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Abstract: Harmful cyanobacteria blooms (HCBs) are one of the main water quality threats affecting
reservoirs. Guidelines suggest integrating laboratory, real-time in situ, and remote sensing data in
the monitoring of HCBs. However, this approach is still little adopted in institutional measuring
programs. We demonstrated that this integration improves frequency and spatial resolution of
the data collection. Data were from an intense HCB (Planktothrix rubescens), which occurred in a
south Italy multiple-uses reservoir (Lake Occhito) between 2008 and 2009 and regarded both the
lake and the irrigation network. Laboratory and in situ fluorometric data were related to satellite
imagery, using simple linear regression models, to produce surface lake-wide maps reporting the
distribution of both P. rubescens and microcystins. In the first node of the distribution network,
microcystin concentrations (4–10 µg L−1) reached values potentially able to damage the culture
and to accumulate during cultivation. Nevertheless, our study shows a decrease in the microcystin
content with the distance from the lake (0.05 µg L−1 km−1), with a reduction of about 80% of the
microcystin concentrations at the furthest tanks. Recent improvements in the spatial resolution (i.e.,
tens of meters) of satellite imagery allow us to monitor the main tanks of large and complex irrigation
systems.

Keywords: harmful cyanobacteria blooms; microcystins; multiple-uses reservoirs; irrigation network;
in situ measurements; remote sensing

1. Introduction

Cyanobacterial blooms are becoming increasingly frequent in lakes [1–3]; their increase
is likely driven by different factors related to both global (e.g., atmospheric temperature
increase) and local (e.g., nutrient loads) environmental modifications [4–7]. Mass develop-
ment of cyanobacteria may determine different detrimental effects on the lake ecosystem,
including a turbidity increase and oxygen depletion, with negative effects for macrophytes,
invertebrates, and fish species [8]. Although cyanobacteria are a natural component of
the planktonic population [9], some cyanobacterial species can produce toxic peptides
and alkaloids [10], whose presence can determine a reduction in the ecosystem services,
such as drinking and irrigational supply, fishing, and bathing [3,11–13]. Management of
cyanobacteria blooms is thus of fundamental importance to protect both lake ecosystems
and human health [3].

In recent decades, the filamentous and potentially toxic cyanobacterium Planktothrix
rubescens has colonized many environments in Europe [14], often appearing in mesotrophic
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conditions during the recovery of the trophic state of the lakes [15–17]). P. rubescens is a
red-colored species, also known as ‘Burgundy blood alga’, because its presence can cause an
intense redness of the lake waters [9,18]. A conspicuous presence of this species has also
been recently documented in Italy [19] with examples in northern [14,20,21], central [22,23],
and southern [24,25] Italy.

P. rubescens presents some very specific eco-physiological traits [9,26]. It can slowly
regulate its position over the water column through the production of gas vesicles [27],
and it is well adapted to grow at very low levels of incident radiation [9,28]. These features
have important implications for its phenology [15]. During winter maximum overturn, the
filaments of this species are spread over the entire water column; then, with the incipient
spring stratification, they tend to move deeper to protect their cells from the increased
incident solar radiation [29]. In summer, with the sharpening of the thermal gradient
and the lowering of the thermocline, P. rubescens cells tend to sink further and to form
plate-like layers in the stable metalimnion [30]. Here, they find the best compromise
between incident solar radiation and nutrient availability, which allows them to overcome
the critical summer period [9]. In autumn, with the extending of the vertical mixing,
P. rubescens filaments are spread again over an increasingly larger volume of the water
column [14]. In these conditions, the cells of this species can intercept the augmented
nutrient availability (potentially from both external sources and internal recycle) and
bloom [15,31]. The more intense the autumnal bloom, the higher the winter inoculum will
be, which in turn is essential for the success of this species in the subsequent growing
season [21].

In terms of cyanotoxins, P. rubescens produces microcystins, metabolites with hepa-
totoxic effects [32–35] suspected to be tumor promoters [25]. Compared to other species,
P. rubescens is characterized by a relatively simple toxin profile consisting of two to four
demethyl variants of microcystin-RR: [D-Asp3, Dhb7] MC-RR, [D-Asp3] MC-RR, or [Dha7]
MC-RR [32].

The cyanotoxin production in cyanobacteria population depends on different fac-
tors, including the percentage of genotypes able to produce cyanotoxins, the availability
of light and nutrients, and the population growth stage [10]. Different studies found a
significant correlation between microcystin endo-cellular concentration and cell density
of P. rubescens [32,34,36,37]. Briand et al. [32] reported a microcystin cellular quota (the
content of microcystin per cell or unit of biomass) in natural conditions in a range of
0.1–0.3 pg cell L−1. Salmaso et al. [34] compared the microcystin production in four Italian
lakes (including Lake Occhito) and demonstrated the existence of a clear lake-specific rela-
tionship linking the intracellular microcystin concentration and the P. rubescens’ biomass.
The microcystin cell quota in Lake Occhito resulted about fivefold higher compared to the
other three case studies (i.e., Lake Ledro, Pusiano, and Garda) with a microcystin quota of
3.16 µg mm−3 corresponding to 0.26 pg cell −1.

The correct management of cyanobacteria blooms needs the availability of high-quality
data collected with an adequate temporal and spatial detail [11]. In recent decades, remote
sensing techniques have been emerging as a powerful tool to furnish high spatial and
temporal resolution data on algal blooms [6,38]. Since the first studies carried out in late
1970 [39], many algorithms have been implemented to monitor the algal population via
remote sensing. Some of them are simply based on a spectral band ratio; others (i.e.,
semi-analytic or analytic) require more auxiliary information [40,41] and are characterized
by a higher level of complexity. Cyanobacteria are generally monitored via remote sensing
using the biomarker pigment phycocyanin ([42–44]. Phycocyanin is a secondary accessory
pigment belonging to the family of the phycobiliprotein present in all the cyanobacteria
species, which is used to increase the light harvesting in the visible spectrum [9]. The
presence of phycocyanin (absorption maxima ~615–640 nm, [45]), gives a specific pattern to
the reflectance spectrum. A maximum reflectance, near 650 nm, has been used to monitor
cyanobacteria [40,46]. In addition to phycocyanin, P. rubescens cells contain phycoerythrin,
the phycobiliprotein responsible for the intense reddish coloring of its blooms [47,48]. This
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pigment absorbs strongly at around 590 nm and gives a strong signal in reflectance between
680 nm and 709 nm [49]. The backscattering/absorption that creates a peak around 709 nm
is highly correlated [50,51] with algae and cyanobacterial biomass at higher trophic states
(Chl-a > 20 mg m−3), and this portion of the spectrum in remote sensing applications is
used to generate quantitative maps of cyanobacteria bloom [52–54].

