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Abstract.

Cyanobacterial blooms are related to eutrophic conditions that compromise the many uses of reservoirs. Thus,

quick and effective methods for detecting the abundance of cyanobacteria in waterbodies are needed to complement
conventional laboratory methods. In addition, inadequate control techniques that are applied at times of high
cyanobacterial concentrations can cause the cells to lyse and release toxins into the water. In the present study we investigated
the behaviour of cyanobacteria by determining phycocyanin and chlorophyll concentrations, using spectroradiometric and
fluorometric techniques, in three field campaigns performed at the Nova Avanhandava Reservoir, Brazil. The sampling rate
and favourable season for data collected had been determined previously by remote sensing analysis. Seasonal estimates of
cyanobacteria were made because fluorometric sensors were able to record low concentrations, whereas the spectral analyses
only detected phycocyanin at higher concentrations. Results of spectral analyses highlighted the subtle spectral characteristics
indicating the presence of phycocyanin, even without a clear definition of the diagnostic features in the reflectance curve.
Therefore, multiscale remote sensing complemented by fluorometric analysis and relevant environmental variables is an
effective approach for monitoring cyanobacteria in Brazilian inland waters.
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Introduction

Detection and quantification of the biomass of cyanobacteria is
critical to provide an early warning of bloom development
(Tundisi et al. 2010; Li et al. 2015; Shi et al. 2015). Cyano-
bacteria can produce and release microcystins, a group of
hepatotoxins. Microcystins produced by cyanobacterial cells are
only released into the water if the cell wall is disrupted. Some
algicides used to control cyanobacteria can promote cell lysis,
and thus the release of toxins into the water (Sivonen and Jones
1999). To avoid this scenario prevention and control strategies
should be performed. This only can be achieved with an inte-
grated monitoring approach able to detect both increases in the
density of cyanobacteria and the conditions of the aquatic
environment is needed.

Cyanobacteria are present in many waterbodies worldwide,
mostly at low concentrations. Under appropriate conditions (e.g. a
large amount of nutrients, particularly nitrogen and phosphorus,
temperatures above 25°C and adequate luminosity), the cyano-
bacteria can multiply rapidly and develop blooms (Coles and
Jones 2000).

In Brazil, the importance of controlling the growth of
cyanobacteria has led to the creation of a specific law by the
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Ministry of Health (ordinance number 518/2004, which defines
the minimum standards for drinking water) and the Ministry of
Environment (resolution number 357/2005, which establishes
water quality categories in Brazilian aquatic systems). However,
this laws does not establish mechanisms to prevent cyanobac-
terial blooms. Therefore, in many cases actions to control the
blooms are enacted after the environment is completely infested.
To avoid this, the Ministry of Health published another law
(ordinance number 2914/2011) that established new rules to
control water quality for human consumption in cases of high
cyanobacterial density. However, the costs associated with the
sampling design are relatively high and the implementation
process is complex.

In Brazil, Sdo Paulo state has the highest economic growth
and the largest metropolitan, industrial and agricultural areas,
and is experiencing advanced eutrophication of water resources
in some regions. Thus, the Environmental Company of the State
of Sao Paulo (Companhia Ambiental do Estado de Sao Paulo)
conducts quarterly sampling and manual counts of phytoplankton
groups in 60 locations within the state of Sdo Paulo. Despite the
accuracy of the collection and analytical methods, the spatial and
temporal coverage is not sufficient to provide a picture of the real
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conditions of the different waterbodies (Companhia Ambiental
do Estado de Sao Paulo 2016).

Novo et al. (2006, 2013) have argued that remote sensing is an
effective alternative for studies of Brazilian inland water systems.
The possibility of acquisition of remote sensing data at different
times of the year could provide information allowing inferences
to be made about the status of aquatic environments based on the
optical properties of their constituents.

