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ABSTRACT

Wiater is the most important substance in nature and all known life forms on the planet depend on it. Among aquatic species,
microalgae and cyanobacteria stand out as indicators of their quality, as their increase can be harmful for human consumption, and
their concentrations should be monitored. This research aimed to identify reflectance patterns of the microalgae Chlorella vulgaris and
Raphidocelis subcapitata that allow, through the creation of an algorithm, the estimation of their chl-z concentrations. The R software
found that cell density and growth were higher in C. vulgaris Pearson correlation of 0.96 (p-value 0.000041) and Chl-a content was
higher in R. Subeapitata Pearson correlation of 0.81 (p-value 0.013778). An algorithm made it possible to edit the dependent variable
based on statistical models. The best readings for the microalgae used were in the spectral range of 524.84 nm in R. subcapitata and
671.13 nm in C. vulgaris. The use of the spectroradiometer for such an analysis, previously unprecedented, was due to the best cost-
benefit for measuring the reflectance of Chl-a. Itis expected that these two equations will be used in satellites to remotely check water
quality through the incidence of these microalgae.

Keywords: Water; Chlorophyll; Microalgae; Spectroradiometer; Technology.

RESUMO

A 4gua ¢ a substancia mais importante da natureza e todas as formas de vida conhecidas no planeta dependem dela. Dentre as espécies
aquaticas, destacam-se as microalgas e cianobactérias como indicadoras de sua qualidade, pois seu aumento pode ser prejudicial ao
consumo humano, devendo haver um nonitoramento de suas concentragdes. Esta pesquisa teve como objetivo identificar padroes de
reflectancia das microalgas Chlorella vulgaris ¢ Raphidocelis subcapitata que permitam, por meio da criagdo de um algoritmo, estimar suas
concentragoes de chl-a. O software R verificou que a densidade e o crescimento celular foram maiores em C. vu/garis com correlagio de
Pearson de 0,96 (p-valor 0,000041) e o teor de Chl- foi maior em R. subcapitata com correlacio de Pearson de 0,81 (p-valor 0,013778).
Um algoritmo possibilitou a edi¢do da variavel dependente com base em modelos estatisticos. As melhores leituras para as microalgas
utilizadas foram na faixa espectral de 524,84 nm em R. subcapitata e 671,13 nm em C. vulgaris. O uso do espectrorradiémetro para tal
analise, até entdo inédito, deveu-se ao melhor custo-beneficio para medi¢ao da reflectincia de Chl-a. Espera-se que essas duas equagoes
sejam utilizadas em satélites para verifica¢do remota da qualidade da dgua por meio da incidéncia dessas microalgas.

Palavras-chave: Agua; Clorofila; Microalgas; Espectrorradidmetro; Tecnologia.
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INTRODUCTION

Wiater is the most important substance in nature, as all
known forms of life on the planet depend on it, and it is also
the subject of several studies in Brazil and around the world
(Dawson et al., 2015; Chrispim & Nolasco, 2017; Zhang et al.,
2017; Bianchi et al., 2019; Torremorell et al., 2021). As the global
demand for water grows, the likelihood of supplying water of
adequate quality decreases severely (Andrade et al., 2020). In several
Brazilian regions of dams and rivers close to poor communities,
the effectiveness of the durability of river quality is responsible for
the main sources of water for industrial, domestic and agricultural
use (Tester et al., 2020; Lobo et al., 2009).

Due to the scarcity of water resources in recent decades,
the investigation of aquatic environments has become increasingly
essential, as there has been a great interference with water quality
and an increase in the use of important and little-studied reservoirs
(Hart & Hart, 2000).

One of the problems affecting the quality of water in
reservoirs is a hypereutrophic environment, due to high concentrations
of nutrients, associated with episodes of microalgal blooms or
even fish kills, with undesirable consequences for their multiple
uses (Chaves et al., 2019; Godlewska et al., 2023). The species
that grow in these environments need to survive under limited
light conditions, while at the same time they must be able to
degrade the compounds responsible for coloring the water in the
environment and also withstand very high nutrient concentrations
(Chong et al., 2021).

