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The study of cyanobacterial biovolume, the relative abundance of phytoplankton in terms of biomass, using
remote sensing is not common. Its estimation can be done in two ways, indirectly through the determination of
the phycocyanin concentration, since it is their main pigment, or directly by determining their abundance or
biovolume. This work aims to improve the expertise for the cyanobacterial biovolume directly estimation with
Sentinel-2 imagery. To develop the algorithm empirically 43 georeferenced samples were collected, 20 from the
sub-tropical zone and 23 from the temperate zone, which cyanobacterial biovolumes were determined. Images
were resampled, atmospherically corrected with the Case2 eXtreme neuronal net and the remote sensing
reflectance were extracted. The best results were retrieved with the NDB5B4, obtaining: R? of 0.92, RMSE of 1.71
mm? L' and NRMSE of 7.6%. To demonstrate its consistency and functionality, the algorithm was applied to
images thorough two years, to reproduce both temporal and spatial variations of the cyanobacterial biomass.
The highest values were recorded in the subtropical zone. A tail-dam asymmetry was observed in both climatic
zones. In the temperate zone, the annual variation registered a minimum and a maximum annual value, while

more variations were registered in the subtropical zone.

Corresponding author: Xavier Soria-Perpinya, javier.soria-perpina@uv.es

Introduction

Cyanobacteria play a crucial role in the aquatic environment since they are directly involved in essential processes of
the ecosystems like the carbon and nitrogen cyclesm. However, freshwater resources are under a variety of threats,
including climate change, environmental degradation, increased demands and cultural eutrophication that will
further reduce water quality and quantityll1 considering population growth as direct effects (increase in demand

and wastewater), and those derived from climate change as in-direct effects (decrease in precipitation, increase in
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temperature, evaporation and retention time). Some specific effects —e.g., anthropogenic nutrient loading, enhanced
vertical stratification, increased residence time, rising temperatures, increasing frequencies and magnitudes of
extreme weather eventsm, and alterations in land-use practices, such as urbanisation or agricultural practices[ﬂ—

may favour, influence and promote changes in the phytoplankton community and the cyanobacterial growth.

The dominance of cyanobacteria in the total algal population was associated with higher phosphorus
concentrations and low nitrogen concentrationst2l, as they are able to fix dissolved dinitrogen gas into organic
nit1rogenlél and store excess nutrients like phosphorusm. Other adaptations such as low light requirementsm,
increased growth rates at higher temperatures@lml and buoyancy regulation mechanismsi2! further al-low
cyanobacteria to prosper in warmer and nutrient enriched watersiBl As a consequence, harmful algal blooms
(HABs) now occur at a higher frequency, intensity and du-ration than previously recorded, increasing the risk of

human contact with toxic cyano-bacterial’ll15l HABs are associated with proliferation of cyanotoxins, food web

altering, hypoxiallll7l human respiratory irritation, taste and odour of potable water, human illness as a result of
ingestion or skin exposure during recreational activities@l, death of pets, domestic animals, and Wildlifefl—gl,
undesirable finished drinking water, increased drinking water treatment costs, and economic and infrastructure
costs such as loss of revenue from recreational systems and from businesses that rely on potable water/291(21]

For these reasons, in 1999 the World Health Organization formulated some recommendations at an international
level for the health monitoring of cyanobacteria in waters for bathing and drinking purposest®l22l establishing
vigilance and alert levels for drinking water and guidance levels for bathing waters, corresponding to abundance
and biovolume values. These levels are especially important in reservoirs subject to eutrophication because they can
develop major cyanobacterial blooms when they warm and undergo thermal stratification during the summer
months of each year@. This problem, although already present in some temperate reservoirs, could become the
norm like in tropical reservoirs in the near future. According to Amorim et all24 given the predictions of increased

eutrophication, warming and salinization of waters, cyanobacterial blooms expected to become more intense in

tropical reservoirs.

Given the risk that cyanobacteria pose to aquatic ecosystems, including drinking water reservoirs, it is necessary to
develop tools to accurately estimate cyanobacterial biovolume both within and across water bodies25l. While field
sampling is certainly necessary and will continue to be so, managers need other options to improve monitoring,
reduce costs, and minimise potential exposures associated with sample collection28l. Satellite remote sensing can
complement field sampling by providing regular, synoptic coverage of algal and cyanobacterial abundance for
regional monitoring at resolutions unattainable by field samplingm. This is an essential tool for water bodies

monitoring as an assessing or warning method, which helps to obtain higher temporal and spatial resolution

datal[281(29]
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Studying cyanobacteria biovolume using remote sensing is not common, but why use biovolume? It’s a fact that
without a correct knowledge of the phytoplankton community it is not possible to have an accurate comprehension
of the aquatic ecosystems. Phytoplankton is characterised by its great variability in cell size among different genera
and even between different individuals. Actually, there is a wide range of orders in magnitude for cell biovolume of
phytoplankton29. This is precisely why phytoplankton biovolume is traditionally calculated to estimate the relative
abundance of each phytoplankton taxa in terms of biomass instead of cell counts. Other conventional biomass-
related parameters, such as chlorophyll a concentration (Chl a), are known to vary dramatically with environmental
conditions, such as light and nutrient availabilityl2Ll. On the other hand, regarding the relationship of the Chl a with
the biovolume, it is noted that while the maximum biovolume is related to an improvement in conditions for growth
(nutrient in-put during column mixing periods) and reflected an increase in biomass, the maximum Chl a is related
to changes in cell pigment content and to spatial or successional trends in species dominancel32l. This importance is
reflected in the fact that the Water Framework Directive (Directive 2000/60/EC) and official regulations of many
countries specified that ecological status based on phytoplankton should be defined by measuring the biomass,
composition and blooming events of the phytoplanktonic community@l. All of which supports the use of

biovolume as a metric in our research.