Photosynthetic pigments can be detected in waterbodies on
the basis of the specific optical properties of these pigments. The
presence of the specific optically active pigment phycocyanin in
cyanobacteria has allowed studies to be conducted using remote
sensors, either by analysing the spectral signatures of phycocy-
anin associated with its spatial occurrence (Schalles et al. 1998;
Seppéld et al. 2005; Li et al. 2015; Shi et al. 2015) or by using
in vivo fluorescence data based on the specific absorption and
emission spectra of phycocyanin pigments (Seppild et al. 2005).
Information about phycocyanin (and therefore cyanobacteria)
based on its optical properties can be obtained by identifying
diagnostic features in spectral reflectance curves using methods
such as those reported by Goodin et al. (1993) and Chen (1992).

The aim of the present study was to investigate the seasonal
behaviour of cyanobacteria in a run-off river reservoir experi-
mental area using multisource data and multiscale remote
sensing techniques. The methods included evaluation of the
spectral and fluorometric responses of the phycocyanin pigment
and its relationship with chlorophyll-a (Chl-a) and other physical
variables in the aquatic environment. The study area was located
along the Tieté River, Sao Paulo state, Brazil, in a section of the
Nova Avanhandava Reservoir.

Material and methods
Experimental area and sampling design

The present study was performed in an experimental area located
in the Nova Avanhandava Reservoir, in the middle course of the
Tieté River (Sao Paulo, Brazil; Fig. 1a, b). The reservoir flooding
area is 210 km?, with a mean depth of 13 m and a mean annual
flow rate of 688 m® s~' (AES Tieté — Power Generation Com-
pany, see http://www.aestiete.com.br/geracao/Paginas/nossas-
usinas.aspx, accessed 6 June 2017). The Nova Avanhandava
Reservoir is the fifth reservoir in the Tieté River Cascade, which
consists of six dams built between 1960 and 1990 for maximum
exploitation of the hydropower potential as well as to provide
water for many different uses by the population.

The first reservoir of the cascade (furthermost upstream)
receives high nutrient loading from urban centres around the city
of Sao Paulo and, despite the biodegradation and self-purification
capacities of the river from the series of reservoirs, the system has
suffered eutrophication effects in recent years (Dongpo et al.
2008). In addition, there is intensive agricultural use in the basin,
in addition to the effects of urban waste and an industrial organic
load. The industrial load results primarily from the sugarcane
alcohol industry, which has increased the transport of nitrogen
and phosphorus from the terrestrial to aquatic environment and
results in a series of environmental effects (Rede Paulista de
Educagao Ambiental 2005).

A preliminary exploratory survey in the Nova Avanhandava
Reservoir was conducted in February 2011. Phytoplankton
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activity was detected in the waterbody. In December 2011, this
region was confirmed as the study area after a new exploratory
survey. Biological analysis of the water aliquots collected in
February 2011 by Utsumi et al. (2015) confirmed the dominance
of cyanobacteria among the phytoplankton groups, primarily in
the southern part of the reservoir.

The sampling design in the present study was based on
temporal, spectral and spatial reflectance variability evaluated
in multispectral images from the moderate-resolution imaging
spectroradiometer (MODIS) and RapidEye spaceborne sensors.
The temporal profile of the phytoplankton was evaluated to
determine the most appropriate time of the year to obtain in situ
measurements. This temporal profile was obtained by generating
temporal signatures from MODIS images (MODO09A1) with a
spatial resolution of 500 m. Spectral Bands 3 (459—479 nm),
4 (545-565 nm) and 1 (620—670 nm) were used in the present
analysis study they are considered appropriate for water studies
(Novo et al. 2006). The temporal profile (Fig. 2) was generated
from images acquired bimonthly from February 2009 to October
2011, considering the average value of reflectance extracted
from a square matrix of 9 pixels at the central point of the study
area.