A small fraction of the radiant energy incident on an
aquatic environment is converted by microalgae into chemical
energy, which is transferred to other trophic levels, and plays a
crucial role in the dynamics of the environment (Sipatba-Tavares
& Rocha, 1993).

The importance of microalgae in relation to water quality
becomes indisputable when we look at their influence on the
environment, as they play a structuring role in the trophic chain
and serve as bioindicators (Singh & Patidar, 2020). Thus, based
on chlorophyll-a (chl-a), it is possible to use satellite images to
evaluate water supply reservoirs, based on quantification and
evaluation at spatial (horizontal and vertical) and temporal scales
(Ambati et al., 2019; Barbosa et al., 2019).

Chl-a is a pigment found in all phytoplankton species
(Falcioni et al., 2023; Xu et al., 2020) and has been widely used as
a proxy indicator of eutrophication in aquatic environments and
primary production by microalgae, being important in relation to
monitoring episodes of excessive increase in cell multiplication
(Watanabe et al., 2019).

These common problems in reservoirs can be quickly
elucidated using satellites (D6rnhéfer & Oppelt, 2016). The authors
describe that the increase in chl-a and cyanobacteria in the aquatic
environment can be extremely harmful and even worse for
subsequent human consumption if found in excess. Thus, the
use of remote sensing techniques can assist traditional sampling
strategies to increase the efficiency of obtaining information on
spatial and temporal variability in the habitat.

Various spectral indices have been proposed specifically for
evaluating chlorophyll content in large or small quantities, but each
environment requites a for the studied site (Clevers et al., 2017;
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Cui & Zhou, 2017; Darvishzadeh et al., 2019; Cazzaniga et al.,
2019; Pompéo et al., 2021).

Among some indices used, the form of reflectance
relationship/difference/slope derived from the chlorophyll
absorption bands was observed (Lin et al., 2015); Normalized
Difference Vegetation Index (NDVI), Normalized Difference
Chlorophyll Index (NDCI), Modified Normalized Difference
Water Index (MNDWT), Normalized Difference Turbidity Index
(NDTT), Water Ratio Index (WRI), Automated Water Extraction
Index (AWEI), Simple Ratio (SR) and Simple Ratio Watercolor
(SRWC) (Saberioon et al., 2020).

Moreover, little by little the use of machine learning algorithms,
such as support vector machines, are becoming widespread, wich
can be applied to drones (Najafzadeh & Basirian, 2023).

Although there are studies in Brazil (Aranha et al., 2022)
and around the world (An et al., 2020) that analyze chlorophyll-a
concentrations in aquatic environments using spectroradiometers,
spectral waves and other forms; there are still no studies using
microalgae as a test object. What we find are models based on
remote field sensing (Lopes et al., 2021).

Having a model available to estimate chl-z concentrations
in a given reservoir as a whole is extremely important, as it is
possible to obtain a parameter of the environmental quality of
the water and even imagine future improvements in that location.
Furthermore, the equations are useful for measuring reflectances
with the spectroradiometer, which is much cheaper and faster than
measuring chl-a directly. Therefore, the objective of this research
was to identify reflectance patterns of the microalgae Chlorella
vulgaris and Raphidocelis subcapitata that allow, through the creation
of an algorithm, estimate their concentrations in the aquatic
environment, this calculation was revised through its correlation
to Chl-z concentrations.

METODOLOGY

The microalgae species used in this work were defined
according to their morphological characteristics, such as differences
in their shapes, length, width, cell density, sheath and abundance
in the environment. The microalgae species chosen for the study
were: Raphidocelis subcapitata and Chlorella vulgaris, from UFSCAR’s
freshwater microalgae culture collection (CCMA-UFSCar, strain
704). These species were acquired for the study because they are
widely studied species, because they are easy to grow, because they
are regularly found in reservoirs and because one has a mucilage
sheath (Chlorella vulgaris), and the other does not have (Raphidocelis
subcapitata).

To understand the entire methodology, a flowchart was
created to better understand the project (Figure 1).

Although are green microalgae, they have different families,
growth, structural characteristics, uses in industry, abundance and
spectral readings, which is why their structures and differences in
the environment should be studied.