Remote sensing cyanobacteria biovolume can be done in two ways, indirectly through the determination of the
phycocyanin concentration (PC), since it is their main pigment, or directly by determining their abundance or
biovolume. The indirect method is the most common to estimate cyanobacterial biovolume using the MERIS
hyperspectral sensor34B35133118] 4§ Landsat multispectral sensors28l. However, before now no studies have been
performed to estimate cyanobacterial biovolume directly with multispectral sensors using both subtropical and
temperate reservoirs. Actually, according to a review by Johansen et al27 the top four empirical algorithm types for
the detection and quantification HABs using remote sensing are the two-band difference algorithms (2BDA), the

three-band difference algorithms (3BDA), the normalised difference (ND) and the fluorescence line height (FLH).

These algorithms, although published in previous studies and for other sensors, have been modified and adapted to
be applicable to new optical sensors with different spectral and spatial resolutions27l. The new satellites series of
Copernicus European Union Earth’s Observation Programme, called Sentinel, has been put into service the Sentinel-
2 (S2-A and B) that carries the sensor MSI (Multispectral Instrument) whose measurement bands have interesting
applications in the estimation of phytoplankton@. As for example for Chl a spatial dynamics assessment32l, for
phytoplankton spatiotemporal variation49 and for a long-term spatial-temporal monitoring of eutrophicationdl.
However, this multispectral sensor does not have a band centred in 620 nm, peak of phycocyanin absorption.
Therefore, because while using S2 we do not have the theoretical band, we will try to improve the expertise for the

cyanobacterial biovolume estimation by means of re-mote sensing directly.
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In this paper we focus on the study of cyanobacterial biovolume, in order to calibrate and validate an algorithm for
S2 images using an empirical approach. For this purpose, in situ samples of temperate and subtropical reservoirs
and remote sensing reflectance of the MSI reflectance sensor were obtained. Furthermore, to observe its
functionality and consistency, the algorithm will be applied on a biannual images series and calculate an average
value for each image. In addition, these mean values will allow us to perform an annual comparative study between
the temperate and subtropical zones. Direct estimation of cyanobacterial biovolume would allow continuous

monitoring and could be used by water management authorities as a warning system to activate action plans.

Materials and Methods

Study site

The study site includes three river basins located in two different climatic zones. Two in the temperate zone, the
Ebro river basin, located between 41° and 43° latitude with an area of 85,530 km? and the Xtiquer river basin, located
between 38° and 40° latitude an area of 42,989 km? both in Spain. And one in the subtropical zone, the Tieté river
basin in Brazil, located between 20° and -23° latitude with an area of 72,391 km? A total of 24 field campaigns were
carried out, 18 in the temperate zone and 6 in the subtropical zone. The locations of the basins and sampled

reservoirs and lake are given in Fig. 1.

The 18 sampled reservoirs and one lake had total volumes ranging from 7 x 10° m? (Las Torcas) to 3,622 x 10° m>
(Barra Bonita) and a maximum depth between 129 m in Contreras and 1 m in Albufera lake. Water quality is greatly
influenced by the climate variability, and the reservoirs are classified in six climate types according to Képpen—
Geiger classification: Cfa, Csa, Cfb, Csb, Bsh and Bsk in temperate zone and Cfa and Cfb in subtropical zone.
Reservoir volume is rainfall, water temperature and human use de-pendent and varies greatly over the year,
meaning that hydraulic residence time (HRT) oscillates from 0.03 yr (Riba-roja) to 2.15 yr (Alarcén). Furthermore,
there are non-climatic factors, like altitude, which vary from 846 m.a.s.l. (meters above sea level) in Jacarei to 1

m.a.s.l in Albufera. A summary of sampling sites specifications is specified in Appendix A.
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Figure 1. Locations of basins and reservoirs.

Field campaigns

From August 2016 to December 2021, a total of 24 field campaigns was completed and a total of 43 georeferenced
samples were collected, 20 from the subtropical zone and 23 from the temperate zone. All samplings were complete

except at 11 points in the sub-tropical zone, where no Chl a or PC data were collected.

Samples were taken from a boat, using the GPS to reach one position situated more than one pixel of water away
from the coastline and delimited by water pixels. When anchored, the point coordinates were geo-referenced with
the GPS. Thereafter, the Secchi disc (white disk 20 cm @) was vertically immersed until it was no longer visible. The
Secchi disc depth, a transparency measure, was used as the limiting depth for the integrated sample. To take the

samples from the surface down to the sample depth a PVC tube or hydrographic bottle were used because integrated
samples are more representative and avoid missing possible phytoplankton peaks42],

The PC values were determined using fluorescence in vivo, both in situ and laboratory measurements. In the Xtiquer
and Tiéte river basins PC was determined in situ using a C3 Submersible Fluorometer (Turner Design Instruments;
San Jose, CA, USA). The fluorescence intensity at the pair Ex/Em = 590+30/>645 nm was calibrated with a standard
phycocyanin extract from Spirulina sp. (Sigma—Aldrich Chemicals). The main problems of fluorescence in vivo are
the underestimation by large colonies3) and effects of morphology[‘*—"], and the overestimation by light effects!42),

Nevertheless, Simis et al.[48] compared an in situ fluorometric approach and two extraction methods (freezing and

thawing cycles and mechanical grinding) using some samples of water bodies located in our temperate zone, and
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they concluded that the three methods for PC quantification showed similar values for concurrent measurements,
but with high degree of scatter that suggested that PC ground truth measurements should be used with scrutiny.

Indeed, the potential of PC fluorescence probes to monitor cyanobacterial biomass has been reported in several

studiesl4Z14811491431[50114] 3 in addition, sample preservation and pigment extraction steps are not needed for in
vivo florescence. However, regular calibration of the sensor is needed to get reliable data.

For Chl a and PC laboratory analysis, the samples were preserved in darkness and refrigerated. Ebro river basin PC
samples were analysed using the spectrofluorometer Hi-tachi FL-7000. The fluorescence intensity at the pair Ex/Em

= 620/660 nm was referred to a standard phycocyanin extract from Spirulina sp. (Sigma—Aldrich Chemicals)2L. For

Chl a analyses, firstly the water was filtered using 0.4—0.6-um GEF/F glass fiber filters, secondly the Chl a was
extracted using standard methodsBZl and finally the concentration was calculated using Jeffrey and

Humphrey@l methods.