A RapidEye multispectral image acquired in February 2011
was used as a preliminary definition of the spatial sampling
design. Spectral bands of green light (520-590 nm) and the red
edge (690-730 nm) were used to generate a ratio image (red
edge divided by green). The RapidEye red edge band is consid-
ered an effective data source for providing data of phytoplank-
ton distribution with high spatial resolution (Wen et al. 2014).
The positions of the sampling stations were defined as those
regions with greater radiometric variability and were deter-
mined by dividing the sampling area into a 45-cell grid. For
each cell, the ratio image average and s.d. were calculated. Cells
that had similar statistical parameters were merged until there
were 30 complete points (Fig. 1¢). After merging similar cells,
a single random point was positioned in each merged group
of cells.

The sampling design followed the pattern of temporal,
spectral and spatial reflectance variability, but the original
sample size of each field campaign was different due to weather
conditions (e.g. rain or the presence of clouds) or instrumental
and logistical issues, primarily in September 2012. At every
georeferenced sampling site, spectroradiometric and fluoromet-
ric data were acquired to estimate the concentrations of Chl-a
and phycocyanin, in addition to measurements of certain lim-
nological and environmental variables to characterise the col-
lection points. Furthermore, water samples were collected in
10-mL chambers as part of the February 2012 field campaign
and preserved in Lugol’s solution at a ratio of 1:100 for
subsequent identification of phytoplankton groups and total
density counts. To quantify the density of phytoplankton, the
Uterm6hl method of counting individuals was used, with results
expressed as the number of individuals per millilitre. An
‘individual’ was considered as being a filament, a tricome, a
colony, a coenobium or a cell (for unicellular individuals;
Uhelinger 1964). There is no consensus about the best quantifi-
cation method for the calculation of phytoplankton diversity, but
the number of individuals has been used for a long time,
including in recent literature (Figueredo and Giani 2001).
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Fig. 2. Reflectance profile in MODIS) Spectral Bands 3 (459479 nm),
4 (545-565 nm) and 1 (620-670 nm) generated for the period February
2009—October 2011.

Limnological values (water temperature, dissolved oxygen,
turbidity (Alfakit Company, model AT, see https://alfakit.ind.br/,
accessed 6 June 2017) and water transparency (Secchi depth))
were obtained during each field campaign using instruments in
the field. Weather data (minimum and maximum air temperature,
wind speed and direction, monthly accumulated rainfall, number
of rainy days and moisture) were also obtained, from the Instituto
Nacional de Meteorologia (INMET) weather station (A735;
—21°05'8.43"S, —49°55'13,4"W), located 40 km from the
Treservoir.

In vivo fluorescence: data collection and processing

Fluorometric sensors were used to obtain the concentration of
phytoplankton pigments, measured at a depth of 30 cm. The
phycocyanin concentration was measured using a UniLux
Submersible Fluorometer device (Chelsea Technologies Group,


https://alfakit.ind.br

Seasonal analysis of cyanobacteria in fresh water

see https://www.chelsea.co.uk/, accessed 6 June 2017) and
calibrated by the supplier (Chelsea Technologies Ltd 2010). The
UniLux device recorded the in vivo fluorescence of phycocyanin
pigment within a dynamic range of 0-100 pug L™', with a
detection limit of 0.01 pg L™".

Chl-a fluorescence values were obtained using a 10 AU
Field Fluorometer (Turner Designs, see http://www.turnerde-
signs.com/), which provides relative values of in vivo fluores-
cence. Thus, in vivo fluorescence values were calibrated using
Chl-a concentrations acquired from laboratory extraction
using the spectrophotometric method of Goterman (1978).
Figure 3 shows the calibration curves relating in vivo fluores-
cence values to absolute concentrations of Chl-a for each field
survey.

To analyse the seasonal aspect of spatial dispersion of
phytoplankton pigments in the study area, as well as the
representativeness of the sampling design used in each field
survey, concentrations of phycocyanin and Chl-a were used to
produce thematic maps describing the spatial distribution of
Chl-a and phycocyanin concentrations through Thiessen poly-
gons. In these maps, the size and shape of the polygons depend
on the density and spatial distribution of the sample elements.
Colours are related to the concentrations of Chl-a and phycocy-
anin acquired in each field survey.