Chlorella vulgaris, a spherical unicellular microalgae 1-6 um
in diameter (Luo et al., 20006; Safi et al., 2014), is green, has a high
biomass productivity and a relatively short cell doubling time (24 h).
In addition, it is an important source for the commercial production
of carotenoids, various biopharmaceuticals and lipids for biodiesel
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Figure 1. Methodology flowchart.

production (Ambeati et al., 2019), and is found frequently and in
large quantities in the water supply dams and rivers of Sio Paulo
(Lopes et al., 2021; Palmer, 1960).

Formerly known as Selenastrum capricornutum and
Pseudokirchneriella subcapitata, Raphidocelis subcapitata is a microalgae
with a curved and twisted appearance. They are unicellular and
have alength of between 8 and 14 um, and a width range between
2 and 3 pm. Generally found in fresh waters, it is a unicellular
green microalgae with a single long chloroplast and a bright green
color (Torres, 2016). This bright color is essentially due to the
presence of chlorophyll. Its short life cycle and ease of growth
in laboratory conditions are other characteristics that make it an
ideal test organism.

In addition, it short life cycle, high growth rates, ease of
maintaining cultures and its ability to grow in well-defined synthetic
media make it one of the most important organisms for assessing
aquatic toxicity (Kaplan, 2013). Due to its sensitivity to toxicity
tests, it shows the toxic effects caused in ecosystems by chemical
substances present in it, making it important in environmental
impact assessments (Vidotti & Rollemberg, 2004).

The microalgae were grown in an incubator with controlled,
containing empty shelves for light to pass through. The incubator
was lit with fluorescent lamps intensity of 60 umol m™s” 24-hour
photopetiod, the temperature maintained at 21+2°C. The distilled
water is autoclaved before use with the microalgae. Cooling is
maintained constantly by the greenhouse and aeration is provided
by a compressor pump.

Both microalgae were grown without the insertion of culture
medium in order to verify their natural growth, and the microalgal
density was collected and counted twice a week for 30 days.

For chl-a analysis, aliquots ranging from 500 ml (start) to
10 ml (end) were taken weekly and filtered through glass fiber
filters (GF/C 0.7 mm porte size). To count the microalgae, 10 ml
of the sample was taken every week and the cell count was carried
out in a Neubauer chamber (400X magnification).

The chl-a concentrations were determined at the end by
colorimetric analysis, checking the wave readings in each sample
after extraction in 90% ethanol (Nush, 1980), for subsequent
analysis and linear regression, using a spectroradiometer (Ocean
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Optics USB4000), whose spectral reading ranges from 200 to
1100 nm and resolution depend on the choices of grid and light
input aperture, it also has 3648 pixels and the optical resolution
ranges from 0.1 to 10 nm FWHM (depending on the configuration).

The experiment was carried out in a static system in
triplicate (Figure 2), totaling 12 containers for each microalgae, plus
3 5-liter containers for removing and measuring chl-z. In addition
to weekly cell counts, each microalgae was counted separately to
avoid possible contamination. The initial volume of inoculum
used to maintain the cultures was 5x10° cels.ml’ in each 2-liter
Erlenmeyer flask and 1400 ml of distilled water, the concentration
was low enough for the crop to grow throughout the period.

Using the spectroradiometer, weekly readings were taken
in the blue, green, red and near infrared bands, at a distance of
30 cm. The vats where measurements were taken had a capacity
of 5 liters, in which weekly samples of microalgae were taken
to analyze growth, cell density, chlorophyll, reflectance and
wavelength, where the removal of the aliquot containing the
analyzed microalgae and analyzes were always carried out on the
same date as the weekly collections (Figure 3).

The radiometric measurements were taken in transparent
glass vats with a capacity of 5 liters, containing 1.5 liters of distilled,
autoclaved and sterilized water, with the addition of 500 ml of
already grown and diluted microalgae, where they were observed
throughout the growth period; this volume was chosen according
to the literature where growth of chlorophycean microalgae
has already been verified in this proportion (Sipatba-Tavares &
Rocha, 1993) initially containing in this container an inoculum
of 5 cel x10° ml™.