Phytoplankton samples were fixed in the field with Lugol solution, and were sedimented and counted under an
inverted microscope Nikon-ECLIPSE TE-2000S in the laboratory according to the UtermohlZ4  method.
Phytoplanktonic organisms were identified at the finest taxonomic possible level, and the biovolume was calculated
by producing an approximate simple or compound geometrical shape for each speciel221B301156] The biovolume (um3
mL) was estimated by multiplying the densities of each species by the average volume of each cell. The value
obtained in pm3 mL T was transformed into mm? L1 by dividing this value by 10°.

A linear correlation was established to observe the relationship of cyanobacterial biovolume with Chl a and PC in

the studied water bodies.

Image processing

The ESA S2 mission is based on a constellation of two identical satellites in the same orbit: S2A (launched in June 23,
2015) and S2B (launched in March 7, 2017). The MSI sensor is on board of each satellite, which measures the Earth

reflected radiance in 13 spectral bands from VNIR (visible to near infrared) and SWIR (short-wave infrared), with a

spatial resolution of 10, 20 and 60 m!2Z), MSI bands number, spectral features and spatial resolution are shown in

Table 1.
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Band Number Central wavelength (nm) Bandwidth (nm) Spatial resolution (m)
1 4439 27 60
2 496.6 98 10
3 560.0 45 10
4 664.5 38 10
5 7039 19 20
6 740.2 18 20
7 782.5 28 20
8 835.1 145 10

8a 864.8 33 20
9 945.0 26 60
10 13735 75 60
1 1613.7 143 20
12 2202.4 242 20

Table 1. MSI sensor band information(2Z.

The mission was initially optimised for studies on vegetation, urban planning and terrestrial ecosystems, but the
inclusion of new bands in the red-edge (the limit of red and infrared spectral regions), its radiometric quality and its
high spatial resolution has proven its usefulness for the study of inland waters28l,

Dataset of S2A and S2B imagery was downloaded from the ESA provider of Data and Information Access Services
ONDA-DIAS. Software SentiNel Application Platform (SNAP; Brockmann Consult GmbH) was used for image
processing. The images were resampled at 10 m with SNAP interpolation tools, because bands used have different
spatial resolution. Thereafter a subset was made of the water body, which was atmospherically corrected by the
Case2 eXtreme (C2X) neuronal net. This choice was based on two factors: the model training range and the previous

studies results on its assessment. Regarding the training range, C2X is the net with the widest range of inherent
optical propertiesl®2. As for its assessment, we focus on the high wavelength bands because the study area has very
eutrophic waters, and waters with high Chla (above 3-5 mg m3;89) produce distinguishable spectral

characteristics in the red and NIR regions of the reflectance spectrum{®, In addition, previous studies such as
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Pereira-Sandoval et al1%2l Pahlevan et al1%l Tavares et al[®4l and Soria-Perpinya et al 15l have demonstrated that
C2X improves its results for longer wavelength bands, better reproducing the in-creased scattering in the NIR and
demonstrating their best results for turbid waters. The remote sensing reflectance (Rrs) values were extracted by

applying a window of 3x3 pixels centred in field coordinates, to avoid possible anomalies in the values.

A total of 24 images close to the 24 data campaigns (43 samples) were used for retrieval the algorithm. Regarding the
time-window between image acquisition and sampling, 19 samples matched the image, 6 with one-day difference, 9
with two days difference, 7 with three days difference, and only 2 samples had four days difference. The time-
window between image acquisition and field campaigns was extended to four days, considering two factors: (1) HRT
(Table Al)—calculated as the ratio between the reservoir’s average daily outlet and the reservoir’s total volume; and
(2) meteorological changes—we checked the values of temperature, wind, and rain between the image and sample
data in most lakes. Meteorological stability was checked for the temperate zone at the open data web page of the
Spanish State Meteorological Agency (https://opendata.aemet.es/centrodedescargas/productosAEMET), and for the
subtropical zone at the meteorological data bank of Brazil National Meteorological Institute
(https://portal.inmet.gov.br/dadoshistoricos). Finally, regarding our 24 samples that did not coincide with the
images, we did not observe days with rain, the wind did not exceed 10 km/h and temperature was stable in its daily

oscillations.

Retrieval algorithm

The retrieval algorithm was obtained empirically by generating a regression model for operations with bands for
temperate and subtropical zones data. The empirical approach generally produces robust results for the areas and

data sets from which they are derived, and have a demonstrable capability to provide timely and accurate

information for a variety of parameters in lakes and estuaries that can be used for diverse applications[8),

In the following paragraphs, we will present the different algorithms tested in this work by grouping them into six
empirical algorithm types: simple band, 2BDA, multiple linear regression (MLR), 3BDA, ND and FLH (Table 2). Only

67]

one simple band was tested, the 665 nm band, which was used in the study of Viso-Vazquez et al.l®Z) obtaining good

results using S2 to determine PC in a eutrophic reservoir.

Regarding the simple ratio 2BDA, the ratio for pigments determination is expressed between the wavelength located
at maximal scattering by algal cells (minimal absorption by pigments) and the wavelength location at maximal
pigment absorption efﬁciency[6—8]-[@1. PC absorption is centred at 620 nm and Chl a absorption is centred at 665 nm,
while the maximal scattering by algal cells is situated at about 700 nm. Following this bio-optical base we test the
ratio with maximum algal dispersion (B4=704 nm) and the majority pigment (B3=665 nm) because the MSI sensor
does not have a 620 nm band. This ratio reached good results using S2-MSI images of temperate region reservoirs in
the study of Soria-Perpinya et al.'22 to determine Chl a and PC and in the study of Pérez-Gonzalez et all2!l to

determine PC. Another 2BDA is the ratio R740/R665, used by Soria-Perpinya et al. 28! and reaching good results to
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determine PC in a hypertrophic lagoon. It is also possible to use a MLR with the ratios R565/R482 and R660/R482, as
applied by Isenstein et alB3olto 4 multispectral sensor, the Enhanced Thematic Mapper Plus on board Landsat 7, to
obtain cyanobacterial biovolume indirectly through PC. These ratios become as follows with the MSI sensor bands:

R560/R490 and R665/R490.

