 2010). In the deep oligotrophic Lake
Maggiore even higher concentrations have been measured
in autumn (3.3 mg GX eq L–1 at 5 m in September 2018,
Callieri et al., 2019a).

Furthermore, in a three-year study on Lake Maggiore,
TEP concentration exhibited a clear seasonal variability
mirroring the one of chlorophyll-a (Chl). In addition, TEP
concentration is significantly correlated to picocyanobac-
teria abundance (Callieri et al., 2017).

It is recognised that TEP plays an important role in the
organic carbon cycle in aquatic systems (Engel et al.,
2004; Passow and Carlson, 2012), even if it can come
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from different sources and organisms responsible for its
production can vary from one environment to another ac-
cording to different trophic and hydrological conditions.
On the one hand, it has been shown that marine aggre-
gates can be formed by abiotic processes from colloidal
precursors (Passow, 2000), by turbulence (Pedrotti et al.,
2010) or by UV radiation (Ortega-Retuerta et al., 2009b).
It is well established that sticky polysaccharide precursors
are excreted by various planktonic organisms during their
growth and decomposition phases, so that biotic and abi-
otic causes are often interacting in the formation of ag-
gregates (Passow, 2002a).

Phytoplankton was considered, especially in marine en-
vironments, the most important source of TEP (Passow and
Alldredge, 1994). In particular, the main TEP producers
were identified as: marine diatoms (Passow, 2002b), marine
and freshwater cyanobacteria (Grossart et al., 1998;
Berman-Frank et al., 2007; Deng et al., 2016; Callieri et
al., 2017) and dinoflagellates (Passow and Alldredge, 1994;
Alldredge et al., 1998). Other organisms, such as zooplank-
ton (Prieto et al., 2001) or macroalgae (Thornton, 2004),
have also been reported as secondary sources of TEP. Het-
erotrophic bacteria have also proven important in the pro-
duction of TEP, mainly because they can attach themselves
to algal cells and form a microzone that can be the site of
production of extracellular substances that mediate aggre-
gation (Grossart et al., 2006; Gärdes et al., 2011). Alterna-
tively, bacteria can also release high amounts of
polysaccharides and have a direct role in TEP formation in
the sea (Ortega-Retuerta et al., 2010).

Other microorganisms directly involved in TEP pro-
duction include picocyanobacteria. There are evidences
of the importance of picocyanobacteria-TEP relation both
in marine and freshwaters: in the oligotrophic oceans
Prochlorococcus sp. has been identified as a possible rel-
evant source of TEP (Iuculano et al., 2017) and in the
oligotrophic Lake Maggiore Synechococcus spp. abun-
dance significantly correlated to TEP concentration (Cal-
lieri et al., 2017). Different cyanobacteria genera can
produce TEP (Trichodesmium, Berman-Frank et al., 2007;
Anabaena, Bittar and Vieira, 2010; Crocosphaera, Sohm
et al., 2011; Synechococcus, Deng et al., 2016, Callieri et
al., 2019b). In laboratory experiments, under oxidative
stress conditions Vulcanococcus limneticus produced TEP
to contrast the UVR-PAR detrimental effect and formed
microcolonies or larger aggregates (Callieri et al., 2019b).
TEP formation and Synechococcus cell aggregation have
also been related to other stress conditions like nutrient
limitation (Deng et al., 2016). When a phytoplankton
bloom declines, the excretion of mucus by senescent cells
favours the formation of sticky aggregates (Schuster and
Herndl, 1995). Therefore, cells in decay or during the Pro-
grammed Cell Death (PCD) pathways induced by a stress,
result in aggregate formation, high caspase-specific activ-

ity and TEP production (Bidle, 2015; Nissimov and Bidle,
2017; Thornton and Chen, 2017).

Taking into account the enormous importance of pic-
ocyanobacteria in the biogeochemical cycles of aquatic
environments (Flombaum et al., 2013), we consider it cru-
cial to study their role in TEP production particularly in
the large deep lakes that constitute an important freshwa-
ter reserve for the planet. As study site we selected Lake
Maggiore, one of the largest and deepest subalpine lakes
in Europe. This lake is monitored since the eighties, in-
cluding a new monitoring programme on TEP temporal
and spatial dynamics funded by the International Com-
mission for the Protection of Italian-Swiss Waters
(CIPAIS) initiated in 2013. The results showed that the
annual average concentration of TEP has increased about
three times over eight years (CIPAIS Reports). These re-
sults are derived from the study, carried out between 2013
and 2020, of the variability of TEP concentration over
time and with depth at the deepest sampling station in
Lake Maggiore. Given the presence of foams in littoral
areas during the months of high TEP concentration, it
could be assumed that there is a horizontal gradient of
TEP and related parameters. As data on the horizontal dis-
tribution of TEP and related parameters are lacking in the
literature, we decided to study the TEP distribution in a
littoral-pelagic gradient in relation to the TOC, and Chl
concentration of the most important algal groups and to
the picocyanobacteria abundance. Therefore, we carried
out a series of samplings along a transect from littoral to
pelagic zone (2 km from the shore) in the Borromeo basin
of Lake Maggiore. Three sampling campaigns were car-
ried out in different periods of the year (May, July and
September 2019) to measure the variations of TEP, TOC,
main physical and chemical parameters in relation to pic-
ocyanobacteria abundance, and Chl of the main phyto-
plankton groups. The aims of this study were: 1) to
investigate the possible presence of a littoral-pelagic gra-
dient of TEP, TOC, Chl concentration and autotrophic or-
ganisms; 2) to ascertain in detail to which algal groups
TEP production is most correlated; 3) to deepen the
knowledge about the relationship between picocyanobac-
teria and TEP.