In this paper we present the results of a study conducted between April 2009 and
April 2010 in a strategic multiple-uses (irrigation and drinking supply) reservoir (Lake
Occhito) located in South Italy, affected by a strong P. rubescens bloom. In situ measurements
regarded both the lake ecosystem and the irrigation network, which is fed by the lake
waters during the agricultural season. The distribution of the P. rubescens bloom on the lake
surface was also monitored via remote sensing. The algorithm developed in this study uses
signal bands in the regions of ~680–710 nm, associated with phycoerythrin. Lake-wide
maps of the P. rubescens surface distribution were developed and their usefulness and
limitations for the management of cyanobacteria blooms are discussed. This paper also
reports the trend of P. rubescens contamination in a large and complex irrigation network
during the bloom, discussing how real-time in situ and remote sensing monitoring could
improve the water withdrawal and the management of the bloom spread in the irrigation
system, respectively.

2. Materials and Methods
2.1. Study Site

Lake Occhito (41◦34′48′′ N, 14◦56′42′′ E) is one of the largest Italian reservoirs. It has a
maximum surface area and a total volume of about 14 km2 and 333 × 106 m3, respectively
(Table 1).

Table 1. Morphometric features of Lake Occhito.

Variable Value Unit

Watershed area 1012 km2

Lake area 13.74 km2

Maximum elevation 198 m a.s.l.
Maximum depth 40 m
Maximum width 2000 km

Lake volume 333 × 106 m3

Irrigation network area 600 km2

The dam is built on the bed of the Fortore River (Figure 1); the reservoir watershed
(~1000 km2) drains the waters of several stream inflows (Figure 1). The lake water is used
as a drinking supply (600 × 103 inhabitants) and for the irrigation of the Tavoliere di Puglia,
a strategic agricultural area in South Italy. The dam has a height of about 40 m; water
withdrawal occurs from an opening 12 m wide and 8 m high, located at a fixed height of
11.5 m above the lake bottom. After withdrawal, the water enters a tunnel and reaches
the Finocchito splitter from which it is distributed by gravity to the proper irrigation
network and to the drinking treatment plant, respectively. Drinking water is furnished
continuously with an average flow rate of about 1 m3 s−1. Maximum water withdrawal
is due to irrigation between April and October (25 m3 s−1). The irrigation network is fed
solely by the Lake Occhito waters and consists of several storage tanks serving a total area
of about 600 km2 (Figure 1).
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Figure 1. Top left: Lake Occhito position in the Italian peninsula. Main panel: Lake Occhito profile within its catchment 
and a schematic of the main rivers and of the irrigation network, including the storage tanks sampled in this study. Top 
right: Lake Occhito profile with indication of the in-situ sampling stations. Bottom right: Lake Occhito profile containing 
the MERIS (Medium Resolution Imaging Spectrometer) cell coverage used in this study. The dashed line delimits the area 
where the MOD09 AOT (Aerosol Optical Thickness) values were averaged to be used for the atmospheric corrections of 
MERIS data. 

An extraordinary P. rubescens bloom occurred in Lake Occhito in late winter 2008 [37]. 
An emergency monitoring program, focused on the impact of the bloom on the drinking 
water supply, was undertaken by the Regional Agency for Environmental Prevention 
from January 2009 [37]. Data from this monitoring program describe the bloom evolution 
from January to July 2009 with the highest values of both P. rubescens cell density (140–
160 × 106 cell L−1) and microcystin concentrations (31 µg L−1) detected between March and 
April 2009. In the two following years (2010–2011), both cell densities (<30 × 106 cell L−1) 
and microcystin concentrations (<2µg L−1) were well below the values monitored during 
the 2008–2009 bloom [55]. 

Figure 1. Top left: Lake Occhito position in the Italian peninsula. Main panel: Lake Occhito profile within its catchment
and a schematic of the main rivers and of the irrigation network, including the storage tanks sampled in this study. Top
right: Lake Occhito profile with indication of the in-situ sampling stations. Bottom right: Lake Occhito profile containing
the MERIS (Medium Resolution Imaging Spectrometer) cell coverage used in this study. The dashed line delimits the area
where the MOD09 AOT (Aerosol Optical Thickness) values were averaged to be used for the atmospheric corrections of
MERIS data.

An extraordinary P. rubescens bloom occurred in Lake Occhito in late winter 2008 [37].
An emergency monitoring program, focused on the impact of the bloom on the drink-
ing water supply, was undertaken by the Regional Agency for Environmental Preven-
tion from January 2009 [37]. Data from this monitoring program describe the bloom
evolution from January to July 2009 with the highest values of both P. rubescens cell
density (140–160 × 106 cell L−1) and microcystin concentrations (31 µg L−1) detected be-
tween March and April 2009. In the two following years (2010–2011), both cell densities
(<30 × 106 cell L−1) and microcystin concentrations (<2 µg L−1) were well below the values
monitored during the 2008–2009 bloom [55].
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The field campaigns presented in this paper were carried out in the period of April
2009–April 2010 and were addressed to the detection of the P. rubescens bloom distribution
in the lake and on its spread in the irrigation network that was monitored only within this
study.

2.2. In Situ Measurements
2.2.1. Sampling Stations

Lake Occhito was sampled along the main south–north transect (Figure 1) following
the lake talweg in four field campaigns conducted on 6 April, 23 June, 19 October 2009,
and 14 April 2010. During the first field campaign the water was withdrawn with a flow
rate of 2–3 m3 s−1, while in the remaining with a normal discharge of about 25 m3 s−1. The
main lake transect (south–north) was sampled in 11 stations from the southernmost region
of the lake (St1) to the dam (St11). All the stations were profiled from the surface to the
bottom using both a multiparametric and a fluorometric probe. Discrete water samples
for chemical analysis (i.e., hydrochemical variables and microcystins) and phytoplankton
counting were collected in selected stations (St2, St6, and St10) and at different depths
using a Niskin bottle (Figure 1). Samples for microcystin analysis were collected at the
chlorophyll-a maximum.

Six relevant tanks were sampled in the irrigation network: Finocchito, Tavoliere, Tank
D, Tank 5, Tank P1, and Tank 3 (Figure 1). Superficial samples were taken from the shore of
each tank. The distance between the lake and these tanks (Table S1) is between 16 (Finoc-
chito) and 51 (Tank 5) km, and the surface area ranges from 100 (Tank P1) to 2.4 × 104 m2

(Tank 3). The Finocchito splitter was sampled for both phytoplankton counting and mi-
crocystin concentrations at 11 sampling dates between April 2009 and April 2010. All
the six tanks were sampled for microcystin concentrations at 6 sampling dates (synoptic
campaign) between June and November 2009.