The 3BDA tested was developed by Gitelson et allo9l for vegetation, and applied in turbid productive water by
Dall'Olmo et al{Z9 using in situ reflectance of three spectrum points: 660—670 nm, 720-730 nm and 740-750 nm.
These spectrum points were adapted to S2-MSI using B4 (665 nm), B5 (704 nm)-out of range- and B6 (740 nm). This
model was applied in previous studies by Soria-Perpinya et al™ to determine Chlain a hypertrophic lagoon and

by Cairo et al[22l to determine Chl aina tropical reservoir.

In relation to the normalised difference (ND), we tested three algorithms. The first is based on the study of Medina-
Cobo et al 33l using the MERIS hyperspectral sensor to determine cyanobacterial biovolume indirectly through PC,
obtaining good results with a ND between 704 nm and 620 nm bands in temperate reservoirs. However, because the
MSI sensor does not have 620 nm band, we used the 665 nm band, resulting the normalised difference chlorophyll
index (NDCI) of Mishra and MishralZl for MERIS, which was applied to S2-MSI by Caballero et al. 74! to obtain HAB’s
detection in complex coastal waters. The second ND used 865 nm and 665 nm wavelengths, applied by Khalili and
Hasanlou™l in a tropical zone using S2 to determine HAB presence. The third ND was obtained by Cillero-Castro et
al{zel using 560 nm and 490 nm bands to determine Chla with S2 in a reservoir located in the Atlantic
Biogeographical Region, obtaining good results when applied to locations that typically have lower Chl a (<5 mg m~
3),

The last empirical algorithm type tested was the FLH developed by Wynne et all to determine the HAB presence.
The algorithm is the Cyanobacteria Index (CI), a “spectral shape” (or curvature) algorithm, which is a form of the
second derivative around the 681 nm{ZZ. However, the band nearest to 680 nm for S2-MSI sensor is B5 (704 nm),
and the peak at 700—710 nm, just to the right of 681 nm, is caused when phytoplankton and scatterers are present in

large concentrations and the strong scattering greatly exceeds fluorescencelZ8l.
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Algorithm type Equation S2 Bands Estimation | Reference
Band Rrs665 B4 PC 67
Chla 291
JBDA Rrs704 B5 1291
Rrs665 B4
PC
[51]
2BDA Rrs740 B6 PC (58]
Rrs665 B4
RLM Rr3560; Rrs665 @; B4 PC 361
Rrs490 ° Rrs490 B2 B2
3BDA (L - L) x RT40 (i - i) x B6 Chla 1691
R665 R709 B4 B5
ND Rrs704 — Rrs665 B5 — B4 PC 731
Rrs704 + Rrs665 B5 + B4
HAB
ND Rrs865 — Rrs665 B8A — B4 [75]
Rrs865 + Rrs665 B8A + B4 presence
ND Rrs560 — Rrs490 B3 — B2 Chla (76)
Rrsb60 + Rrs490 B3+ B2
Rrs704 — Rrs665 + (Rrs665 — Rrs740) 704 — 665 HAB
FLH 704 — 665 B5 — B4 + (B4 — B6) X ———— 771
X 710 ees 740 — 665 | presence

Table 2. Tested algorithms summary.

Accuracy assessment

The process to obtain the best algorithm was carried out using the Spectral Index (SI) assessment toolbox™ in the

Automated Radiative Transfer Models Operator (ARTMO) package@l. Using the SI, the tested algorithms where
defined and evaluated with k-fold cross validation. The advantage of using a k-fold cross-validation sampling is that
all data are used for both training and validation, and each single observation is used for validation exactly once,

returning a more robust estimate of the model’s performance, by aver-aging statistics from multiple independent
training and test subsets8L. To generate our results, a 4-fold cross-validation sub-sampling procedure was applied,

and the multiple goodness-of-fit measures like the R2, the root mean squared error (RMSE) and the normalized
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RMSE (NRMSE (%) = RMSE / (value range of parameters as measured in the field) x 100) were then averaged over

the 4 subsets.
In summary, with the SI toolbox, the tested algorithms and the cyanobacterial biovolume data (raw or transformed -
Logyo and square root-), were correlated using various curve fitting functions (linear, potential, exponential or

polynomial).

WHO surveillance levels

In accordance with the WHO (World Health Organization), the limits established by Chorus and Welkerl2l were
applied to the cyanobacterial biovolume estimated values. The surveillance limits for drinking and bathing waters

for the health monitoring of cyanobacteria are given in Table 3.

Drinking waters Bathing waters Density (cell ml™) Biovolume (mm?> L) Chlorophyll a (mg m7)
Vigilance level Vigilance level 200 <0.3% [ 1-4** <1* [ 3-12%*
Alert level I Guidance level 1 2,000 >0.3% [ 4-8%* >1.0%* [ 12/24**
Alert level 11 Guidance level 2 100,000 >4% [ >8%* >12% [ SD4%%

Table 3. Surveillance limits according to WHO. Density, biovolume and chlorophyll a limits are extracted from Chorus and

Welker22l,

Guidance level 1: Low probability of adverse health effects.

Guidance level 2: Moderate probability of adverse health effects

*Drinking waters; **Bathing waters

Annual variation

For the annual temporal variation, images covering several reservoirs, one from the Ebro river basin and one from
the Tieté river basin, were used. The best images (cloud-free or partly cloud-free) of 2021 and 2022 were processed
for each area. A total of 38 images were downloaded, 18 of the temperate zone and 20 of the subtropical zone. After

resampling and before the atmospheric correction, an image subset was selected (Fig. 2).
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Figure 2. Images subsets used for the cyanobacterial biovolume annual temporal variation study: (a) Ebro river basin

(Spain); (b) Tieté river basin (Brazil).