METHODS

Site description and sampling

Lake Maggiore (45°55’N, 8°32’E, lake area 212 km2,
Zmax 372 m) is a large, deep lake located in the subalpine
Northern Italy lake district. Its chemical, physical and bi-
ological characteristics are well studied (Ambrosetti et al.,
2003; Bertoni et al., 2010; Morabito et al., 2012; Salmaso
and Mosello, 2010; Salmaso et al., 2020) and the lake is
now in oligo-mesotrophic conditions, with annual average
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total phosphorus around 12 μg L–1 (Rogora et al., 2018).
Since 1980, the lake is included in a monitoring pro-

gram of biological, chemical and physical variables, with
monthly/fortnightly samplings along the whole water col-
umn, funded by CIPAIS. Lake Maggiore is also a research
site within the LTER (Long-Term Ecological Research)
network (Site LTER_EU_IT_045).

Sampling was performed in the Borromeo Basin on
three occasions during 2019: 21 May, 16 July and 18 Sep-
tember, in an area of the lake not subject to direct inputs
of inflowing waters. In a distance of up to 2 km from the
coast, 6 sampling stations (St.) and 5 depths along the pro-
file were selected (Tab. 1) to obtain a rather detailed dis-
tribution of the selected parameters. On each occasion six
sampling sites in a horizontal transect were selected, ac-
cording to isobaths (20, 30, 50, 70, 100, 120 m) plus one
from the shore (St.0 at 0.5 m) to finally obtain sampling
for littoral, mesopelagic and pelagic zones (Tab. 1). At
St.1 samples were taken at 0.5, 5, 10, and 1 m from the
bottom; at St. 2, 3, 4, 5, 6 samples were taken at 0.5, 5,
10, 15 and 1 m from the bottom (Tab. 1).

The analyses of Total Organic Carbon (TOC) and
Transparent Exopolymer Particles (TEP) were performed
at the six stations along the transect plus one from the shore
and at different depths (30 samples). At all depths counting
of picocyanobacteria, heterotrophic bacteria and eukary-
otes, photosynthetic efficiency (Fv/Fm) and Chl analyses
were performed (see specific paragraphs for details).

At station 0, 2, 4 and 6 chemical analyses were per-
formed on water samples collected at five different
depths (Tab. 1). In total 48 samples were analyzed for
chemical variables (in the three months). Sampling and
analytical procedures were the same currently used in
the CIPAIS monitoring programs of Lake Maggiore (Ro-
gora et al., 2019).

In situ measurements and chemical parameters

Water temperature, electrical conductivity, pH, dis-
solved oxygen and Chl were measured in situ (underwater
multiparametric probe IDRONAUT OS 316, Idronaut) in

the six stations from surface to bottom. In situ Chl was
also measured from surface to 30 m (the length of the
cable) by a multi-wavelength probe (TS-16-12 Fluoro-
probe, bbeMoldaenke GmbH, Kronshagen, Germany) to
get not only the total Chl concentration but also that of
the different algal classes. The Fluoroprobe measures Chl
fluorescence excited at six different wavelengths (370,
470, 525, 570, 590, 610 nm) and was calibrated to differ-
entiate between “spectral” groups of phytoplankton on the
basis of their relative Chl fluorescence intensity at 680 nm
emission. The UV LED (370 nm) measures the fluores-
cence of CDOM (Chromophoric Dissolved Organic Mat-
ter) to correct the signal of the other channels. The
instrument divides phytoplankton in green algae (chloro-
phytes: Chlorophyceae, Prasinophyceae and Eugleno-
phyceae); xanthophyll-containing brown algae
(Dynophyceae, diatoms: Bacillariophyceae, Fragillario-
phyceae, Mediophyceae; and Chrysophyceae); blue-green
PC (Cyanophyceae phycocyanin-rich), blue-green PE
(Cyanophyceae phycoerythryn-rich), and Cryptophyceae
with Chl a, Chl c and phycobiliproteins.

The following chemical variables were analysed on
water samples: pH, electrical conductivity (potentiometric
methods), total alkalinity (Gran’s titration), soluble reac-
tive (RP) and total phosphorus (TP), ammonium (N-NH4),
total nitrogen (TN), (spectrophotometry, UV-VIS spec-
trophotometer SAFAS UV mc2), reactive silica (Si) (con-
tinuous flow analysis; QuAAtro, SEAL Analytical) nitrate
(N-NO3; ion chromatography, ion analyzer Dionex series
ICS3000). All the analyses were performed according to
standard methods for freshwater samples (APAT, IRSA-
CNR, 2003; APHA, AWWA, WEF, 2012).

Total organic carbon (TOC) and transparent 
exopolymer particles (TEP)

TOC concentration was measured using a total organic
carbon analyser equipped with ASI-L autosampler (Shi-
madzu, TOC-L High-Sensitivity Model). The organic car-
bon is oxidized at 680°C in O2 stream and the resulting

Tab. 1. Sampling zones, stations, distance from the shore, maximum depth of the stations at the different isobaths and sampling depths
along the transect in the study performed in the Borromeo Basin of Lake Maggiore, 2019. In bold are marked the stations and depths
from where samples were also taken for chemical analyses.

Zones                                                            Littoral                                     Mesopelagic                           Pelagic

Stations                                          0                   1                   2                                         3                   4                                         5                   6
Distance from shore (m)                1                 300               380                                    1075             1315                                   1820             1960
Isobaths                                        0.5                 20                 30                                       50                 70                                      100               120
Sampling depths (m)                    0.5                0.5                0.5                                      0.5                0.5                                      0.5                0.5
                                                                            5                   5                                         5                   5                                         5                   5
                                                                           10                 10                                       10                 10                                       10                 10
                                                                       bottom              15                                       15                 15                                       15                 15
                                                                                            bottom                               bottom         bottom                               bottom         bottom
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CO2 is measured with a non-dispersive infrared detector
(NDIR). Two replicates for each sample were analysed
running five analyses per sample.