2.2.2. Field Equipment and Laboratory Methods

Temperature, conductivity, pH, dissolved oxygen (DO), turbidity and Photosyntheti-
cally Available Radiation (PAR) profiles were performed with a vertical resolution of 0.1 m
using the multiparametric probe Idronaut Ocean seven 316 Plus (http://www.idronaut.it/)
(accessed on 4 August 2021).

Chlorophyll-a profiles were undertaken using bbe-FluoroProbe (http://www.bbe-
moldaenke.de) (accessed on 4 August 2021) at a vertical resolution of about 0.5 m. Flu-
oroProbe allows measuring total chlorophyll-a (T-chl-a) concentrations and the relative
contribution of four spectral classes [56]. In the present study, we measured the chlorophyll-
a content of the following classes: P. rubescens (P-chl-a), diatoms (D-chl-a), cryptophyta
(Cr-chl-a) and chlorophytes (Ch-chl-a). P-chl-a concentrations were measured using a
specific spectral fingerprint [56] determined from P. rubescens natural strains collected on
Lake Occhito before the commencement of the field campaigns (see Carraro et al. [29] for
the adopted method). The chlorophyll-a content of the other three classes was measured
using the fingerprint provided by the manufacture. The relationship between biovolume
and chlorophyll-a concentrations for the different groups are reported in Figure S1 (see
also Text S1).

Total nitrogen (TN), total phosphorous (TP), and dissolved reactive phosphorus (DRP)
were measured using the methods reported in Valderrama [57,58]. The limit of quantifi-
cation (LOQ) for the phosphorus species was 2 µg P L−1. Ammonium (N-NH4), silica
(SiO2) and main hydrochemical variables were measured using the methods reported in
APHA et al. [59,60] Total inorganic nitrogen (TIN) was estimated as the sum of ammonium
(N-NH4) and nitrate (N-NO3).

Phytoplankton samples were fixed directly in the field with Lugol’s solution. Specific
identification and biovolume estimation were carried out following the methods reported
in Legnani et al. [31].

http://www.idronaut.it/
http://www.bbe-moldaenke.de
http://www.bbe-moldaenke.de
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Microcystin concentrations were detected distinguishing between the microcystin
content in the P. rubescens cells (intracellular microcystins, I-mc) and the microcystin
dissolved in the water (extracellular microcystins, E-mc) following the methods reported
in Salmaso et al. [34] and Guzzella et al. [61] LOQ was 0.1 and 0.3 µg L−1 for I-mc and
E-mc, respectively. Total microcystin (T-mc) concentrations were calculated as the sum of
intracellular and external microcystin concentrations.

2.3. Satellite Data

Satellite imagery used in this study was acquired from MERIS (Medium Resolution
Imaging Spectrometer) and MODIS (Moderate Resolution Imaging Spectrometer) sensors.
MERIS (http://envisat.esa.int) (accessed on 4 August 2021) was a 68.5◦ field-of-view
pushbroom imaging spectrometer active from 2004 to 2012, providing a global coverage
every 3 days. MERIS provided measures of the solar radiation reflected by the Earth at
a ground spatial resolution of 300 m in 15 programmable spectral bands between 390
and 1040 nm. Its primary objective was to allow quantitative observations of marine
constituents such as chlorophyll-a, total suspended solid, and colored dissolved organic
matter [62]. MODIS (http://modis.gsfc.nasa.gov/) (accessed on 4 August 2021) is a key
instrument aboard the TERRA (EOS AM) and AQUA (EOS PM) satellites. TERRA’s orbit
around the Earth is timed so that it passes from north to south across the equator in the
morning, while AQUA passes from south to north through the equator in the afternoon.
This allows TERRA and AQUA MODIS to view the entire Earth’s surface every 1 or 2 days,
acquiring data in 36 spectral bands, or groups of wavelengths, with 1 km spatial resolution.

Based on the results of our monitoring activity and on the data reported in Assen-
nato et al. [37,55], we analyzed MERIS and MODIS images in the period of October
2008–October 2009, which includes the whole period of the bloom evolution. For this
period, we selected 6 days with both a MERIS image and the corresponding MODIS surface
reflectance product (MOD09). A total of 176 MERIS cells overlapped the lake surface; from
these cells, we removed those partially falling on the ground, obtaining a maximum of
95 completely wet cells that were used in this study (Figure 1). In addition to the surface
reflectance of the Lake Occhito waters, the MOD09 product provided the TOA (Top Of
Atmosphere reflectance) coverage at 1 km spatial resolution. The AOT (Aerosol Optical
Thickness) at 555 nm computed by MOD09 was averaged over the lake surface (Figure 1,
dashed rectangle) and then used to atmospherically correct MERIS data by means of the
SMAC (Simplified Method for Atmospheric Corrections) processor available within the
VISAT-BEAM (http://www.brockmann-consult.de/cms/web/beam/) (accessed on 4 Au-
gust 2021) tool. SMAC is a semi-empirical approximation of the radiative transfer in the
atmosphere that considers two-way gaseous transmission, atmospheric spherical albedo,
total atmospheric transmission, Rayleigh scattering, and aerosol scattering [63].

An index based on the MERIS water leaving reflectance (WLR) at Band 8 (681 nm) and
Band 9 (708 nm) after atmospheric correction was then established and used to develop
a linear regression model with P-chl-a data collected in 15 stations over the south–north
transect (S1–S11) on 6 Apr 2009 and 23 Jun 2009 field campaigns (see results section).
P-chl-a values were mediated over the first 5 m of the water column. The model was then
used to reconstruct the bloom development.