The counts and analyses of the microalgae Raphidocelis
subcapitata were carried out in April and May 2019, while those of
Chlorella vulgaris took place in April and May 2020. The dates and
period in question were chosen at random, as there would be no
external or internal influence due to the controlled environment.

The spectral range between 400 and 900 nm was chosen
because of the presence of noise between 200 and 390 nm and
between 900 and 1100 nm, as well as because it is the most
appropriate range for studying microalgae according to the
spectral response function (SRF) index (Kandilian et al., 2010;
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Figure 2. Schematic diagram of microalgae cultivation, where A = strain; B = transfer to a 250 mL etlenmeyer flask; C = initial cultivation

in 2L without culture medium; D = experiment in a phototrophic system with 1400ml of water with Chlorella vulgaris microalgae, and

in a 5-liter Erlenmeyes with 4200ml where the chl-a was removed; E = experiment in a phototrophic system with 1400ml of water

with microalgae Raphidocelis subcapitata, and in a 5-liter erlenmeyes with 4200ml where the chl- was removed.

Serddio et al., 2009). After measuring the spectrum from 400nm
to 900nm, a correlogram was created reflectance the chlorophyll
values obtained by each microalgae.

Preliminary tests were then carried out to verify the most
suitable bands, as well as consulting the literature to verify the ideal
wavelength for chlorophyll-a. To this end, before the experiment
began, there were 3 tests with microalgae to find out the best
readings for these specific microalgae.

STATISTICAL ANALYSIS

The R software (R Core Team, 2020; RStudio, 2019;
Zeileis & Hothorn, 2002) and some of its libraries developed by
public and private entities were used, and the results to assess the
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suitability of the model were obtained. The first iteration of the
statistical analysis was based on 16 data points, 8 of which were
from the Raphidocelis subcapitata species and 8 from the Chlorella
vulgaris species. The species were analyzed separately. Even so, it
is possible to find a relationship between the variables amount
of chlorophyll-z present in the water and the spectroradiometer
measurements.

The following metrics were used to evaluate the linear
models:

* R-squared, or coefficient of determination;
*  Correlogram function;

* Derivative when necessary.

RBRH, Porto Alegte, v. 29, €32, 2024
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Figure 3. Schematic of the use of the Ocean Optics USB 4000 Spectroradiometer in the laboratory to measure the energy reflected

by the microalgae Chilorella vulgaris and Raphidocelis subcapitata when they interact with the electromagnetic radiation artificially generated

by a 1000-watt tungsten lamp. The results are presented in graphs with the wavelengths on the X axis and the reflectance percentages

on the Y axis.

RESULT AND DISCUSSION

The cell density and chl-z concentration during the
microalgae’s growth period are shown in the figures below
(Figure 4 and Figure 5). It can be seen that Chlorella vulgaris grew
exponentially, with a growth peak in the 5th collection (3rd week),
reaching an average of 439.68 x10° cel.ml"! (Figure 4).

Subsequently, there was a decrease in its cell density and
concentration, with growth resuming from the middle of the third
week. In this way, the growth of Chlorella vulgaris is consistent
with the literature (Soétarié et al., 2009; Pearsall & Loose, 1937).
These authors indicate that its life cycle is 30 days on average, with
subsequent cell death, entering the senescence phase.

According to Stemkovski et al. (2016) Raphidocelis subcapitata
has a life cycle of 28 days on average, like many chlorophyceac.
According to this author, after this period, in laboratory
experiments, the colony needs to be replicated and divided into
other containers, or cell death occurs. This occurs because when
there is a high density in the same container (overpopulation),
there is a dispute for oxygen and nutrients, consequently causing
cell death, decomposition and the emergence of organic matter;
It is necessary to divide these microalgae so that there is a space
with everything it needs to develop. Thus it can be seen that its
growth occurred more uniformly and with less expressive peaks,
reaching a maximum growth of 216.3 x10° cell.ml” in the third
week, which also corroborates the aforementioned author.