The concentration of TEP was measured spectropho-
tometrically as absorbance at 787 nm in a 1 cm cell
against distilled water as reference (Alldredge et al.,
1993). Samples were filtered onto polycarbonate mem-
branes (0.4 μm pore size) under low vacuum (<10 mbar,
150mm Hg), stained with 500 µl of 0.22 μm pre-filtered
0.02% Alcian Blue (8GX, Fluka) aqueous solution, in
0.06% glacial acetic acid (pH 2.5) for 30 second (All-
dredge et al., 1993). After staining, the membranes were
rinsed once with MQ water, and then transferred to glass
vials. An aliquot of 6 ml of 80% (v/v) sulphuric acid was
added to the glass vials and the membranes were left im-
mersed for 2 h.

The concentration of TEP was expressed as gum xan-
than (GX) equivalent (µg GX eq L–1) following Passow
and Alldredge (1995). From the TEP data as µg GX eq L–

1 we calculated TEP concentration as µg C L–1 using the
conversion factor of 0.63 proposed by Engel (2004) and
recently used also by Berman-Frank et al. (2016).

Cell counting

Samples were immediately fixed with filtered
formaldehyde (0.2 µm pore size membrane, 1% final con-
centration) and stored at 4°C in the dark. Flow cytometer
Accuri C6 (Becton Dickinson, Oxford, UK), equipped
with a 20 mW 488 nm Solid State Blue Laser and a 14.7
mW 640 nm Diode Red Laser, was used to quantify pic-
ocyanobacteria and bacteria.

Picocyanobacteria, that in Lake Maggiore are mainly
composed by Synechococcus and Cyanobium genera (Cal-
lieri et al., 2012), were quantified using light scattering sig-
nals (forward and side light scatter named FSC-H and
SSC-H, respectively), orange fluorescence (FL2-H channel
= 585/40 nm) and red fluorescence (FL3-H channel >670
nm and FL4-H channel 675/25). The density plots of FL2-
H vs FL3-H allowed for the optimal gating design and the
quantification of the phycoerythrin-rich (PE) and phyco-
cyanin-rich (PC) Synechococcus cells (Callieri et al., 2016).
Larger autofluorescent cells (mainly eukaryotic nanoplank-
ton) (Eukaryote) that form a distinct cloud in the cytograms
with higher Chl signal were also counted.

The overall bacterial abundance was determined by fol-
lowing the common procedures after staining with SYBR
Green I (1:10000 final concentration; Thermofisher Scien-
tific) (Gasol and Morán, 2015). All data were acquired at a
pre-set flow rate of 35 µL min–1, in order to keep the num-
ber of total events below 1000 per second. The BD Accuri
C6 resident software (v. 1.0.264.21) was used for cytogram
gating and data processing.

When necessary, for the presence of colonial or aggre-
gated picocyanobacteria (in September) the sample was

counted twice, before and after sonication, 3 mins at low
energy, by an ultrasonic processor UP200S (Hielscher Ul-
trasound Technology).

Chlorophyll-a and photosynthetic activity 
measurement

Chl concentration was measured in situ using Fluoro-
Probe, IDRONAUT OS 316 CTD (see paragraph on in
situ measurements), and in laboratory measuring the dis-
crete samples by Pulse-Amplitude-Modulation Phyto-
plankton Analyzer (PhytoPAM, Heinz Walz, GmbH,
Effeltrich, Germany). PhytoPAM was equipped with the
Optical Unit ED 101US/MP, the phyto ML (25 measuring
LED in the 4 wavelengths and 12 actinic LED 655nm),
and the phyto AL (37 actinic LED 655nm) (Schreiber et
al., 1986). The µg Chl-a ml–1 was obtained using specific
Chl calibration as reference (performed by Walz H.) and
reference spectra were obtained using pure cultures of
blue, green and brown algae (performed by Walz H.). Also
PE and PC Synechococcus pure cultures were also used
to obtain specific reference spectra.

In particular, PhytoPAM was used to estimate the pho-
tosynthetic activity through the assessment of the effective
quantum yield of energy conversion at the reaction centers
of photosystem II (PSII) using saturation pulses. The max-
imal quantum conversion efficiency of PSII as Fv/Fm ratio
in dark-adapted samples (Genty et al., 1989) was meas-
ured for all the samples.

Statistical analyses and maps

The contour maps of TOC, TEP and Chl concentra-
tions and of PC, PE, bacteria and eukaryote abundance
along the transect were made using Surfer 16 (Golden
Software).

The effect of the various phytoplankton related meas-
ures on TEP abundance was tested separately for total Chl,
Chl assigned to either green algae, cyanobacteria, brown
algae and cryptophytes as measured by fluoroprobe and for
the abundance of PE, PC and eukaryotes as measured by
flow cytometry. Bacterial abundance was not included in
the models because it strongly correlated with the abun-
dance of PE (Pearson’s correlation R2= 0.86). Linear mod-
els were made for the whole dataset and for each sampling
date separately. For the whole dataset the sampling date
was used as a random effect using mixed effect models
(lmer) with the package lmerTest (Kuznetsova et al., 2017).