2.4. Data Analysis and Calculations

The R software (https:/www.rproject.org) (accessed on 4 August 2021) was employed
to perform linear regression analysis (Ordinary Least Squares, OLS). QQ plots were used to
visually check the distribution of the standardized residuals. The following diagnostic tests
(“lmtest” library) were then carried out on the residuals: t Student (zero mean condition),
Shapiro–Wilk (normal distribution), Breusch–Pagan (homoscedasticity), Durbin–Watson
(serial independence), adopting a 0.05 p-value threshold of acceptance [64]. Confidence
intervals at 95% were estimated using the “predict” function of the “lmtest” library. Errors

http://envisat.esa.int
http://modis.gsfc.nasa.gov/
http://www.brockmann-consult.de/cms/web/beam/
https:/www.rproject.org


Water 2021, 13, 2162 7 of 22

between modelled and observed data were estimated through root mean square error
(RMSE) using the formula in Equation (1) [65]:

RMSE =

√
∑N

i=1 (Mi −Oi)
2

N
(1)

where N is the number of observations, Oi and Mi are the “ith” observed and model data.
The limit of the euphotic zone was calculated as 1% of the incident solar radiation

(Lee et al., 2007).
Phytoplankton biodiversity was calculated from biovolume data, using the Shannon–

Wiener (log 10) index [66,67].
Figure 1 was carried out using QGIS. Plots were obtained through Microsoft Excel

and Matlab software. Matlab was used to perform P-chl-a-depth-length interpolations (i.e.,
contourf command) presented in Figure 3. Graphic representations were finally assembled
using Adobe Illustrator.

3. Results
3.1. Lake In Situ Measurements

In the four field campaigns, a total of 35 phytoplankton species were identified and
divided into seven taxonomic groups: Bacillariophyceae, Chlorophyceae, Chrysophyceae,
Cyanobacteria, Coniugate, Cryptophyceae, and Dinophyceae (Table S2). Apart from the
April 2010 field campaign, the phytoplankton assemblage was always dominated by P.
rubescens (Table 2). In addition to P. rubescens, 11 species contributed significantly (>5% in a
sample) to the total biovolume (Table S2). The diversification of the algal population was
therefore rather limited, as indicated by the relatively low values of the median Shannon
index (Table 2) between 0.1 and 1.2 (highest values detected in October 2009).

Table 2. Statistics of the main phytoplankton descriptors related to station St6 in the four field
campaigns, reporting minimum (italic), median (bold), and maximum (normal) values. T-bv = total
biovolume (mm3 m−3); P-% = percentage of P. rubescens to the total biovolume (%); P-cd = P. rubescens
cell density (106 cell L−1); SI = Shannon index. 6 April 2009: N = 6, Dr = 0.5–15; 23 June 2009: N = 5,
Dr = 0.5–20; 19 October 2009: N = 4, Dr = 0.5–20; 14 April 2010: N = 3, Dr = 0.5–20. N = number of
samples; Dr = depth range (m).

T-bv P-% P-cd Sh

3106 67 26 0.4
6 April 2009 6894 90 77 0.5

8589 90 95 1.0
1122 46 14 0.1

23 June 2009 1395 97 15 0.2
2837 100 34 1.3

32 44 0.2 0.7
19 October 2009 73 70 0.6 1.2

88 79 0.8 1.9
204 10 0.5 0.4

14 April 2010 406 21 0.5 1.0
656 24 1.9 1.1

Maximum total phytoplankton biovolume (T-bv) was measured in April 2009 (median
6894 mm3 m−3) when the median contribution of P. rubescens (P-%) to the total biovolume
was 90% with a P. rubescens cell density (P-cd) of 77 × 106 cell L−1 (Table 2). In June, the
average biovolume decreased to about 20% of that of April (median 1395 mm3 m−3),
with the P. rubescens contribution at 97% and the average P. rubescens cell density of
15 × 10−6 cell L−1. In October, the total biovolume decreased again by about two or-
ders of magnitude (median 73 mm3 m−3) with a concomitant reduction in the P. rubescens
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cell density (median 0.6 × 106 cell L−1); that, however, maintained a relatively high con-
tribution to the total biovolume (median 70%). In April 2010, total biovolume increased
slightly (median 406 mm3 m−3) compared to October, but it remained considerably lower
than that detected in spring and summer 2009. In April 2010, furthermore, an abrupt shift
in dominance occurred, with a marked decrease in the P. rubescens median contribution to
the total biovolume (21%, median cell density 0.5 × 106 cell L−1) in favor of Fragillaria acus
(Bacillariophycea) that covered about 70% of the total biovolume (not shown).

In April 2009, the lake water column was weakly stratified with a vertical gradient
(Table 3) of about 6 ◦C between the lake surface and the lake bottom (see also Figure 2).
This gradient increased to 12.6 ◦C in June and then decreased again to 5.5 ◦C in October,
underlining an advanced process of destratification in fall. In spring 2010, the stratifica-
tion of the water column was less pronounced in comparison to the previous year, with
temperature differences of only 3.2 ◦C.

Table 3. Statistics of the relevant limnological variables collected at station St6 during the four field campaigns reporting
minimum (italic), median (bold), and maximum (normal) values. Temp = temperature (◦C), Cond = electrical conductivity
(µS cm−1 20 ◦C), DO = dissolved oxygen (mg L−1), T-chl-a = total chlorophyll-a (µg L−1), N-NH4 = ammonium (µg N L−1),
N-NO3 = nitrate (mg N L−1), TN = total nitrogen (mg N L−1), DRP = dissolved reactive phosphorus (µg P L−1), TP = total
phosphorus (µg P L−1), SiO2 = silica (mg L−1). 6 April 2009: N = 5, Dr = 0.5–30 m; 23 June 2009: N = 6, Dr = 0.5–30 m; 19
October 2010: N = 6, Dr = 0.5–20 m; 14 April 2010: N = 8, Dr = 0.5–25 m. N = number of samples, Dr = depth range.

Date Temp Cond T-chl-a DO TP DRP TN TIN N-N03 N-NH4 TN/TP SiO2

8.4 588 11 9.9 26 1 2.3 1.6 1.6 16 84 4.6
6 April 2009 9.6 610 19 11.2 30 2 2.3 1.8 1.8 18 173 4.7

14.6 611 41 12.4 64 2 2.5 1.9 1.8 34 202 4.8
10.8 488 5 3.5 17 4 1.0 0.6 0.5 16 127 4.0

23 June 2009 16.8 565 9 9.1 21 4 1.7 1.2 1.0 138 152 4.5
23.4 589 18 9.5 27 5 2.2 1.7 1.2 450 217 4.6
12.1 510 1 1.8 8 3 0.8 0.4 0.0 86 128 3.0

19 October 2009 17.5 511 1 7.5 10 5 0.8 0.4 0.3 90 172 3.0
17.6 575 1 8.0 14 19 1.6 0.9 0.4 858 203 4.7
9.0 518 3 9.7 16 3 1.5 1.2 1.2 12 127 3.8