In situ hyperspectral data

Hemispherical—conical reflectance factor (HCRF) values were
obtained in field measurements using a ASD FieldSpec Hand-
Held model, UV/VNIR spectroradiometer (for wavelengths
325-1075 nm; Panalytical Company, see https://www.asdi.com/
products-and-services/fieldspec-spectroradiometers) — operating
in the spectral range 375-1075 nm with 512 channels and a 1.6-nm
nominal spectral resolution. HCRF is the ratio of the radiance of
the sample (L,; A) and the radiance of a Lambertian reference
surface (L;; /), measured under the same conditions of illumina-
tion and observation. This reflectance factor accounts for large
instantaneous fields of view (IFOV). IFOV values were acquired
using sensor measurements performed under ambient sky illu-
mination. In this case, the assumption of a zero interval of the solid
angle for the measured reflected radiance beam does not hold true
(Schaepman-Strub et al. 2006).

Spectral analytical methods (e.g. derivative analysis and
continuum removal technique) were used to extract spectral
information associated with scattering and absorption features
related to the phycocyanin pigment and to consequently evalu-
ate the occurrence of cyanobacteria in the study area.

In hyperspectral remote sensing, derivative analysis was
used to discriminate the effects and quantify the concentration
of sediments and chlorophyll in the water (Chen 1992; Goodin
et al. 1993). The mathematical basis for the spectral derivative is
established by the change of reflectance related to the wave-
length (/; Chen 1992). Graphically, it is represented by the slope
of the tangent at each point of the curve; thus, the derivative
shows the points where there are sudden changes in spectral
response. The derivatives can be estimated by finite approxima-
tion, as shown by Tsai and Philpot (1998).

Continuum removal allows normalisation of the spectral
reflectance to compare individual absorption features from a
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Fig. 3. Linear regression equations used to estimate chlorophyll (Chl)-a
concentrations by fluorometry in () February 2012 (nine points), (b) March
2012 (eight points) and (c) September 2012 (eight points).

common baseline. The continuum spectrum is described
mathematically by the line equation: the linear and angular
coefficients set the upper and lower limits for each absorption
feature (Clark and Roush 1984; Mutanga et al. 2004). An
absorption feature resulting from continuum removal contains
associated parameters, such as depth, area and width. The
spectral interval used to detect the phycocyanin pigment in
water was between 610 and 645 nm, with a central wavelength
of 627 nm.

The spectral parameters obtained were correlated with phy-
cocyanin concentration. For the definition of significant Pearson
correlation coefficients as a function of the number of sample
elements, Fisher’s exact test of independence was used with the
level of significance set at P < 0.01 and an acceptance threshold
of 99% (Armitage et al. 2002). Thus, significant correlations
(r) for the first, second and third field surveys should be greater
than 0.42, 0.44 and 0.56 respectively.
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Results and discussion
Phytoplankton activity in the study area

Figure 2 shows temporal profiles of phytoplankton behaviour
obtained from Spectral Bands 3 (459-479 nm), 4 (545-565 nm)
and 1 (620-670 nm) of the MODIS image (MOD09A1). In the
three spectral bands evaluated, the reflectance values were
higher in February and lower in October. Therefore, on the basis
of this distinct phytoplankton behaviour, available resources
and logistics, field campaigns were conducted in February,
March and September 2012.

Table 1. Statistical indicators of the chlorophyll (Chl)-a and phycocy-
anin concentrations obtained from in situ collection of water samples

February 2012~ March 2012 September 2012

Phycocyanin (ug L")

Maximum 50.24 4.71 2.32

Minimum 1.47 0.46 0.23

Mean +s.d. 7.12£10.05 2.584+0.99 1.39+£0.71
Chl-a (ugL™")

Maximum 150.96 16.04 24.35

Minimum 8.93 8.59 5.32

Mean =+ s.d. 47.54+34.21 1231+£226 11.86+£4.32
Number of samples 29 30 18
Table 2. Phytoplankton groups identified in the February 2012

field survey

Phytoplankton group Individuals mL ™" (%)