With regard to the concentration of chl-a (Figure 5), the
maximum content reached was 228.7 ug/L for C. vulgaris and
768.4 ug/L for R. subcapitata, and for both, its peak, as well as for
cell density, occurred in the 5th collection (3rd week), showing that
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growth were similar, thus obtaining a relationship between chl-a
and cell density. Thus, both microalgae showed a pattern, with an
increase in cell density and consequently in chl-a concentrations;
with the differences being the cellular density of each one, resulting
from the size of each microalgal cell typical of each species.

A strong correlation between cell density and chlorophyll-a
concentration was already expected, given a well-executed
experiment. This correlation arises from the fact that chlorophyll-z
is an essential pigment for photosynthesis, and its concentration
in algae cells reflects their metabolic activity and growth potential.
Thus, as the concentration of chlorophyll-z increases, it indicates a
greater capacity for photosynthesis, probably leading to an increase
in cell density (Simkin et al., 2022).

The cell density of Chlorella vulgaris and the concentration
of chl-a show a very strong Pearson correlation of 0.96 (p-value
0.000041) (Figure 6). The model that best explains the relationship
between the two variables is:

Chl — aConcentration = CellDensity* 0.4647 (1)

The CellDensity coefficient has a p-value of 0.000000786,
which allows us to reject the null hypothesis that the cell density
of Chlorella vulgaris has no impact on chlorophyll concentration.

The cell density of Raphidocelis Subcapitata and the
concentration of chl-z show a strong Pearson correlation of
0.81 (p-value 0.013778) (Figure 7). The model that best explains
the relationship between the two variables is:

Chl — aConcentration = CellDensity* 2.6770 (2

The CellDensity coefficient has a p-value of 0.0000721,
which allows us to reject the null hypothesis that the cell density of
Rapbhidocelis Subcapitatahas no impact on chlorophyll concentration.

The figures (Figure 4 and Figure 5) show that there is a
correlation between microalgal cell density and chl-z of Raphidocelis
subcapitata and Chlorella vulgaris, which was to be expected, as
observed in relationships established by other authors (Zonneveld,
1998; Wang et al., 2018; Pérez-Morales et al., 2015) who correlate
an increase in chlorophyll in freshwater environments with an
increase in phytoplankton and consequently some zooplankton
species, since cell growth increases, there will immediately be a
higher concentration of chlorophyll-a (Sipauba-Tavares etal., 2019).

The decrease in cell density occurs naturally and is typical
of chlorophyceous microalgae, because as previously mentioned,
there is an average time for algal growth in the laboratory, until it
reaches a higher density and it is necessary to replicate the sample
or cell death will occur, normally occurring from of the third week
drop and decrease in population (Okomoda et al., 2021, Sipadba-
Tavares et al., 2011). It can be explained by various factors such as
an increase in population and consequently a decrease in available
oxygen, the lack of nutrients, vitamins and culture medium to
increase cell growth, a decrease in the content of proteins in the
cells and the number of cytoplasmic ribosomes, there is also an
intense accumulation of lipids, a slowdown in photosynthetic
activity, disorganization of the chloroplast structure and a decrease
in chlorophyll (Desnitskiy, 2021). As a result, the green pigmentation
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of the cells weakens and eventually disappears, changing color
(Hagen & Kochert, 1980; Pommerville & Kochert, 1982).

It can also be observed that cell growth is much higher
in C. vulgaris between the second and third week, while the
amount of chlorophyll-z is higher in R. subcapitata. One of the
hypotheses to explain this higher amount of chlorophyll-z may
be related to the fact that R. subcapitata does not have a sheath like
C. vulgaris, that it has a higher number of pigments, which has not
increased its density to the same degree, and that its volume per
unit is greater than that of C. vufgaris (Richa et al., 2016). In our
bibliographic review, no studies were found that correlated the
presence of a mucilaginous sheath with the interference in the
spectral signature of each microalgae, however, it is observed that
this is a morphological difference between the two species under
study. The presence of the mucilaginous sheath in C. vulgaris and its
relationship with the light reflectance obtained by the microalgae
must still be investigated in future studies.