14 April 2010 11.7 551 4 11.4 18 5 1.6 1.3 1.2 22 199 3.8
12.3 583 10 11.9 27 10 1.7 1.6 1.6 71 214 3.9

T-chl-a concentrations reflected the trend of the total phytoplankton biovolume and
showed the highest values in April 2009 (Table 3). A similar trend is followed by total
phosphorus (TP) that reached maximum values (median 30 µg P L−1) in April 2009 at
the maximum extent of the bloom, when the dissolved reactive phosphorus (DRP) con-
centrations were very low (median 2 µg P L−1). The percentage of dissolved reactive
phosphorus on the total increased from April 2009 (~6%) to October 2009 (~46%). This sug-
gests that during the bloom, most of the phosphorus had been up taken by the P. rubescens
cells, while after the bloom, a conspicuous amount of this nutrients remained dissolved
and not assimilated. Total nitrogen (TN) followed a trend like that of total phosphorus,
with maximum values (median 2.3 mg N L−1) detected in April 2009. However, unlike
phosphorus, most of the nitrogen was present in dissolved inorganic forms that always
covered more than half of the total (54–78% of the median values). In all the four field
campaigns the phytoplankton population was strongly limited by phosphorus with the
median TN/TP molar ratio (Table 3) between 78 and 89, largely higher than the optimum
ratio (16:1) for phytoplankton growth [1,68]. Silica (SiO2) concentrations were always
above 3.0 mg L−1 (Table 3), indicating a consistent availability of this nutrient for the Bacil-
lariophyceae population [69]. The profile of the P-chl-a concentrations (Figure 2, upper left
panel) in April 2009 shows the formation of a subsurface maximum of around 38 µg L−1

(T-chl-a = 41 µg L−1) centered within the incipient thermocline at 2.7 m (Figure 2, upper
right panel), with water temperatures of 12.5 ◦C. The P-chl-a maximum occurred at the
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limit of the nominal euphotic zone with a residual photosynthetically available radiation
(PAR) of less than 1 µmol m2 s−1 (Figure 2, lower right panel). Within the first 2.5 m of the
water column, the highest values of TP (Figure 2, lower right panel) were also measured
(63–64 µg P L−1) while the DRP concentrations were very low over the whole water column
(2 µg P L−1, Table 2).
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Figure 2. Profiles of temperature, PAR (logarithmic scale), P-chl-a and TP measured at station St6 on
6 April 2009 and 23 June 2009.

In June, the P-chl-a peak moved deeper, forming a clear deep chlorophyll maxi-
mum [30] located within a well-established thermocline between 7 and 16 m depth. Max-
imum P-chl-a values of 19 µg L−1 (T-chl-a = 21 µg L−1) were recorded at 9.5 m, where
temperatures of about 16 ◦C were measured. The chlorophyll-a maximum was centered
below the nominal depth of the euphotic zone located at around 5 m (residual PAR of
11 µmol m2 s−1). At 7 m, the incident PAR was close to 1 µmol m2 s−1, while below 8 m,
the PAR signal was no longer detectable. TP concentrations were between 17 (surface) and
27 (bottom) µg P L−1, but, unlike April, they did not show any increase in the proximity
of the chlorophyll-a peak. DRP concentrations increased slightly at around 4–5 µg P L−1

(Table 2), possibly indicating a decrease in the phosphorus uptake by the P. rubescens cells.
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In both the April and June 2009 field campaigns, the bloom extended longitudinally
between approximately station St2 and St11 (Figure 3).
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Figure 3. Contours show the distribution of the P. rubescens chl-a (P-chl-a, µg L−1) concentrations over the south–north
transect on 6 April 2009 (left panel) and on 26 June 2009 (right panel), with indication of the P. rubescens cell density (P-cd,
cell L−1) at the P-chl-a peak in stations St2, St6, and St10. Bars indicate total microcystin (T-mc, µg L−1) concentrations and
the percentage of intracellular microcystins (I-mc, %) at the peak of P-chl-a. Microcystin and cell density samples were
collected at the depths of 2, 2.5, and 7 m on 6 April 2009 and 2.5, 10, and 10 m on 26 June 2009, at station St2, St6, and St10.

In April (Figure 3, left panel) the highest P-chl-a concentrations (≈40 µg L−1) were
detected between station St5 and station St10 at about 2.5 m. At the P-chl-a peak, P. rubescens
cell densities were between 26 and 91 × 106 cell L−1 with corresponding total microcystin
concentrations in a range of 12.3–31.5 µg L−1. In June (Figure 3, right panel), P-chl-a peaked
deeper at about 10 m and extended more continuously from the southern region of the
lake (St3) to the dam (St11) with maximum P-chl-a concentrations close to 20 µg L−1. P.
rubescens cell densities were between 17 and 48 × 106 cell L−1, with corresponding total
microcystin concentrations in a range of 2.5–11.9 µg L−1. At the northern edge of the lake,
between station St10 and St11, P-chl-a in April accumulated in the upper part of the dam
due to the lower flow rate (2–3 m3 s−1), while in June, the P-chl-a pattern appears closer to
the opening and more stretched by the higher water withdrawal (about 25 m3 s−1).

[D-Asp3] microcystin-RR was the main microcystin present in the lake. Most (92–98%)
of the total microcystins (Figure 3) were contained in the P. rubescens cells (intracellar
microcystins, I-mc), while extracellular microcystins (E-mc) were only residual (Figure 3).
The highest dissolved microcystin concentrations (0.7 µg L−1) were detected in April 2009
at station St6 when the greatest intracellular content (30.8 µg L−1) of [D-Asp3] MC-RR was
also measured. In this sample a limited amount of [D-Asp3] MC-LR (<0.3 µg L−1) was
found. Between April and June 2009, it is possible to note a reduction of about 50% of the
total microcystin concentration, in line with the P. rubescens biomass abatement. In the two
further campaigns (October 2009 and April 2010), microcystin concentrations (not shown)
were very low, with total microcystins in a range of 0.1–0.4 µg L−1.

In the six lake samples collected at the chlorophyll peak, in April and June 2009,
a significant positive linear relationship (Figure 4, upper panel) was found between P-
chl-a (range: 6.4–37.7 µg L−1) and P. rubescens cell density (r = 0.98; p-value < 0.001;
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RMSE = 5 × 106 cell L−1). In a P. rubescens cell density range of 17–91 × 106 cell L−1 the
regression equation takes the form of Equation (2):

P-cd = 2.3433 P-chl-a + 3.0148 (2)
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Figure 4. Upper panel linear regression (solid line) between P. rubescens chlorophyll-a content (P-chl-a)
and P. rubescens cell density (P-cd). Dashed lines, 95% confidence interval P-cd: 6.5–105 × 106 cell L−1.
Lower panel, linear regression (solid line) between P-chl-a and total microcystin (T-mc). Dashed
lines, 95% confidence interval 0-34 µg L−1. Data refer to the P-chl-a peak in stations St2, St6, and St11
at a depth of 2, 2.5 and 7 m on 6 April 2009 and 2.5, 10, and 10 m on 26 June 2009.