The obtained algorithm was applied in the reservoirs that appear completely in the image using a region of interest,
also avoiding cloudy affected areas. Finally, the thematic maps were presented using the band 8a as background.

For the cyanobacterial biovolume annual temporal variation graphical representation, the mean and maximum
error for all water bodies of each processed image was calculated using the statistics tool of the SNAP programme.
The clouds modify the available pixels of each reservoir in each image, and each reservoir has a different ecological
status. To avoid an influence in the mean and maximum error values due to the available pixels of each reservoir,
firstly was calculated a mean and maximum error for each reservoir and with these values the global image mean

and maximum error was calculated to plot.

Results

Field data

A total of 43 samples were collected on 19 different water bodies between 2016 and 2021 in different projects. The
cyanobacterial biovolume values were highly variable, ranging with a minimum of 0.001 mm?> L™ registered in
Benaixeve reservoir in June 2020 and the maximum of 2977 mm> L7 registered in Itupararanga reservoir in
October 2017 by dos Santos Machado et al.82), The dataset has an average of 37 mm?> L' and a standard deviation of

63.6 mm3 L1
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The variability of these samples reach several WHO guide levels for drinking waters: 22 are classified in the vigilance
level, 6 in the Alert level I and 15 in the Alert level II. Regarding water bodies, 4 reservoirs were in the vigilance level
in all samples, 10 reservoirs were classified in Alert level I, the level with more water bodies classified, and 4 water
bodies were classified in the Alert level II; three reservoirs (Bellis, Barra Bonita and Itupararanga) and Albufera lake.

Only La Tranquera, had one sample in the vigilance level and two samples in Alert level I.

The relationship of cyanobacterial biovolume with Chl a (Fig. 3a) and PC (Fig. 3b) shows a direct and significant
correlation for both variables, with coefficients of de-termination of 0.66 and 0.73 respectively. As expected, the
correlation is higher with PC since it is their main pigment. The representation of the cyanobacterial biovolume
values on a logarithmic scale allows us to observe that beyond a threshold the relationship is no longer direct. In

both cases this is observed in the fit equation intercept value, which corresponds to a Chl a of 5.5 mg m~, and a PC

of 11.6 mg m3,
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Figure 3. Linear correlation between cyanobacterial biovolume in log scale and Chl a (a) and PC (b).

Retrieval algorithm

In the 4-fold cross-validation process, we tested nine algorithms: one band, one MLR, two ratios, three ND, one 3BDA
and one FLH (Table 2). The results averaging the R2 from the 4 independent training and test subsets were
statistically significant (p < 0.001) for five algorithms (Table 4), while for four algorithms the results were non-
significant (R665, MLR, NDB3B2 and FLH). The correlation between cyanobacterial biovolume and band
combinations showed a positive direction for cyanobacterial biovolume, with higher values indicating higher

concentration except for the FLH.

Regarding the other goodness-of-fit measures the RMSE and NRMSE were calculated (Table 4). The best result was a

polynomial regression obtained with the NDB5B4 and transformed cyanobacterial biovolume with square root, with
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a RMSE of 1.71 mm?3 L™ and a NRMSE of 7.6%.

Rrs704/Rrs665 Rrs740/Rrs665 NDB5B4 NDB8AB4 3BDA
(data, function) (v,polynomial) (¥, linear) (, polynomial) (¥, linear) (¥, linear)
R? 090 0.79 092 0.72 091
P <0.001 <0.001 <0.001 <0.001 <0.001
RMSE 193 418 17 5.81 1.84
NRMSE 8.1 119 76 14.0 79

Table 4. K-fold cross validation statistically significant results.

data=used data (transformed values with Logl10 or square root).

The correlation between in situ and estimated values by NDB5B4 algorithm is shown in Fig. 4. However, the fit line

suggests that the algorithm tends to underestimate biovolume values under 0.01 mm?> L,

1000.0000
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Figure 4. Algorithm validation, observed versus predicted data in log scale. Red line is 1:1, dashed line is the

adjustment and the green lines are the 99% interval confidence.
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Finally, the best performing algorithm using the entire database is shown in Fig. 5. The representation of the
cyanobacterial biovolume square root values on a logarithmic scale allows us to observe that beyond a threshold the
relationship is no longer direct. This threshold is situated at 0.1, corresponding to 0.01 mm? L. If we apply this
value to the equations obtained from Chl a and cyanobacterial biovolume correlation and PC and cyanobacterial
biovolume correlation, the values obtained are 5.4 and 12.4 mg m~3 respectively, which are values similar to the fit

equation intercept values.
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2 10.00 o, A5% 5
3 = 3
'.3 e ‘/ -
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Figure 5. Cyanobacterial biovolume square root algorithm in log scale. The colour-coded represent the

time difference in days between in situ samples and image day.

Image output

Once the algorithm was obtained, to observe its functionality and consistency, equation 1 was applied to S2-MSI
images.

2
Rrs704 — B665 Rrs704 — B665
Cyanobacterial biovolume — | 50.856 x [ —rol02 — F000 )" | a9 304 5 (2087023000 L 607 (1
yanobactertal brovotume < % (Rrs704+B665> + % (Rrs704+3665> + > (1)