The effect of space in terms of horizontal (sampling sta-
tion) and vertical (sampling depth) distribution on each of
the measured parameters was evaluated using linear models
as described for TEP. Output is depicted using the Anova
function of the car package (Fox and Weisberg, 2019).
Multivariate statistics were applied using a canonical cor-
respondence analysis (CCA) employing vegan package
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2.5.6 (Oksanen et al., 2019) in R (R Core Team, 2019) to
evaluate the relationships between the physical and chem-
ical variables and the abundance of the quantified microbial
groups. CCA was performed for each month: May, July,
and September as well as for the three months combined.
The constraining variables used were: depth, transparent
exopolymeric particles (TEP), total chlorophyll (T Chl),
dissolved inorganic carbon (DIC), total organic carbon
(TOC), total nitrogen (TN), nitrate (N-NO3), total phospho-
rus (TP), reactive silica (Si), temperature, dissolved oxygen
(DO), photosynthetic active radiation (PAR) and pH. From
these initial ordinations, models were built by permutation
(n=1000) using the ordistep method from vegan. After se-
lecting the significant variables (p<0.05) CCA was further
applied. To test the significance of each ordination
anova.cca function from the vegan package was used (per-
mutations=10000).

RESULTS

Physical and chemical variables

Maps and profiles of water temperature (Fig. 1S) and
dissolved oxygen (DO) (Fig. 2S) showed a uniform dis-
tribution at the different stations. In May, temperature de-
creased from 12.6-12.8°C at the surface to 6.9-7.0°C at
the bottom, with the steepest gradient between 10 and 15
m depth; DO was around 10 mg L–1 in the surface layers,
slightly increased at 10 m depth and then decreased reg-
ularly with depth until 8.0 mg L–1 at the deepest point of
the pelagic station. The thermal gradient increased in July
and September, when surface temperature reached 22°C;
the thermocline was around 20 m depth and DO maxima
of about 11 mg L–1 were evident in both periods between
15 and 20 m depth.

The whole dataset of chemical data resulting from the
analyses is provided in Tab. 1S. The vertical profiles of
N-NH4, N-NO3, TP and Si in the different stations and
sampling dates are shown in Fig. 1. N-NO3, TP and silica
increased with depth in all the three periods, with a more
pronounced gradient in summer and autumn, while N-
NH4 showed an opposite pattern. Concentrations of N-
NO3 and Si in surface water were higher in May (about
700 µg L–1 and 1.0 mg L–1 respectively), compared to July
and September; silica in particular was almost totally de-
pleted in the surface layers in July (0.1-0.2 mg L–1). Con-
centrations of both N-NO3 and silica increased with depth
in July and September, reaching 750-770 µg L–1 and 1.90
mg L–1 at the deepest point, respectively. TP showed quite
similar patterns in the different periods, with concentra-
tion increasing from the surface (6-8 µg L–1 in May and
5-6 µg L–1 in July and September) to the bottom, and with
the highest values recorded in the pelagic St. 6 (16-17 µg
L–1). N-NH4 concentrations were usually very low (be-

tween 5 and 30 µg L–1), with N-NO3 as the dominant form
of N in lake water (about 90% of total N). The highest
concentrations of N-NH4 were measured in summer and
autumn at 10 and 15 m in all the stations; below these
depths, N-NH4 concentrations decreased and values in
bottom waters were similar or lower than those of the sur-
face layers (5-8 µg L–1). In July and September TP also
showed higher concentrations at 10 m depth with respect
to the surface at all the stations; the same occurred for Si
in September. In autumn, in the first 5 m there were con-
ditions of low N-NO3 (410 µg L–1) and N-NH4 (6 µg L–1)
concentrations as well as of TP (around 6 µg L–1).

As regards the horizontal distribution, epilimnetic con-
centrations N-NO3 and N-NH4 did not show any differ-
ence among the stations, while metalimnetic and
hypolimetic N-NH4 concentrations were higher in the
pelagic St. 6 with respect to the littoral zone and N-NO3

showed the opposite pattern. TP in summer tended to be
slightly higher in the pelagic zone, while silica concen-
trations were very similar at the three stations and in the
different sampling periods.

TOC and TEP

TOC showed a decreasing concentration gradient from
the surface to the bottom in spring, summer and autumn,
more pronounced in the pelagic stations (Fig. 2, Fig. 3S).
The biggest differences between the concentrations meas-
ured at the surface and near the bottom occurred in Sep-
tember (690 µg C L–1). As the season progressed, the
gradient was maintained even though the TOC concentra-
tion increased progressively throughout the whole water
column. The average TOC concentration (weighted mean
over depth and shore distance), along the transect, increased
from 1076 µg L–1 in May to 1196 and 1720 µg L–1 in July
and September, respectively. Regarding the horizontal dis-
tribution of TOC concentration, organic material showed a
decreasing concentration gradient from the pelagic to the
littoral zone in May, particularly evident for the layer 0-10
m. In July and September, on the other hand, two regions
of higher concentration were clearly evident at the first lit-
toral station (St.1) and the pelagic stations (St. 5 and St. 6).
In September at St.1 the maximum concentration of 2.3 mg
C L–1 was reached at 5 m.

The spatial and temporal distribution of TEP mirrored
that of TOC, thus highlighting the close relationship be-
tween these two variables (Fig. 3, Fig. 4S). Also for TEP a
steep vertical profile was present in September, when 714
and 15 µg C L–1 were measured at 0.5 and 120 m depth at
the pelagic sampling point (St. 6). The average TEP con-
centration (weighted mean over depth and shore distance),
along the transect, increased from 35 µg C L–1 in May to
50 and 236 µg C L–1 in July and September, respectively.
However, the seasonal increase in TEP concentration was
much higher than that of TOC, with TEP values rising al-
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most tenfold from May to September. In May, the concen-
tration of TEP increased from 57.5 to 98.7 µg C L–1 from
St.1 to St.5 (Fig. 4S) whereas in July, the concentrations of

TEP were rather uniforms. In September the values almost
triplicated from St. 2 to St. 4 at 5 m (from 320 to 910 µg C
L–1) showing a micro-patches distribution.