P-chl-a also correlates positively (Figure 4, lower panel) with total microcystins
(r = 0.98; p-value < 0.001; RMSE = 1.9 µg L−1). In a range of total microcystin concen-
tration of 1.2–31.5 µg L−1, the regression equation takes the form of Equation (3):

T-mc = 0.8767 P-chl-a − 4.225 (3)
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A significant relationship was also found between P-chl-a and intracellular (r = 0.98;
p-value < 0.001; RMSE = 1.9 µg L−1; range = 1.2−30.8 µg L−1, not shown). Extracellular
microcystin concentrations tended to increase with increasing P-chl-a concentrations but
the two variables did not show any significant linear relationship (not shown).

3.2. Lake Remote Sensing Monitoring

Figure 5 shows nine spectral signatures (MERIS data) corresponding to nine lake
stations (St1, St3, St4, St5, St7, St8, St9, St10, and St11) sampled on 06 Apr 2009 on Lake
Occhito, before (Figure 5, left upper panel) and after (Figure 5, left lower panel) atmospheric
correction. From Figure 5, the strong effect of the atmosphere on the MERIS signal can
be noticed. The correction in particular reveals the presence of two marked peaks in
Band 5 (560 nm) and Band 9 (708 nm) of the MERIS WLR, consistent with the spectral
signature reported in Maltese et al. [49] We amplified the gap between the MERIS Band 9
(708 nm) and Band 8 (681 nm) data through the development of the normalized band ratio
(WLRratio) algorithm reported in Equation (4):

WLRratio = (B9 − B8)/(B9 + B8) (4)
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Between the end of January and the beginning of March 2009, the distribution of P-
chl-a showed rather high values over the lake surface (Figure 6) with a maximum in the 
range of 25–30 µg L−1 in the central part of the lake surface, corresponding to P. rubescens 
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Figure 5. Left panels: spectral signatures of nine Lake Occhito sampling stations (St2, St3, St4, St5, St7, St8, St9, St10, and
St11), before (upper panel) and after (lower panel) the atmospheric correction; TOA = Top Of Atmosphere Reflectance,
WLR = Water Leaving Reflectance. Right panel: linear regression (solid line) between WLRratio computed with Equation
(1) and the P. rubescens chlorophyll-a (P-chl-a) concentrations measured in the field through multiple stations fluorometric
profiles in the corresponding sampling stations. Dashed lines represent the 95% confidence interval, P-chl-a: 3–29 µg L−1.

WLRratio (range = 0.120130.3) resulted in being very well correlated (r = 0.93;
p-value < 0.001) with the concentrations of P-chl-a (range = 3.9–29.6 µg L−1; RMSE = 2 µg L−1)
measured in 15 sampling stations of the south–north transect on 6 April and 23 June 2009.
This allowed us to define the following Equation (5) of calibration:

P-chl-a = 73.871 WLRratio + 1.316 (5)

Equation (5) was used to estimate the surface (0–5 m) P-chl-a concentrations from
the WLRratio in each of the Lake Occhito MERIS cells used in this study (Figure 1). This
allowed the development of lake-wide P-chl-a maps (Figure 6) having a spatial resolution
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of 300 m and describing the evolution of the bloom over the lake surface from its early
beginning (January 2009) to its ending (October 2009). The use of Equations (2) and (3)
furthermore allowed estimating of the corresponding values of P. rubescens cell density and
total microcystin concentrations; the results are reported in Figure 6.

Water 2021, 13, x FOR PEER REVIEW 13 of 22 
 

 

22 µg L−1. In April, the area with the highest P-chl-a concentrations appears more concen-
trated in the northern part of the lake, near the dam. In May, the P-chl-a surface concen-
tration decreased markedly to values generally below 10 µg L−1 and in June to values be-
low 5 µg L−1 with corresponding P. rubescens cell density lower than 15 × 106 cell L−1 and 
total microcystin concentrations below 1 µg L−1. A very similar situation could be noticed 
at the end of October. 

 
Figure 6. Maps of the P-chl-a (µg L−1) concentrations between the end of January and the end of October 2009. The period 
covers the beginning and the ending of the bloom. The figure legend also reports the corresponding P. rubescens cell den-
sity (P-cd, 106 cell L−1) and total microcystin concentrations (T-mc, µg L−1). 

  

Figure 6. Maps of the P-chl-a (µg L−1) concentrations between the end of January and the end of October 2009. The period
covers the beginning and the ending of the bloom. The figure legend also reports the corresponding P. rubescens cell density
(P-cd, 106 cell L−1) and total microcystin concentrations (T-mc, µg L−1).

Between the end of January and the beginning of March 2009, the distribution of P-chl-
a showed rather high values over the lake surface (Figure 6) with a maximum in the range of
25–30 µg L−1 in the central part of the lake surface, corresponding to P. rubescens cell density
in the range of 62–63 × 106 cell L−1, and total microcystin concentrations of 18–22 µg L−1.
In April, the area with the highest P-chl-a concentrations appears more concentrated in the
northern part of the lake, near the dam. In May, the P-chl-a surface concentration decreased
markedly to values generally below 10 µg L−1 and in June to values below 5 µg L−1 with
corresponding P. rubescens cell density lower than 15 × 106 cell L−1 and total microcystin
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concentrations below 1 µg L−1. A very similar situation could be noticed at the end of
October.

3.3. Irrigation Network In Situ Measurements

P. rubescens cell densities detected at the Finocchito splitter between April 2009 and
April 2010 were in the range of 0.1–23 × 106 cell L−1 (Table S3), with the maximum
detected in April 2009 (Figure 7, upper panel). Then, the P. rubescens content decreased
till October 2009 (0.1 × 106 cell L−1), showing a trend like that detected in the lake. From
November 2009 the P. rubescens presence increased till January 2010 when a small peak
(2.2 × 106 cell L−1) was detected (Figure 7, upper panel). After January, P. rubescens cell
densities decreased again to values of about 1.2–1.3 × 106 cell L−1.
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Figure 7. Upper panel: trend of the P. rubescens cell density (right scale) and of the microcystin
concentrations (left scale) in the Finocchito splitter between April 2009 and April 2010. Lower panel:
trend of the median microcystin concentrations distinguishing in total (T-mc) intracellular (I-mc) and
extracellular (E-mc). Circle indicates the “anomalous” data related to Tank 3.