Bacillariophyceae 115 (6)
Chlorophyceae -
Cryptophyceae 229 (16)
Crysophyceae -
Cyanophyceae 1418 (76)
Dinophyceae 23 (1)
Euglenophyceae -
Zygnemaphyceae 23 (1)
Total 1871 (100)
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February was the month of greater photosynthetic activity
(Fig. 2), as indicated by MODIS temporal analyses, so the ratio
image generated from red edge and green RapidEye spectral
bands of February 2011 was used to distribute the sample
elements in the experiment. Other sampling stations were set
in the areas that showed greater radiometric variability, such as
the region near the south shoreline (Fig. 1¢).

Analysis of phytoplankton activity in the experimental area
was based on Chl-a and phycocyanin concentrations determined
using fluorescence methods. Brazilian legislation (resolution
number 357/2005) establishes a concentration limit up to
30 ug L' Chl-g in multiple-use reservoirs. For phycocyanin,
the maximum value was based on the results reported by Brient
et al. (2008), who showed that cyanobacteria become dominant
in an environment with phycocyanin concentrations
>10 pg L.

These Chl-a and phycocyanin thresholds were used as
reference values for statistical analyses of phytoplankton occur-
rence in the experimental area. In February 2012, the Chl-a and
phycocyanin concentrations were close to values registered in
aquatic environments dominated by cyanobacteria, as reported
by the field survey. The concentrations obtained in surveys
conducted in other seasons of the year were below the reference
values, indicating that the waterbodies were only slightly
affected (Table 1).

During the February 2012 field survey, the phycocyanin and
Chl-a concentrations had the highest s.d. values, demonstrating
greater variability in terms of their spatial distribution.

The density of phytoplankton individuals (separated by
groups) was estimated in water samples collected in February
2012 (Table 2) as individuals per millilitre and as percentages,
only to verify whether there were cyanobacteria in the reservoir.
The ratio of occurrence shows the dominance of the specific
cyanobacteria group Cyanophyceae, with a proportion >70% in
terms of individuals. Moreover, among the cyanobacteria
genera identified in the samples, the dominance of Microcystis
is disturbing because these cyanobacteria are able to release
toxins into the aquatic environment.

The effect of weather conditions (Table 3) on the occurrence
of cyanobacteria, as determined on the basis of phycocyanin
concentrations, is consistent with findings reported in the

Table 3. Data on environmental and limnological variables collected during each field campaign
NTU, Nephelometric turbidity unit

February 2012 March 2012 September 2012

Air temperature (°C)

Minimum 22 23 19

Maximum 24 24 24
Wind speed (ms ") 2.5 2.5 4.0
Wind direction North-westerly South-westerly North-easterly
Accumulated monthly rainfall (mm) 80 80 70
Number of months in which rain fell 8 8 5
Humidity (%) 70 62 40
Water temperature (°C) 29 29.8 26.8
Water transparency (m) 2.6 3.5 2.7
Dissolved oxygen (mgL™") 5.9 7.1 9.8
Turbidity (NTU) 23.7 9.0 2.6
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literature for freshwater ecosystems at tropical and subtropical
latitudes (Tundisi et al. 2010). The results of the present study
suggest, as do the results of Tundisi et al. (2010), that in
February relatively high air and water temperatures, wet days,
light wind speed and several rainfall events introduced nutrients
into the environment, creating a favourable environment for the
proliferation of cyanobacteria. March was characterised by the
highest precipitation to the start the autumn period and low
concentrations of Chl-a and phycocyanin (Tables 1, 3). Tundisi
et al. (2010) explained this period as alternating between
stability and mixing that creates the so-called ‘moderate vertical
mixing associated with a previous cold front’. In September, a

cold front just before the field survey (associated with medium
winds and low temperatures) may have caused mixing events,
significantly reducing the population of cyanobacteria, as evi-
denced by the phycocyanin and Chl-a concentrations in Table 1.