The aim is to compare three aspects; a first comparison would focus on the climate zones differences (range of
values), a second comparison would focus on differences within annual temporal variation (moments of the
minimum and maximum cyanobacterial biovolume), and a third and final comparison would focus on spatial

variation (tail-dam asymmetry).
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The two first comparisons are shown in the annual temporal variation of the cyanobacterial biovolume mean values
for two areas, one from temperate and one from subtropical zones (Fig. 6). Regarding the range of values, it can be
observed that the highest values were recorded in the subtropical zone. While the temporal variation of the studied
years was different between the two climatic zones with more variations in the subtropical zone, although the
highest values were estimated for 2022 in both climatic zones. The period when the minimum values were recorded
in the temperate zone was in late spring (June), coinciding with a relative minimum value in the subtropical zone
during the dry period. On the other hand, the maximum values in the temperate zone were observed in autumn
(October), which is a period of increase in cyanobacterial biovolume in the subtropical zone (November), coinciding
with the beginning of the humid period. However, in the subtropical zone several relative minimum and maximum
values were observed, and the coincidences between the two years studied were the minimum value registered at
the middle of the dry period (June) and the maximum values registered at the beginning of the humid period
(November), while other relative maximums and minimums not heaved coincidences. Regarding the WHO
surveillance levels, the mean values of the Ebro basin were under bathing waters guidance level 2 during the first
half of 2021 and in the late spring of 2022, while the mean values of the Tieté basin were always above this level.
Furthermore, the mean values of the Tieté basin overcome the bathing guidance level 2 during the entire period,

with moderate probability of adverse health effects, therefore toxin analysis should be performed.
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Figure 6. Annual variation of the median cyanobacterial biovolume estimated values for each processed image from

temperate zone (a) and subtropical zone (b).

A maximum value was observed during spring in the temperate zone, and an increase in the biovolume of
cyanobacteria since the annual minimum (June) until the end of autumn was observed (October-November). The
peaks and troughs of the annual variation of cyanobacterial biovolume in the subtropical zone do not coincide
completely over the years studied. Since the reservoirs function is to retain water in rainy periods for use at other
moments, the reservoirs hydrodynamics may be determining the plankton temporal variation. For this reason, we
present the annual water volume variation for each reservoir (Fig. 7) that appear in the images of the temperate and

subtropical zones (Fig. 2). A relationship can be seen between the minimum reservoir volumes values and the
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maximum mean value of the cyanobacterial biovolume estimated values, both in October-November, although there

are other relative maxima in the subtropical zone.
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Figure 7. Reservoir volumes annual variation for each reservoir of the temperate zone (a) and subtropical

zone (b) images.

The linear correlation between the mean cyanobacterial biovolume and the reservoir volume for the same day of
image was also obtained for each reservoir (Table 5). For the temperate zone, the results indicated a negative
correlation in the 7 reservoirs, but statistically significant in 6. Whereas in the subtropical zone, the results indicated

also a negative correlation in all reservoirs, but only 2 were statistically significant.
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Reservoirs r p value
Canelles -0.596 0.01
Rialb -0.760 0.001
Talarn -0.743 0.001
Camarasa -0.507 0.05
Escales -0.610 0.01
Oliana -0.752 0.001
Terradets -0.202 ns.
Iagarta -0.278 ns
Jaguari-Jacarei -0.363 n.s.
Atibainha -0.528 0.05
Cachoeira -0.510 0.05

Table 5. Pearson correlation and significance value for the correlations between the median cyanobacterial biovolume

estimated values and reservoirs volumes.

n.s.= non-significant (p > 0.05).

To observe the spatial variation within the reservoirs, four images corresponding to the 2021 annual variation of the
cyanobacterial biovolume for both climatic zones are shown in Figure 8. The images from the temperate zone
(Spain) correspond to late spring as the minimum value and to autumn as the maximum value (Fig. 8a). The images
from the subtropical zone (Brazil) correspond to March as the minimum value, at the end of the rainy season, and to
May as the maximum value, during the dry season (Fig. 8b). Regarding the spatial variation, it is mostly observed in
the reservoirs with the highest values of cyanobacterial biovolume, with a reduction in cyanobacterial biovolume in

the tail-dam direction. All images processed for the annual series are shown in Appendix B.
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Figure 8. Cyanobacterial biovolume of some reservoirs: (a) Ebro basin reservoirs (Temperate zone). Image of 14 June (up)

and 22 October (down) 2021; (b) Tieté basin reservoirs (Subtropical zone). Image of 27 March (up) and 26 May (down) 2021.

Discussion

Field data

Direct cyanobacterial-related variable quantification, in cell density, biovolume or PC using remote sensing is

complicated without the band at 620 nm, in the phycocyanin maximum absorption. This difficulty increases when
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working with such a heterogeneous cyanobacterial biovolume data range, 0.001—2977 mm?> L%, This data range has
a direct linear relationship with both Chl a and PC values, although this relationship is not effective until it exceeds
the threshold of 55 mg m™ for Chl a and 11.6 mg m™> for PC. This PC threshold is also observed in the study by

Medina-Cobo et al. [33] for temperate region reservoirs, obtaining a coefficient of determination of 0.6.

Retrieval algorithm

This heterogeneity makes it particularly difficult to obtain acceptable errors to consider the applicability of the
algorithm. The better coefficients of determination between the field and estimated data reaches a R? of 0.92,
obtained with the NDB5B4. Reaching a good coefficient of determination such as Medina-Cobo et al.23! using
MERIS (R? = 0.72), even though they have no error to compare. The other work using cyanobacterial biovol-ume was
performed by Isenstein et al.138) with a multispectral sensor, but their biovol-ume range is much lower, only until

0.21 mm? L}, so a comparison would be unrealistic.

The retrieval algorithm results, which were obtained using subtropical and temperate water bodies samples, make
evident the breadth of the retrieval algorithm to estimate cyanobacterial biovolume from S2 images. The use of the
NDB5B4 to retrieve phytoplankton variables coincides with bands used in other studies to estimate different
variables expressing the presence of phytoplankton. The S2 bands are few and widely spaced, so by using an
empirical model it is possible to use B5, with maximum algal dispersion (705 nm), and B4, with the majority
pigment absorption (665 nm), combinations to estimate Chl al831(841[851(29) p[58I(51] op phytoplankton biovolume
(this study). Furthermore, in our case, taking the band difference and normalizing by the sum of their reflectance,
eliminate any uncertainties in the estimation of Rrs, seasonal solar azimuth differences, and atmospheric
contributions at those Wavelengths[7—3]‘. Aspects that improve the results of NDB5B4 respect to the others tested

algorithms.