A similar trend was followed by microcystin concentrations (T-mc = 0.3–9.6 µg L−1)
with maximum values of total microcystin concentrations (9.6 µg L−1) of about 52% of
the values detected at the P-chl-a peak in station St10 (18.3 µg L−1). After April 2009,
total microcystin concentrations decreased but remained above 4 µg L−1 up to August;
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minimum concentrations were reached in October 2009 (0.2 µg L−1). Subsequently, the
microcystin concentrations increased again till the end of January 2010 when values of
1.8 µg L−1 were detected. Then, total microcystin concentrations decreased to values of
about 0.2–0.3 µg L−1. As in the lake, most of the microcystin was contained in the P.
rubescens cells (I-mc = 0.3–9.3 µg L−1) with extracellular microcystin concentrations in a
range of only 0.1–0.3 µg L−1 (Table S3).

During the synoptic campaign conducted between June and November 2009 on six
relevant tanks of the irrigation network (including the Finocchito Splitter), total micro-
cystin concentrations were in the range of 0.4–5 µg L−1, with the highest concentrations
detected (in June) in the Finocchito splitter (Table S4). Based on the median of the total
microcystin concentrations (Table S4), the tanks of the irrigation network can be ranked as
follows: Finocchito (2.4 µg L−1) > Tavoliere (1.4 µg L−1) > Tank D (1.2 µg L−1) > Tank 5
(0.6 µg L−1) > Tank P1 (0.5 µg L−1) ~ Tank 3 (0.5 µg L−1), with a reduction of about 80% of
the microcystin content from the Finocchito splitter to the furthest tanks of the irrigation
system (Tank P1 and Tank 3). In all the tanks, most of the microcystin was within the P.
rubescens cells, with intracellular microcystin percentages in the range of 58–96% of the total
(Table S4). Extracellular microcystin concentrations were much lower and constrained in a
rather narrow range of 0.1–0.7 µg L−1. A significant negative linear relationship (r = 0.90;
p-value < 0.001) was found between the median of the total microcystin concentrations de-
tected during the synoptic campaign and the distance from the lake (Figure 7, lower panel).
At a distance range of 16–51 km, the trend of the median total microcystin concentrations
is described by the following Equation (6):

T-mc = −0.0532 LD + 3.0974 (6)

A very similar relationship (r = 0.91; p-value < 0.001) was observed for intracellular
microcystins whose concentrations were described as follows in Equation (7):

I-mc = −0.0564 LD + 3.1058 (7)

Both equations indicate a reduction of about 0.05 µg L−1 km−1 in the irrigation
network. The data related to Tank 3 (circle in the lower panel of Figure 7) underline a lower
contribution of intracellular microcystins compared to the other tanks located at a similar
distance from the lake (e.g., Tank D, Table S1).

4. Discussion

The availability of fresh water characterized by high chemical and biological quality
standards is one of the main factors limiting social and economic development of modern
societies [70]. The problem is particularly stringent in drought areas with limited rainfall,
such as south Italy [71]. In these zones, reservoirs are often strategic and precious resources
of water [72]. One of the main threats affecting reservoirs is the proliferation of harmful
cyanobacteria (HCBs), whose presence can compromise the water usages and the delivery
of ecosystem services [11–13].

In the presence of cyanobacteria blooms, the monitoring of the water bodies must be
intensified in terms of both frequency, and spatial distribution of samplings. Monitored vari-
ables must include nutrients, algal biomass, and cyanotoxins [11]. International [11,73,74]
and national [75,19 for Italy] authorities have defined guidelines and procedures for the
management of cyanobacterial blooms. Limitations in the use of the water resource are
generally based on the quantity (e.g., cell density) of toxic species, but above all on the
concentrations of cyanotoxins. Depending on the final use of the water resource, specific
thresholds of cyanotoxin concentrations have been established. For microcystins, a concen-
tration of 1 µg L−1 is considered safe for human consumption [74,75], while a concentration
of 25 µg L−1 is judged sufficiently protective for bathing [19,73]. The use of water con-
taminated by microcystins for irrigation is very frequent all over the world. Nevertheless,
the available guidelines generally do not include any threshold value for these natural
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toxins [76]. This gap is problematic if we consider that the presence of microcystin in the
irrigation waters may cause damages to the crops and accumulation of the toxins in the
edible parts of the cultivated plants [33,76–79].

The monitoring of cyanobacteria in reservoirs and their downstream distribution
systems (e.g., irrigation, drinking water supply) is a challenging task having important
repercussions on public health [11]. For the monitoring of these integrated systems, official
guidelines generally refer to traditional laboratory methods, but also suggest the use of
complementary approaches to improve the sampling rate and spatial resolution of the
measurements. These approaches include in situ real-time monitoring systems and remote
sensing techniques [11,75].

The data collected in this study highlight that during the bloom, the phytoplankton
population was completely dominated by P. rubescens that congested the whole ecosystem,
absorbing all the bioavailable phosphorus and assimilating this nutrient within its own
cells. The integration of in situ fluorometric data of P. rubescens chlorophyll-a content,
with both laboratory and remote sensing data, allowed us to obtain 300 m resolution
maps of several variables including P. rubescens chlorophyll-a, cell density (P-cd) and total
microcystins (T-mc), and thus to follow the evolution of the P. rubescens bloom over the
lake surface (Figure 6). In particular, the maps related to microcystin concentrations were
sufficiently accurate to be of interest for the management of both drinking water supply
(1 µg L−1) and bathing (25 µg L−1). The main limit in the monitoring of P. rubescens via
remote sensing is related to the capability of this species to bloom deeply in the water
column during summer (Figures 2 and 3). This is particularly relevant if we consider that
the opening for water withdrawal in reservoirs is often located at a fixed depth from the
lake bottom. The water withdrawal can therefore intercept water layers characterized
by the presence of P. rubescens cells and thus containing microcystins (Figure 2). In these
cases, a direct and continuous monitoring of the bloom using fluorometric sensors [80],
distributed over the water column in the proximity of the dam, would furnish precious
management information. To optimize the quality of the water withdrawn, these measure-
ment systems should be integrated with selective devices able to regulate the withdrawal
depth [81]. The fluorometric data collected at the surface, furthermore, could be used to
implement a remote sensing calibration/validation system, based, for instance, on artificial
intelligence techniques, such as machine learning procedures [80,82,83]. These applications
are particularly promising from a management point of view as the approach presented
in this study is highly site specific [48]. This is due to two main reasons. First, because
the monitoring of the cyanobacteria biomass via remote sensing depends not only on the
spectral features of the cyanobacteria species, but also on the overall reflectance of the
lake, including the influence of the surrounding environment [83,84]. Second, because the
relationship between the cyanobacteria biomass and the microcystin production is also site
dependent [34].