These cells have mucilaginous envelopes or other cell
wall ornamentation. Chlorella vulgaris also has a single chloroplast
with a pyrenoid. This mucilage sheath may represent adaptive
responses to environmental factors, such as pressure from
the environment and endosymbiotic life strategies, which may
indirectly mean that this species spends more energy building
all its structures (Krienitz et al., 2004). Chloroplasts can serve to
reduce CO2 permeability and the mucilaginous sheath around the
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chloroplast further increases diffusion resistance to CO2 escaping
from the chloroplast (Fridlyand, 1997).

During the analysis, in addition to obtaining the chlorophyll-a
content and checking cell growth, the reflectance of the microalgae
cultures was also measured using a spectroradiometer (Figure 8 and
Figure 9) in order to check which band and reflectance spectrum
was best. To do this, the spectroradiometer was placed on the
transparent tank in an artificially lit environment, where the device
provided data on the reflectance obtained by the microalgae sample,
and as this value was obtained, a wavelength was generated; thus,
the peak wave obtained and the relationship with chlorophyll could
be observed over the period of 8 collections (4 weeks).

In the reflectance spectra, it is possible to identify the
wavelength peaks and the amount of light energy reflected
duting the experimental period. The microalgae Chlorella vulgaris
and Rapbhidocelis subcapitata present two peaks: one around 560 nm
(corresponding approximately to the peak of green wavelengths)
and a higher peak around 730 nm (marking the transition from
red to near infrared). There were differences in reflectance, while
C. vulgaris reached 12% reflectance in the NIR on the third and
fourth analysis, R. subcapitata reached 18% on the fifth and sixth
day of analysis, as can be seen in the graph.

However, differences were observed in the amount of
reflectance between the algae analyzed, making it clear that the
microalgae Raphidocelis subcapitata reflected more.

Both microalgae obtained some low reflectance values
at wavelengths shorter than 500 nm. An microalgae with a high
concentration of chlorophyll will have a much higher reflectance
at the position of the red edge than the reflectance at the position
of the green peak in the spectral device reading (Lin et al., 2015).

Boegh et al. (2013) state that there is a relationship
between chlorophyll concentration and visible reflectance, while
the relationship between chlorophyll concentration and infrared
reflectance is positive. As stress occurs in the aquatic environment
due to the appearance of new nutrients, product discharges,
among others, the reflectance over the visible and infrared area
will increase, with the reflectance being positive as chl-« and algal
groups increase (Boegh et al., 2013).

Thomas & Gaussman (1977) observed a stronger correlation
between reflectance at 550 nm and chlorophyll concentration than
between this and reflectance at 650 nm.

This shows that the results are within the standards for
chlorophyll, as are those of the studies (Lobo et al., 2009). These
authors found absorption bands of chlorophyll-z at 440 nm and
675 nm and greater reflection in the green spectral region (500 nm),
resulting in the green appearance of water rich in phytoplankton.
Other studies (Santos et al., 2021) also found absorbance peaks in
the red region at 672 nm, while (Gitelson, 1992; Watanabe et al.,
2015) found peaks at 700 nm rich in green pigments in general,
without differentiating between species.

The spectroradiometer was used to obtain the spectral
signature of each microalgae for the green pigment (chlorophyll),
and the wavelength data for each date; the device had a wavelength
gap (difference) of 0.21 nm between each reading. To obtain the
reflectance and wavelength spectra, we took into account the ranges
(400-900 nm) that the device could read and correlated them with
the chlorophyll-@ collected and analyzed at the same time.
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Figure 8. Reflectance spectra obtained in the laboratory from 8
samples of the microalgae Chlorella vulgaris diluted in distilled water.
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Figure 9. Reflectance spectra obtained in the laboratory from
8 samples of the microalgae Raphidocelis subcapitata diluted in
distilled water.

Using this data, a correlogram was created, which shows
the relationship between the bidirectional reflectance factor and
the variable expressing the concentration of chlorophyll-«, making
it possible to identify the spectral positions with the highest
correlation between the spectral reflectance of chlorophyll-a
when the aim is to develop models based on just one spectral
band (Ferreira & Pereira Filho, 2009).

The variables in a multivariate regression cannot be
correlated with each other, and in this case, the reflection of
the bands presents multicollinearity between them; this way, the
R? can even be improved, but the significance of the coefficients
drops, which invalidates the entire analysis, that is, the bands are
multicollinear, the independent variables cannot be multicollinear.