Fig. 1. Profiles of the main nutrient concentrations at Stations 2, 4 and 6, Lake Maggiore, in May, July and September 2019.
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FluoroProbe chlorophyll-a concentrations and
photosynthetic efficiency (Fv/Fm)

Chl concentrations were measured by three methods
and a comparison of the results is presented in the supple-
mentary materials (Fig. 5S). 

Here we present the data of the FluoroProbe in a map
with the distance from the coast and in vertical profiles
(Fig. 4, Fig. 5S). With this probe the weighted mean over
depth and shore distance was 1.57 µg Chl L–1 in May, 4.18

in July and 2.83 µg Chl L–1 in September. The maximum
value was reached in July, at 10 m in St. 3 (8.13 µg L–1).
In May, the highest concentrations were measured in the
pelagic St.6 and in St.4 at 10 and 8 m respectively, reach-
ing 3.90 and 3.83 µg Chl L–1. From the profiles of the dif-
ferent algal groups the major contribution of the green and
brown algae to the total Chl concentrations was evident
(in Fig. 5 are reported only St. 2, 4, 6). The profiles of all
the stations are presented in the supplementary materials

Fig. 2. Total organic carbon (TOC) concentration maps along the transect in Lake Maggiore, 2019.
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(Figs. 6S, 7S, 8S). The cyanobacteria biomass was very
low or absent (0-0.4 µg Chl L–1) and the Cryptophyceae
were present all along the profile with a peak at St. 4 near
10 m. The green algae prevailed in the first 6 m and the
brown had the peak at 8-10 m. From the microscopic

counting performed in a different date (16-6-2019) in the
Borromeo basin it appears that the brown algae were
mainly composed by Crysophyceae both at 5 and 15 m
(Fig. 9S). The concentrations near the surface were <2 µg
Chl L–1 in all the stations. The profile in the littoral St.2

Fig. 3. Transparent exopolymer particles (TEP) concentration maps along the transect in Lake Maggiore, 2019.
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was different from those obtained in the other stations and
showed one peak at 2 m and a second one at 6 m. In the
mesopelagic and pelagic stations, below 20 m, the Chl
concentrations were very low (0.1-0.7 µg Chl L–1).

In July the depth profiles of Chl were similar in all the
stations and showed two peaks, one at 8 m with 8 µg Chl
L–1 and a second less pronounced peak at 15 m with
around 6 µg Chl L–1 (Fig. 4). This vertical pattern was

Fig. 4. Chlorophyll-a concentration maps along the transect performed by FluoroProbe in the layer 0-30 m, in Lake
Maggiore, 2019.
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more pronounced in the pelagic respect to the littoral sta-
tions. Looking at the profiles of the different algal groups
we noticed the low signal of the green algae in the first
16 m with only a small peak at 18-20 m and the preva-

lence of the brown algae in the first 18 m mainly com-
posed of diatoms (Fig. 5).

In September, there was a general decrease of Chl con-
centrations with respect to July (Fig. 4). In the pelagic St. 6

Fig. 5. Profiles of Chlorophyll-a concentrations derived from the different algal groups in the six stations along the transect,
in May, June and September 2019, in Lake Maggiore. Green: Chlorophyceae, Prasinophyceae, Euglenophyceae; Brown:
Dinophyceae, Bacillariophyceae, Fragillariophyceae, Mediophyceae, Chrysophyceae; Cryptophyta: Cryptophyceae; Cyano
PE, Cyanophyceae phycoerythryn-rich.
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the maximum value was 4.95 µg Chl L–1 at 6 m, whereas in
the littoral stations the maximum was 6.19 µg Chl L–1 (St.
2) at 7 m. The vertical profiles of the different algal groups
showed a situation very different from the other two dates
(May and July) with the appearance of Cyanobacteria that
were mainly composed by picocyanobacteria in its solitary
and colonial forms together with other Chroochoccales and
Cryptophyceae (Fig. 5, Figs. 8S and 9S). Diatoms were al-

ways prevailing in the first five meters but below this depth
there was an increase of green algae and picocyanobacteria.

The Fv/Fm values, that indicate the photosynthetic ef-
ficiency of the different algal groups, showed different re-
sults in the different months with the highest values in
September (Fig. 6). It was interesting to note that in May
there were no measurable values below 20 m, whereas in
July and September all the algal groups showed some,
even rare, positive values also in the deepest layers. The
highest efficiency are presented by diatoms (from 0.6 to
0.9), with only two exceptions in July when also green
algae were very efficient. The Fv/Fm were generally lower
in the surface samples and increase in the first 10-20 m.

Flow cytometry counts

Phycoerythrin-rich (PE) and phycocyanin-rich (PC)
Synechococcus cells were counted separately using flow
cytometer. PE always prevail over PC and constitute from
90 to 99 % of the total picocyanobacteria count. PE num-
ber did not show any clear pattern from St. 1 to St. 6, but
oscillated along the horizontal gradient (Fig. 7, Fig. 10S).
PC horizontal distribution was more variable than PE with
the highest numbers at 5 and 10 m (Fig. 8, Fig. 11S).

In May PE ranged from 0.7 to 80x103 cells ml–1 whereas
PC from 0.08 to 3.3x103 cells ml–1. There was a pronounced
increase of PE and PC number along the season with the
highest number in September, when the highest PE abun-
dance was reached at 5 m in St. 6 (574x103 cells ml–1). Also
PC reached the highest abundance in September at 5 m but
in the littoral St. 1 (14.4x103 cells ml–1). The weighted mean
of PE counts over depth and shore distance was 34x103

cells ml–1 in May, 82x103 cells ml–1 in July and 161x103

cells ml–1 in September.
Filamentous and colonial cyanobacteria were present

in September mainly at 10 m (PE in aggregates ranged
from 25 to 75%, Fig. 12S). The numbers here presented
refer to the sonicated sample. It must be underlined here
that in September PE were present in high number up to
15-20 m in all the stations. In September also PC number
increases even at a lower extent and more evidently in the
littoral stations.