Values of other limnological variables (Table 3) indicate that
turbidity increased with Chl-a and phycocyanin concentrations,
and with decreasing water transparency. Turbidity had an
inverse and exponential relationship with water transparency,
and a hyperbolic relationship with Chl-a (Schalles et al. 1998).

Thematic maps (Fig. 4) were created to illustrate seasonal
and spatial variations in Chl-a and phycocyanin concentrations
together with wind direction. In February 2012, many samples,
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primarily from the southern part of the experimental area, had
the highest concentrations of phytoplankton pigments, coinciding
with wind direction (top panels, Fig. 4).

Maps containing data collected in March 2012 (middle
panels, Fig. 4) coincided with the effect of winds in defining
the highest concentrations of these pigments, found at this time
in the northern part of the experimental area, even though the
wind velocity was low. This field survey was characterised by
strong rain events near the field survey. We suggest that the
effects of mixing were greater in the southern (shallower) than
northern (deeper) part of the reservoir.

In the field survey of September 2012, the highest concen-
trations of phycocyanin and Chl-a (bottom panels, Fig. 4) were
again seen in the southern part of the experimental area, despite
the lower number of data points. During this period, winds
were of medium intensity (4.0 m s~ '), and ranged from north-
east to south-west (Table 3). Despite the similarity in phycocy-
anin and Chl-a spatial variability for each field survey, there is

R. E. Cicerelli ef al.

low correlation between these variables when the concentration
is low (March 2012 and September 2012; Fig. 5). A fundamental
problem of fluorescence measurements of algae is that molecular
events are responsible for the different types of fluorescence
quenching, and this can lead to artefacts and misinterpretations
(Biichel and Wilhelm 1993).

Feasibility of hyperspectral analysis in detecting
phycocyanin

Smoothing filters were used to reduce the effect of random noise
in the reflectance factor curves. In spectra obtained during the
February 2012 field campaign, a five-point mean smoothing
filter was adopted (Tsai and Philpot 1998), whereas for March
and September 2012 a Fourier transformation filtering method
was used to remove the high-frequency components (Bracewell
1989).

The smoothed spectral curves defined in the wavelength
range from 400 to 900 nm are shown in Fig. 6, with vertical
dashed lines representing the spectral locations of the diagnostic
features of absorption and scattering of phycocyanin and Chl-q,
as in Richardson (1996) and Kirk (1994), among others.

The highest reflectance factor values were obtained in
February 2012 (Fig. 6a) and the spectral features are clearly
associated with phycocyanin and Chl-a pigments. In the March
and September 2012 field surveys, the behaviour of the curves
indicates reduced variability due to low concentrations of
phytoplankton pigments.

Maximum reflectance values in the green region (between
550 and 570 nm) caused by the presence of Chl-a are visible in
the reflectance curves, as well as in the absorption features in the
red region (i.e. absorption maximum near 671 nm) and the peak
reflectance in the near-infrared region (i.e. absorption minimum
near 700 nm; Fig. 6a). Furthermore, a representative peak is
observed at 750 nm, which can be attributed to scattering caused
by assembly of phytoplankton cells or by total suspended solids
(Dekker 1993; Kirk 1994).

Some phycocyanin spectral curves show a subtle absorption
feature near 620 nm and a scattering peak near 650 nm, as
reported in the literature for aquatic environments containing
cyanobacteria (Dekker 1993; Le ef al. 2011). In the February
2012 field survey, these features were more pronounced
(Fig. 6a).

Figure 7 shows curves resulting from the application of the
second derivative for each field survey. The subtle phycocyanin
features of the absorption and scattering wavelengths (620 and
650 nm respectively) become more obvious in the second
derivatives because these features have positive values for
absorption and negative values for scattering (dashed lines).
All field surveys featured curves exhibiting this behaviour, but
the magnitude of the second derivative was higher and the
dispersion was lower for the February 2012 survey, when the
highest concentrations of phycocyanin were obtained.