This result is expected because empirical methods are limited in their ability to dis-criminate between non-unique

signals from parameters that may be covariant, for example, total suspended solids and Chl al6o]

. For this reason,
the likely sensitivity of red-peak/scattering approaches is limited to concentrations greater than approximately 10
mg m™ for which biomass the red peak from scattering becomes apparent!8¢). For our algorithm, the correlation

between Chl a and cyanobacterial biovolume establishes our detection limit at 5 mg m of Chl a.

The thresholds established by the correlations between Chl a and PC values and cyanobacterial biovolume values do
not coincide with those established by the WHO. This is because, as Kelly et al87l demonstrate in their study, this
relationship varies with nutrient concentrations, growth stage and species composition, which impact pigment
concentrations and absorption spectra. This in turn means determining accurate relationships between absorption
spectra and biovolumes is challenging. However, we consider our algorithm as a good tool for monitoring the

guidance levels of WHO in our study area because it limit is 0.01 mm>? L. And although the algorithm
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underestimates biovolumes values under this threshold, these values are above the WHO vigilance level for drinking
and bathing waters. Other question is overestimate biovolume values upper this threshold but, in this case, it is
preferable to obtain values above the surveillance level and alert level 1 and activate the warning system, rather than
the opposite. Nevertheless, for more accurate monitoring, sometimes a control sample will have to be carried out to

verify the predicted values with field observations and to recalibrate the algorithm.

Image output

Regarding the images processed to observe the algorithm applicability and its coherence (Appendix B), the
algorithm behaves correctly. But when looking the images of Appendix B, note that not all reservoirs follow the
same annual variation explained in Fig. 6, were is represented the global image mean, obtained with the means of all
reservoirs than appear in the image subset (Fig. 2). As obtained in the field campaigns, much higher values were

estimated in the subtropical zone than those estimated for the temperate zone.

The variations of biovolume thorough the year is related with the water column mixing. In the dimictic reservoirs of
the temperate zone there are two periods of mixing, periods coinciding with the two cyanobacterial biovolume
maximums in spring and autumn. Nevertheless, the highest values were recorded in autumn. This is due to the
hydrological reservoirs managements, with a management that greatly deplete the reservoirs volumes during the
summer for agricultural uses, play an important role. Outflow causes a sharp drop in the reservoir levels, and
variations in the volumes and heights of the reservoirs can generate excess of particulate matter because of
coastline instability, which facilitates the dragging of particulate matter due to the effect of waves38). Sediment
removal releases nutrients and leachates, triggering phytoplankton proliferation@]‘, which is concentrated by the
water volume reduction. Conditions where cyanobacteria will proliferate better due to adaptations such as low light

requirements[&-[gl and buoyancy regulation mechanisms2),

In the tropical zone, with high cyanobacterial biovolume values during the entire studied period, specially in 2022,
the minimum values were registered at the middle of the dry period (June), and the maximum values were
registered at the beginning of the humid period (November). Similar pattern to that describer by Oliver and
Ribeiro2% in a study of monthly cyanobacteria density for the period 20102012 for a reservoir in the Metropolitan
Region of Sdo Paulo, were observe an increasing proliferation at the start of the rainy season in the early spring
(October), maintained at a high level until the decrease of rain-fall and temperature in April. But other authors
observe that biovolume increases shortly after the rainy season with a maximum recorded during the dry period[ﬂ].
In this sense, 2021 cyanobacterial biovolume variation coincides with the study by Tundisi et al.[22] in a Tieté Basin
reservoir, where they record a maximum production during winter period (May-June-July) and lower production
during the summer (December to March), but due to clouds, we do not have images for the rainy season in 2021.
Regarding the relative minimum and maximum values, our 2021 annual variation shows a similar pattern to that of

the Oliver and Ribeiro!2% with three annual relative maximum and minimum values. The difference between the
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two studies is the month when they occur. In Oliver and Ribeirol2% the maximum values were registered in March,
June and November and in our study the maximum values were registered in May, July and November, while the
minimum values were registered in February, May and September in the Oliver and Ribeiro®d study but in this
study, they were registered in March, June and September. Note that they use a monthly average, while we only have
a point value, and phytoplankton have a high replication rate (e. g. [931) These variations of biovolume thorough the
year is related also with the water column stratification of polymictic reservoirs. Hydrology of the basin, retention
time of the reservoir and climatic events have an impact in the vertical and horizontal structure of the system

promoting rapid changes in the plank-tonic community[22l,

However, although the results may seem realistic, it would be necessary to do yearly monitoring with in situ data to
improve the level of accuracy in order to avoid the overestimation of low cyanobacteria levels, since our algorithm is

based on point data which does not represent a hydrological year.

Regarding the spatial variation, in addition to reducing the concentration of nutrients and suspended solids, the
reservoirs regulate and reduce the variability of the flows of these variables?2l, This occurs also with the
cyanobacterial biovolume spatial variation, with a tail-dam asymmetry observed in many reservoirs of the

processed images, both in the temperate and subtropical zones.

Considerations

The methodology applied to S2 images increases our real-time information of cyanobacterial biovolume and spatial
heterogeneity in lakes and reservoirs with concentrations subject to monitoring according to WHO protocol, which
are impossible to highlight using current field sampling techniques. This method allows us to control the WHO
monitoring values before carrying out more exhaustive in situ sampling, and therefore serves as a warning method.
Furthermore, since S2 mission will provide images over the next decades, due to S2 being one of the key missions of
the Copernicus program, the methodology will be applicable to a wide variety of water bodies over the tropical and
temperate zones. To apply the established algorithm, the main points of uncertainty would be the field data, the
reflectance data and estimation data. Regarding the field data, a regular calibration of the sensor is needed to get
reliable data. Respect to the reflectance data, low uncertainty surface reflectance products are essential. For this
work, the algorithm has been developed from reflectance obtained with a given acceptable uncertainty atmospheric
correction, however it could be readjusted to a future less uncertainty atmospheric correction using the same ND

and with new field data. Finally, regarding the estimation data, use the ND reduce the uncertainties in the

estimation by excluding the seasonal solar azimuth differences and atmospheric contributions!22],

Monitoring of cyanobacterial blooms is becoming increasingly important, and the results obtained here show the
capabilities of S2 in this regard. Therefore, we can deduce that it would be good to incorporate remote sensing as a
tool in routine monitoring plans to be taken in areas with high and medium risk of cyanobacterial blooms, such as

those presented by Funari et al[%5] and Chorus and Welker!2! in their works. And can be used as a method to

geios.com doi.org/10.32388/IEUZZR 23


https://www.qeios.com/
https://doi.org/10.32388/IEUZZR

facilitate the study of HAB’s frequency as a climate change consequence effect. There are works in this area, such as
the research carried out by Oyama et al.28l to monitor levels of cyanobacterial blooms using a multispectral sensor,

and the work of Jia et al.27l using a hyperspectral sensor to determine cyanobacterial bloom frequency, although

without cyanobacterial quantification.