Bacterial abundances maps and profiles (Fig. 9, Fig.
13S) show a progressive increase in number with the sea-
son and a decrease with depth. The weighted mean over
depth and shore distance was 1.22x106 cells ml–1 in May,
1.62x106 cells ml–1 in July and 2.59x106 cells ml–1 in Sep-
tember. In the littoral stations, in May, the number was
higher than in the pelagic stations but in July there was
an increase of bacteria in St. 5 and St. 6 at 15 m. In May,
the range of bacterial abundance was 0.50-2.15x106 cells
ml–1 and in July was 0.61-2.55x106 cells ml–1. In Septem-
ber the number of bacteria ranged 0.67-4.14x106 cells
ml–1 with high values rather homogeneous in all the sta-
tions, and a peak at St.2.

Fig. 6. Photosynthetic efficiency (Fv/Fm) for the three algal
groups reported in the legend and measured by PhytoPAM
in May, July and September 2019, in Lake Maggiore.
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Eukaryote abundance profiles are reported in sup-
plementary materials (Fig. 14S). They decreased in
number along the season, in May (range 0.16-21.5x103

cells ml–1) and July (range 0.19-21.4x103 cells ml–1) the

larger algae were more abundant, while in September
when the small picocyanobacteria increased in
abundance, eukaryotes decreased (range 0.08-13.7x103

cells ml–1).

Fig. 7. Maps of the phycoerythrin-rich picocyanobacteria (PE) number along the transect of Lake Maggiore in May, July and
September 2019.
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Statistical analyses
We tested the influence of sampling station and depth

on the distribution of the various microbiological param-
eters and found that in all the tested cases depth (vertical
distribution) was highly influential whereas the impor-
tance of stations (horizontal distribution) was not signifi-

cant, with the exception of TOC in May and July and Chl
and bacteria in July (Tab. 2S).

We found a significant correlation between TEP concen-
tration and four phytoplankton groups measured with flow
cytometry: phycocyanin and phycoerythrin picocyanobac-
teria (PC and PE), bacteria, and eukaryotes (Tabs. 2 and 3S).

Fig. 8. Maps of the phycocyanin-rich picocyanobacteria (PC) along the transect of Lake Maggiore in May, July and
September 2019.
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In particular, considering all the data, the correlation was
significant only for PE; in May there was no significant cor-
relation, in July there was a significant correlation with PC
and eukaryotes, in September again there was a correlation
with PE (Tab. 2). The regression of TEP versus PE was al-

ways significant with an R2 of 0.406 in May, of 0.608 in July
and of 0.673 in September (Fig. 15S).

The total Chl measured by FluoroProbe was signifi-
cantly correlated to TEP both considering all the data to-
gether and by month (Tabs. 2 and 4S). Considering the

Fig. 9. Maps of the heterotrophic bacteria (Bact) number along the transect of Lake Maggiore in May, July and
September 2019.
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FluoroProbe results of the different algal groups, TEP con-
centration was significantly correlated to brown algae in
the whole study. In May, TEP was correlated to green algae
biomass and in September with green and brown algae. In
July there was no significant correlation (Tabs. 2 and 5S).

The CCA variables of organic carbon sources (TEP
and TOC) and photosynthetic activity (Chl and PAR) clus-
tered together and were strongly related to the different
microbial groups; this pattern was clear for all ordinations
except for July. On the other hand, TN, N-NO3 and TP
were found on the opposite side of the ordination indicat-
ing a weak relation (Fig. 10).

When considering all data PC was associated to Chl
and temperature while PE was associated to TEP and
temperature. The Eukaryotic algae (Euk) were associated
in this ordination to N-NO3 and PAR (Tab. 6S). Bacteria
were not strongly associated to variables in all ordina-
tions. All the models obtained were significant (p<5x10–4)
according to the ANOVA analysis (Tab. 7S). In May Euk
and PE Synechococcus were associated to a cluster of the
variables TEP, Total Chlorophyll (T Chl), temperature
and PAR (Fig 10 A, Tab. 8S). In July, a clear relation was
not found and Euk, PC and PE were only associated to
pH (Fig. 10 B, Tab. 9S). In September PAR, T Chl,
pH and TOC were associated to Euk and these same
variables except for TOC, were related to PE (Fig. 10 C,
Tab. 10S).

DISCUSSION

The limnological characteristics of the Borromeo
basin, based on physical-chemical measurements, indi-
cated: 1) the presence of a metalimnion in July and Sep-
tember that was not yet fully developed in May, 2) the
persistence of conditions of oligotrophy with slightly
higher concentrations of Si and N-NO3 concentrations in
May and subsequent decline due to diatoms growth, 3) a

wide range of TEP concentrations from 35 µg C L–1 in
May to 236 µg C L–1 in September, when foams appeared
on the lake surface.

In this framework, the picture offered by the distribu-
tion maps of the different parameters in the Borromeo
basin of Lake Maggiore revealed that, the horizontal het-
erogeneity, visible observing the distribution maps was
not statistically significant for TEP and picocyanobacteria,
compared to the vertical gradient that was always signif-
icant. Conversely, there was a significant horizontal TOC
heterogeneity in May and July, and of Chl and bacteria in
July, even at a lower extent respect to the vertical gradient
(Tab. 2S). Therefore, the hypothesized horizontal hetero-
geneity of TEP concentrations between the littoral and
pelagic zones, based on the observation of accumulated
foams along the coast, was not found in the Borromeo
basin of Lake Maggiore. Similarly, picocyanobacteria PE
numbers were fairly evenly distributed horizontally, indi-
cating that the littoral and pelagic zones worked in unison
for microorganisms in this large lake.