For continuum removal, the range containing the main
phycocyanin absorption feature (between 610 and 645 nm)
was adopted. Table 4 gives correlation levels among the in vivo
fluorescence phycocyanin concentrations and the continuum
removal parameters (height, width, asymmetry and area) for
each survey campaign. Area and height values had the highest
correlation with phycocyanin concentration. This result
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Smoothed spectral curves obtained in («) February 2012 (30 points), (») March 2012 (27 points) and (c¢) September 2012 (18 points). The black

dashed lines indicate the position of the diagnostic features of phycocyanin (620 and 650 nm) and the grey dashed lines indicate the position of the

diagnostic features of chlorophyll-a (550, 675 and 700 nm).

confirms the effect of phycocyanin absorption near 620 nm (Li
et al. 2015). The highest correlation between area and phycocy-
anin concentrations was obtained for February 2012. A similar
result for correlation was observed for the March 2012 survey,
with lower concentrations of phycocyanin.

The efficiency of the reflectance curves and the methods of
spectral analysis in assessing the occurrence of phycocyanin in
the study area are expressed by the correlation between the most
representative variables and the pigment concentration mea-
sured by in vivo fluorescence (Table 5). Phycocyanin was
correlated with the original spectral curves at 620 and 650 nm,
with the second derivatives at 620 and 650 nm and with the area
and height parameters of the continuum removal for each field
survey. The relationship between phycocyanin and Chl-a con-
centrations, obtained by fluorometry, for each field campaign is
shown in Fig. 3.

The correlation values in Table 5 indicate that the highest
correlations were obtained between higher concentrations of
phycocyanin, measured by in vivo fluorescence, and the second
derivative. However, even these indicators were not efficient
when phycocyanin concentrations in the waterbody were very
low. Cyanobacteria can move vertically in the water column and
the vertical distribution of cyanobacteria may have an effect on
the remote sensing signal measured, hampering the collection of
data (Kutser et al. 2008). Furthermore, the fluorescence effi-
ciency of pigments is dependent on their history of exposure to

light when measured in vivo, leading to diurnal variations, even
in vertical profiles (Smith ef al. 1981). This process can change
the in vivo fluorescence measured in the field, considering the
capacity of light penetration in relation to phytoplankton
concentration.

Indeed, correlation values obtained for the February 2012
field survey (highest concentration of phycocyanin) showed that
the spectral response curves expressed by reflectance and the
derived spectral metrics can be indicators of the presence of
phycocyanin, and therefore cyanobacteria, in waterbodies. The
average concentration of phycocyanin for February
(7.12 pg LY corresponds to a value below the critical level
(which is >10 pg L™"; as in Brient ef al. 2008). However, even
without the risk of dominance by cyanobacteria in the study
area, spectral analysis can be an effective tool for monitoring
water quality and for preventive diagnosis of an increase in these
organisms in the aquatic environment. Thus, spectral data may
be useful for characterising cyanobacteria blooms despite the
adverse effects of low concentrations of phycocyanin pigment
on the spectral response.

Fluorescence data may provide more useful information in
the presence of low phycocyanin and Chl-a concentrations, even
though the fluorescent signal is affected by: (1) environmental
light and nutrient conditions; (2) the presence of other optically
active components (OAC), such as dissolved organic matter
(CDOM), Chl-b, Chl-¢; and Chl-c;; and (3) the composition of
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Dp/, second derivative curves.

Table4. Correlation coefficients between in vivo fluorescence concen-
trations of phycocyanin and continuum removal parameters for the
absorption feature for the interval 610—645 nm

Parameter February 2012 March 2012 September 2012
Height 0.57 0.39 0.02
Width 0.25 0.29 0.10
Asymmetry —0.26 —0.26 0.19
Area 0.64 0.43 0.08

the phytoplankton species (Le et al. 2011; Belzile et al. 2004,
Kiefer 1973).

In short, an approach that incorporates multiple data sources
and various analytical tools for the effective monitoring of
multipurpose reservoirs at potential risk of cyanobacterial
blooms is needed.