Focusing on the irrigation network, as far as the authors know, this is the first study
describing the trend of the microcystin concentrations in a large complex agricultural
system during a cyanobacteria bloom. At the first tank downstream, the reservoir’s
(Finocchito splitter) total microcystin concentrations remained above 4 µg L−1 (Figure 6)
from April to August 2009, and thus for most of the irrigation season, which finished at
the end of November. These concentrations can determine damages to different crops and
potentially induce microcystin accumulation within edible parts of cultivated plants [76].
However, our results show that the microcystin concentrations in the irrigation network
tend to linearly decrease with the distance from the lake (about 0.05 µg L−1 km−1), probably
because of different environmental stressors that may favor the death of the cells and their
lysis. P. rubescens, in fact, is a species adapted to live at low temperatures and at low levels
of solar radiation, proliferating in lakes of a certain depth where a stable summer thermal
stratification can develop, allowing this species to take refuge deep into the metalimnion in
the warmest and sunniest periods of the year [9]. This mechanism of defense cannot be
adopted by P. rubescens in the irrigation network, neither in the open channels nor in the



Water 2021, 13, 2162 17 of 22

shallowest tanks, having depths even lower than 1 m (e.g., Tank P1 and Tank 5). In addition
to the higher water temperatures and solar radiation, in the irrigation network, P. rubescens
cells encounter also high mechanical stresses and water turbulence that can favor the cell
lysis. All these stressors contribute to the decrease of internal microcystin concentrations
with the distance from the lake. Internal microcystins are the major contributors to the total
microcystin content [34]. After cell lysis, the half-life times of microcystins vary between 2.5
and 20 days depending on the environmental conditions [10]. Outside the cell, therefore,
microcystins can be quickly degraded in the water environment. This explains why, both in
the lake and in the distribution network, the concentrations of external microcystins were
always rather low. The irrigation system itself thus seems to have some structural features
limiting the proliferation of P. rubescens in its tanks and consequently the risk associated
with the bloom. As a result, the farthest tanks showed a reduction of about 80% in the
microcystin content compared to the Finocchito splitter. The particularly low microcystin
concentrations found in Tank 3, instead, are more difficult to explain. Tank 3, in fact, is the
deepest tank sampled in this study and consequently should provide a more favorable
environment for the growth of P. rubescens. Nevertheless, it is possible to hypothesize that
the P. rubescens cells experienced high level of stress before reaching Tank 3. This was likely
mediated by the long stretch of the open channel connecting this tank to the Finocchito
splitter (Figure 1). Overall the microcystin concentrations in the proper irrigation network
were generally sufficiently low to avoid crop damages (Table S4). The results of this study,
therefore, suggest that to mitigate the proliferation of P. rubescens, the irrigation networks
should be designed to favor the solar irradiation of tanks and channels, for example,
preferring open channels instead of covered ones, such as tunnels. Furthermore, the water
flow in the irrigation network should be kept as turbulent as possible. The installation of
mixing devices in the deepest tanks could also be taken into consideration to avoid the
stratification of the tank’s water column and the proliferation of this species in its interior.

Finally, one possible way to monitor the spread of the P. rubescens over the irrigation
network in a continuous fashion is the installation of fluorometric sensors within the
main tanks. This would provide relevant data for the real-time management of the water
resource. These fluorometric data could also be related to the next generation of high
spatial resolution satellite sensors having dedicated bands for cyanobacteria (e.g., Sentinel-
2 next generation, [82]) to monitor tanks of few tens of meters in size. In addition, a
new generation of hyperspectral data (e.g., PRISMA and DESIS) with a high number of
contiguous spectral narrow bands that highlight specific absorption features can also be
used to select and empirically calibrate or modify broad band indices, providing a link
between hyperspectral and multispectral datasets [85–87].

5. Conclusions

The results presented in this paper form an original contribution on how cyanobacteria
blooms develop in multiple-uses reservoirs. In particular, the paper presents precious and
rarely available data on the bloom spread over the main tanks of an irrigation network.
These data suggest that the cyanobacteria population (specifically P. rubescens) suffers
outside the reservoir environment and that its presence tends to decrease with the distance
from the reservoir. The approach presented in the manuscript clearly supports the hints
present in both international and national guidelines suggesting the integration of labora-
tory, real-time in situ, and remote sensing data. Laboratory data are still indispensable for
the direct measurements of specific biological (i.e., cyanobacteria cell densities) or chemical
(i.e., nutrients or cyanotoxins) variables. Nevertheless, direct in-situ (e.g., fluorometric
data) and remote sensing measurements (e.g., reflectance) provide proxy variables that
can be integrated in measurement programs to improve the frequency and the spatial
resolution of the acquired data. The general approach of this study can be transferred
to other environments, but not the specific algorithms presented in this paper, which
need to be defined for each specific environment as both remote sensing algorithms and
cyanobacteria-biomass-microcystin-production relationships are site specific.
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Abbreviations
AOT Aerosol Optical Thickness
Ch-chl-a Chlorophytes chlorophyll-a
Cond Electrical Conductivity
Cr-chl-a Cryptophyta chlorophyll-a
D-chl-a Diatoms chlorophyll-a
DO Dissolved Oxygen
Dr Depth range
DRP Dissolved Reactive Phosphorus
E-mc Extracellular microcystins
HCB Harmful Cyanobacteria Bloom
I-mc Intracellular microcystins
LOQ Limit of Quantification
MERIS Medium Resolution Imaging Spectrometer
MODIS Moderate Resolution Imaging Spectrometer
N Number of samples
N-NH4 Ammonium
N-NO3 Nitrate
OLS Ordinary Least Squares
P-% Percentage of P. rubescens to the total biovolume
PAR Photosynthetically Available Radiation
P-cd P. rubescens cell density
P-chl-a P. rubescens chlorophyll-a
QQ Quantile Quantile
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SI Shannon Index
SiO2 Silica
SMAC Simplified Method for Atmospheric Corrections
T-bv Total biovolume
T-chl-a Total chlorophyll-a
Temp Temperature
TIN Total Inorganic Nitrogen
T-mc Total microcystin
TN Total Nitrogen
TOA Top Of Atmosphere reflectance
TP Total Phosphorus
WLR Water Leaving Reflectance
WLRratio Water Leaving Reflectance ratio
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