However, TOC, a parameter that includes TEP and all
the organisms expressed as carbon, Chl and bacteria pre-
sented some dissonance. Particularly for TOC, along with
a vertical heterogeneity already highlighted (Bertoni et
al., 2016), there was also a heterogeneity between the lit-
toral and the pelagic zone, which showed a non-unidirec-
tional concentration gradient. TOC accumulation in the
littoral zone appeared more pronounced in September,
when the maximum value of 2.3 mg C L–1 was recorded,
and there was a general increase of TOC concentrations,
also evident in the pelagic zone.

From the distribution map of TEP, only in May two
patches were visible: one in the pelagic and a smaller one
in the littoral zone. This apparent horizontal heterogeneity
was not significant, however, and this could be due to the
possibility that patchiness of TEP is on a much finer scale
with micro-hot spots of TEP production (Verdugo et al.,
2004), not detectable by data analysis.

Tab. 2. P-values of the statistics of the linear models testing the effect of PE, PC cyanobacteria, eukaryotes (EUK), total Chlorophyll-a
(Chl), chlorophyll of the different algal groups (measured by FluoroProbe) on the concentration of TEP in the whole dataset and for each
of the sampling dates. 

TEP versus                                         Whole study                            May                                   July                              September

PC number                                               0.3982                                0.1750                             0.0073 **                             0.9819
PE number                                            0.0010 **                             0.1030                                0.0678                              0.0139 *
EUK number                                           0.2660                                0.6740                             0.0043 **                             0.3817
Total Chl                                         0.0084x10---2 ***                     0.0028 **                     0.0001x10---6 ***               0.0006x10---2 ***
Green                                                       0.2853                              0.0344 *                              0.2100                             0.0027 **
Cyano PE                                                 0.7630                                0.6493                                0.8220                                0.5623
Brown                                                  0.0002 ***                            0.1230                                0.2040                       0.0004x10---2 ***
Cryptophytes                                           0.6738                                0.8853                                0.7440                                0.5954
Green: Chlorophyceae, Euglenophyceae, Prasinophyceae; Cyano PE: Cyanophyceae phycoerythryn-rich. Brown: Dinophyceae, Bacillariophyceae,
Fragillariophyceae, Mediophyceae, Chrysophyceae; Cryptophytes: Cryptophyceae; *<0.05; **<0.01; ***<0.001.
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To our knowledge, this is the first paper analysing in
detail the distribution of TEP, TOC, Chl of different algal
groups and picoplankton number in a lake, by comparing
vertical and horizontal distribution. On the other hand,
studies on marine transects are more numerous and have
compared zones of different hydrology. For example, in
a north-south transect of the Atlantic Ocean (Zamanillo
et al., 2019a) and in the Gulf of Cadiz (García et al.,
2002), TEP distribution was studied and its heterogeneity
was found to depend on phytoplankton mass and Chl in
the first case and from hydrodynamic patterns in the latter,
an area of upwelling and currents. Therefore, in the area
with high disturbance the physical events were dominant
on the biological effects.

As regards freshwater systems, a study of 32 north
temperate and Mediterranean lakes showed a relationship
between TEP and Chl and even very high concentrations
of TEP with a maximum of 9 mg GX eq L–1 (de Vicente
et al., 2010). In our study the maximum value was meas-
ured in September and, in terms of gum xanthan equiva-
lents, was 1.44 mg GX eq L–1. However, it must be
considered that Lake Maggiore is a deep, oligotrophic

lake that can be hardly compared to a small eutrophic
lake. The multivariate analysis (CCA) on all combined
data showed that picoplanktonic communities ordinated
towards higher TEP, Chl and temperature despite the sin-
gle month data indicated different ordination of the envi-
ronmental variables and microbial groups thus suggesting
the presence of a dynamic net of relationships among mi-
croorganisms and environment.

Total Chl concentration presented a horizontal gradi-
ent, significantly heterogeneous in July with higher con-
centration in the mesopelagic station. The linear models
indicated a strong relationship of total Chl with TEP con-
centration in all the months and this is in accordance with
previous results in Lake Maggiore (Callieri et al., 2017)
and in other freshwater and marine systems (de Vicente
et al., 2010; Zamanillo et al., 2019b). The Chl profiles of
the different algal groups indicated the dominance of
brown algae in all three months. This algal group was also
significantly correlated with TEP concentration consider-
ing all the data together, thus suggesting brown algae
(Dynophyceae, diatoms: Bacillariophyceae, Fragillario-
phyceae, Mediophyceae; and Chrysophyceae) as the most

Fig. 10. Biplot of the Canonical Correspondence Analysis (CCA) of physical, chemical, and morphometric variables versus
microbial groups. A) May; B) July; C) September; D) all data.
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important group producing TEP in Lake Maggiore. If we
go deeper in the brown algae classification, looking at the
data of the microscopic observations and those already
published (Austoni et al., 2020) we see that in May/June
they were composed by the pennate diatoms Fragilaria
crotonensis and Asterionella formosa but also by the Cris-
ophyceans Dinobryon divergens, Chrysochromulina
parva and Mallomonas caudata (Austoni et al., 2020).
The profiles in May showed that also green algae were
important in all the stations and were dominant in the first
three meters. In this period of the year green algae in Lake
Maggiore were mainly composed by Sphaerocystis spp.,
Staurastrum spp. and Mougeotia sp. and were signifi-
cantly correlated with TEP. Nevertheless, all the algae
present in May and contributing to the highest biomass in
Lake Maggiore during 2019 (2200 µg L–1) (Austoni et al.,
2020) did not produce high TEP concentration, that in
May reached the maximum of 100 µg C L–1. Similarly, in
July, when the highest Chl concentration was measured
(8.13 µg L–1), mainly due to pennate diatoms, the TEP
concentration was low (<100 µg C L–1). Only in Septem-
ber, when the phytoplankton community was not only
composed of brown and green algae but also of cyanobac-
teria, a significant increase in TEP was observed, up to
one order of magnitude higher (910 µg C L–1). The brown
algae, here constituted by centric diatoms like Cyclotella
bodanica (Lindavia bodanica) and C. comensis and to a
lesser extent to the pennate diatoms like F. crotonensis
and A. formosa, were highly significantly correlated to
TEP. The PE cyanobacteria, constituted in this month by
colonial cyanobacteria like Microcystis aeruginosa,
Aphanothece spp. and Aphanocapsa spp. together with a
massive number of single cell and microcolonies of Syne-
chococcus were significantly correlated with TEP. On the
contrary, if we consider the Chl of the cyanobacteria in-
stead of their number, we do not find a significant corre-
lation, and hence cyanobacteria would appear not a good
predictor of TEP. Colonial and single-cell Chroococcales
have been found to produce a high TEP concentration
compared to filamentous cyanobacteria in xenic cultures
(Pannard et al., 2016).