Initially, a sampling network should be properly designed in
space and time using, for example, orbital multispectral images
with strategic spectral bands for discrimination of phytoplank-
tonic pigments in fast revisit time (high temporal resolution).
These series of images may be integrated with environmental
data (e.g. temperature), and finally indicate areas favourable for
bloom development (according to wind direction and speed).
Moreover, remote sensing is a promising tool for the diagnosis

of features associated with the occurrence of phycocyanin in
reflectance curves, either by indirect analysis, by monitoring
concentrations of Chl-a or by inversion of analytical models.

Conclusions

The feasibility of assessing the spatial and temporal behaviour
of cyanobacteria in tropical fresh water based on the spectral
and fluorescent properties of the phycocyanin pigment was
confirmed in the present study. This study presents an alter-
native to the monitoring of water quality given the difficulty of
acquiring a significant number of samples in large waterbodies
to detect cyanobacteria blooms using traditional limnology
sampling.

Phycocyanin and Chl-a concentrations, as well as factors
defining conditions for both cyanobacterial proliferation and
dispersal in aquatic environments, were evaluated in three field
campaigns. The analysis of the spatial dispersion of the phyco-
cyanin pigment showed that the largest concentration of this
pigment coincided with wind direction. Similar results were
found for Chl-a, indicating that the dispersion of phytoplankton
is generally influenced by wind direction.

During the tropical summer, phycocyanin and Chl-a con-
centrations exhibited significant spatial variation, with some of
the sampling points reaching alarming levels in February, when
the aquatic environment exhibited eutrophic behaviour.
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Correlation between in vivo fluorescence concentrations of phycocyanin and the information extracted from spectral

reflectance curves for each field campaign
Chl-a, chlorophyll-a

February 2012 March 2012 September 2012

Reflectance factor

At 620 nm 0.50 —0.25 —0.11

At 650 nm 0.56 —0.25 —0.10
Second derivative value

At 620 nm 0.80 0.40 0.55

At 650 nm 0.96 —0.20 —0.50
Area parameter (continuum removal): 610-645 nm 0.64 0.43 0.10
Height parameter (continuum removal): 610—645 nm 0.58 0.39 0.05
Phycocyanin and Chl-a concentrations 0.79 0.44 0.47

Irregular spatial distribution and seasonal concentrations of
phytoplankton and cyanobacteria were confirmed, regardless of
their concentration. These variations support the requirement of
a higher number of sample elements and a better spatial
distribution of programs to monitor water quality of Brazilian
inland waters.

The use of multisensor data with regard to the fluorescent and
spectral properties of phycocyanin was adequate to analyse the
seasonal behaviour and spatial distribution of cyanobacteria.
The fluorometric sensors recorded low signal levels, enabling
estimates of even low concentrations of pigments, whereas the
spectral response for detecting phycocyanin is constrained by its
low strength at low concentrations. However, hyperspectral
remote sensing is an effective approach for monitoring phyto-
plankton, and the results of the present study showed that even
without defining clear diagnostic features in the reflectance
curve (as with Chl-a), the use of techniques to analyse spectral
curves can highlight the specific subtle spectral characteristics
of phycocyanin.

Regarding the methods of extracting information from spec-
tral curves, the values of the second derivative at wavelengths of
620 and 650 nm resulted in high correlation coefficients with
phycocyanin concentrations (0.8 and 0.96 respectively) for data
acquired in February 2012.

Monitoring the growth and dispersion of cyanobacteria in
aquatic environments is fundamental to preventing the occur-
rence of blooms and the emergency control measures related to
them. These measures may cause cell lysis and release micro-
cystin into the water. From this perspective, the present study
demonstrated the use of a monitoring approach based on the
spectral and fluorescent behaviour of the phycocyanin pigment,
integrating multiscale and multisensory remote sensing data.
The collection of consistent data at different times of the year
showed the spatial and seasonal variability in cyanobacteria and
the possibility for the development of rapid and reliable methods
of monitoring cyanobacteria blooms.
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