The results obtained provide an algorithm for the cyanobacterial biovolume space-temporal monitoring. It is
relevant because it is the first time that a cyanobacterial biovolume direct retrieval algorithm is obtained with real
S2 data using samples from temperate and subtropical zones. Cyanobacterial biovolume quantification will not only
allow us to establish the WHO surveillance levels for drinking and bathing waters, but also to know the amount of
biomass generated by the cyanobacteria, maybe toxic, which will subsequently degrade by consuming oxygen
and/or be incorporated into the sediment. Furthermore, the results contribute to the knowledge of the

phytoplankton pigments and cyanobacterial biovolume relationship.

Conclusions

The cyanobacterial biovolume can be estimated directly from S2 images using NDB5B4. Such as S2 bands are few
and wide, the same bands can be used to estimate different variables that express phytoplankton presence, like

Chl _a, PC and cyanobacterial biovolume.

The application of the algorithm developed in images has demonstrated its functionality and consistency,
reproducing both the cyanobacterial biovolume annual variation and the spatial variation patterns characteristic of
reservoirs. The highest values were al-ways recorded in the subtropical zone. The temporal annual variation in the
temperate zone registered a minimum annual value in the late spring and a maximum annual value in the late
autumn. More variations were registered in the subtropical zone, with diverse relative maximums and minimums
thorough the year. A tail-dam asymmetry was observed in the processed images, both in the temperate and

subtropical zones.

The algorithm developed for S2 images increases our real-time presence, the cyano-bacterial biovolume
information and spatial distribution in lakes and reservoirs of potentially toxic cyanobacteria. In addition, it can be
employed as an early warning system by comparing it with the threshold limits set by WHO and to quantify the
quantity of biomass generated by cyanobacteria, which may be toxic, and which will have to be absorbed by the

ecosystem.
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Appendix A

Depth Volume Elevation HRT
Name Abbreviation Climate | Visits Samples
m (max.) x10% m3 m.a.s.l. years

Alarcén ALA 71 1118 806 2.15 Csa 2 2
Albufera ALB 1 360 1 0.1 Csa 1 1
*Atibainha ATI 25 303 790 0.29 Cfb 1 4
*Barra Bonita BAR 25 3622 430 0.20 Cfa 1 1
Bellds BEL 34 69 144 0.24 Csa 1 2
Benaixeve BEN 90 221 450 0.63 Csb 1 1
Contreras CON 129 852 669 148 Csa 1 3
Ebro EBR 24 540 838 127 Cfb 1 1
Flix FLI 26 1 4 0.00 Bsk 1 1
*Itupararanga ITU 21 286 843 0.67 Cfb 2 1
*Jacarei JAC 33 1083 846 1.01 Cfb 1 3
La Tranquera TRA 43 84 685 071 Cfa 3 3
Las Torcas TOR 41 7 624 0.27 Cfb 1 1
Oliana OLI 73 101 518 0.08 Cfa 2 2
Pedrera PED 60 246 50 - Bsh 1 3
Riba-roja RIB 34 210 70 0.03 Bsk 1 1
*Rio Grande RGR 42 116 745 - Cfb 1 1
Santolea STO 44 48 583 0.60 Cfa 1 1
Urrunaga URR 24 72 547 0.37 Cfb 1 1
Total 24 43

Table Al. Summary of sampled lake and reservoirs. Symbols and abbreviations: max.: maximum; m.a.s.L.: meters above

sea level; HRT: hydraulic residence time; *Subtropical zone.
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Appendix B
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Figure B.1. Cyanobacterial biovolume of some Ebro basin reservoirs (Temperate zone). Images from January until July

2021
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Figure B.2. Cyanobacterial biovolume of some Ebro basin reservoirs (Temperate zone). Images from August until
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Figure B.3. Cyanobacterial biovolume of some Ebro basin reservoirs (Temperate zone). Images from January until June

2022.
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Figure B.4. Cyanobacterial biovolume of some Ebro basin reservoirs (Temperate zone). Images from July until November

2022.
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Figure B.5. Cyanobacterial biovolume of some Tieté basin reservoirs (Subtropical zone). Images from January until July

2021
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Figure B.6. Cyanobacterial biovolume of some Tieté basin reservoirs (Subtropical zone). Images from August until

December 2021.

geios.com doi.org/10.32388/IEUZZR

32


https://www.qeios.com/
https://doi.org/10.32388/IEUZZR

geios.com

doi.org/10.32388/IEUZZR

33


https://www.qeios.com/
https://doi.org/10.32388/IEUZZR

Figure B.7. Cyanobacterial biovolume of some Tieté basin reservoirs (Subtropical zone). Images from January until July

2022.

geios.com doi.org/10.32388/IEUZZR

34


https://www.qeios.com/
https://doi.org/10.32388/IEUZZR

geios.com

Biovoel_Ciano(mm? L)

0.02

doi.org/10.32388/IEUZZR

20

100 50100 200

35


https://www.qeios.com/
https://doi.org/10.32388/IEUZZR

Figure B.8. Cyanobacterial biovolume of some Tieté basin reservoirs (Subtropical zone). Images from August until

November 2022.
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