In September, the increase in TEP concentrations was
not supported by an equally impressive increase in Chl
but by an increase in picocyanobacteria and bacteria num-
ber. The centric diatoms, which dominated this month, ap-
pear to be the main producers of TEP, albeit with a lower
concentration of Chl, together with a rich autotrophic and
heterotrophic microflora.

Some diatoms and cyanobacteria can produce TEP
particles during the decline of a bloom (Grossart et al.,
1997; Passow, 2002a) but these evidences are mainly de-
rived from studies on marine species like Phaeocystis
pouchetii and Thalassiosira rotula and others (Passow
and Wassmann, 1994; Grossart and Simon, 2007; Tab. 3

in Passow, 2002a). From our results the maximum PSII
photochemical efficiency, termed Fv/Fm, indicates that in
September the diatoms show the highest values, thus it is
not likely that the population was in a senescence phase.
Green algae and cyanobacteria resulted less photosynthet-
ically efficient than diatoms with also very low Fv/Fm val-
ues (0.2-0.4) whereas in general the mean value for these
groups is 0.8 and 0.6, respectively (Masojídek et al.,
2010). Nevertheless, one must remember that the ratio
Fv/Fm expresses also a “taxonomic signature” which is su-
perimposed to the physiological status (Suggett et al.,
2009). In fact, it has been observed that Fv/Fm can decrease
in coincidence with an increase in cell size, with a chang-
ing from a cyanobacteria to diatoms dominated commu-
nity (from smaller to larger cells) (Sosik and Olson, 2002).
Therefore, the ratio Fv/Fm represents a composite index of
taxonomy and nutritional status.

The different TEP concentrations during the three
months were particularly evident in September when TEP
reached the highest values and when foam episodes
started to occur on the entire lake surface (CIPAIS, CNR
IRSA - Sede di Verbania, 2020). Other episodes of foam
formation had previously occurred in Lake Maggiore in
particular in 2007, 2008 and 2010 (Stefani et al., 2016).
The foams were composed by lipids, proteins, monosac-
charides probably derived from the polysaccharides exu-
dated by algae and with natural surfactant properties.
Considering the results of our work, it is likely that the
foams formation was strictly connected to the TEP for-
mation also mirroring its homogeneous distribution from
the littoral to the pelagic zone, particularly during months
of high TEP concentration. Therefore, the foams accumu-
lation near the shore can be related more to wind trans-
portation of matter brought to the surface by the Langmuir
circulation than to foam generation restricted to the littoral
zone (Stefani et al., 2016). Indeed, during the periods of
foam presence the characteristic surface strips resulting
from Langmuir circulation were often observed in Lake
Maggiore. In 2007 and 2008 there was an exceptional di-
atom development of Tabellaria flocculosa that was con-
sidered the main actor of foam formation in those years
(Stefani et al., 2016). We cannot exclude the importance
of the cyanobacteria Dolichospermum lemmermannii and
of the picocyanobacterium Synechococcus in TEP and
foam formation present in those years (Callieri et al.,
2014, 2017) but not considered in the study by Stefani et
al. (2016).

CONCLUSIONS

In the Borromeo basin of Lake Maggiore, the distri-
bution of TEP was more uniform along the horizontal gra-
dient, from littoral to pelagic zone, than along the vertical
gradient from surface to bottom. This result is related to

Non
-co

mmerc
ial

 us
e o

nly



C. Callieri et al.290

the predominantly algal origin of TEP and to its relation
with the autotrophic microorganisms prevailing in the eu-
photic zone of the lake. However, sporadic phenomena of
horizontal heterogeneity were observed, especially of
TOC, bacteria and Chl. This study confirms, for the first
time, that TEP concentrations can reach very high values
in oligotrophic lakes such as Lake Maggiore. The maxi-
mum value of 1.44 mg GX eq L–1 was measured in Sep-
tember 2019, in concomitance with an episode of foam
appearance. TEP can be considered as one of the drivers
of foams and its study in the field, combined with satellite
maps of foams distribution on the whole lake surface,
could be of some help in predicting potential accumula-
tion zones. The significant relationship between TEP and
Chl is confirmed in this study and the algal group mostly
related to TEP is that of brown algae, particularly diatoms,
and in May of Chlorophyceae. Cyanophyceae were not
significantly correlated with TEP when considering Chl
signatures, however, when analysing the number of pico-
cyanobacteria, they were significantly correlated with
TEP. Along with a high number of picocyanobacteria,
which in September were present in the form of micro-
colonies and aggregates, there was also a very high num-
ber of bacteria, which could play a considerable role in
direct or indirect TEP formation.
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