The resulting correlogram shows the autocorrelation tests
in a series of distance classes based on Moran’s first experiment
(Moran, 1950). The values ranged from -1 to 1, with values further
away from zero representing stronger positive or negative spatial
autocorrelation (Moran, 1950). Positive (and significant) values
in a correlogram indicate that, for a given distance class, the
correlations within that class are more similar than expected by
chance, while negative (and significant) values indicate the reverse,
where the correlations are less similar than expected by chance.
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In order to obtain the peak with the best performance in
terms of reading and chlorophyll, a correlogram was made of
the natural logarithm of the chlorophyll concentration and the
reflectance over a series of wavelengths, where a positive peak was
observed at a wavelength of 704.13 and a valley at a wavelength
of 671.57 (Figure 10A).

As with C. vulgaris, in order to obtain the peak with the best
performance in relation to readings and chlorophyll, a correlogram
was also made for Raphidocelis subcapitata, where it was observed
that the wavelength with the highest correlation with chlorophyll
is 524.84 nm (Figure 10B) and the correlation was 0.64 (p-value
0.087415).

The peak in the C. vulgaris correlogram at 671 nm indicates
that the analyzed variables are inversely related, that is, when the
chlorophyll concentration increases the observed reflectance
decreases. In the case of R. subcapitata, the variables are directly
related, since the increase in chlorophyll concentration increased
in reflectance. In the literature review, no indications were found
that this difference is related to the morphological and structural
structure of these species, a fact that should be further investigated
in future research.

An observation must be made regarding the data. Although
significant at 10%, the power of the analysis would benefit from a
larger sample. In this present study, the relatively small sample for
Raphidocelis subcapitata (n=8) presents itself as a limitation for the
further development of this study, however, the results obtained
were promising, which validates possible large-scale research.
The numerical analysis required several statistical transformations,
such as logarithmic transformations, to impose the results. Numerical
analysis required several statistical transformations, such as log
transforms, to enforce the results.

: E|
08
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Wavelength ()

Autocorrelation
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Figure 10. Correlogram of> A- Chlorella vulgaris/ B- Raphidocelis
subcapitata.
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Due to the short life cycle of microalgae and the storage
capacity that made the experiment viable, the collection of samples
and subsequently data was limited to just twice a week, which over
the life cycle of the mother samples resulted in eight collected
samples. Even with only eight pieces of data, the consistency
in the collection is visible, as it covered all phases of the algae’s
growth, from the exponential phase to the senescence period,
resulting in a qualitative view of growth. Although the amount
of data is not considered “ideal”, the life cycle of microalgae is
the main limiting factor for this data collection, since the initial
volume required for significant data collection (i.e. greater than
thirty samples) is not viable under the conditions of this research.

In general, it is observed: i) strong absorption of
electromagnetic energy in the blue region of the spectrum
(400 to 500 nm); ii) peak reflectance in the green region (550 to
560 nm); iii) absorption due to the presence of phycobiliproteins
(630 nm); iv) absorption due to the presence of photosynthetic
pigments (680 nm); and v) peak reflectance at 700 nm due to the
cellular structure of phytoplankton (Arst, 2003; Gitelson, 1992;
Rundquist et al., 19906). Gitelson et al. (1986) identified in their
studies that reading water fluorescence at 685 nm demonstrates
great reflection due to the pigments present in the composition
of several phytoplankton species.

According to Kokaly et al. (2009), the broad wavelength
region of 400-700 nm is considered to be the most active region
for chlorophyll, as it represents visible light and determines the
energetic conditions of photosynthesis (Dera, 1992). The chlorophyll
prediction indices that provide the greatest accuracy are mainly
based on reflectance around the 550 nm or 680-750 nm regions
depending on the microalgae, location, climate, and temperature
(Heenkenda et al., 2015).

Several authors (Wang et al., 2019; Yu et al., 2020; Johan et al.,
2018) have experimented with empirical and semi-empirical
algorithms to determine the concentration of chlorophyll-zin water
reservoirs based on radiometric measurements obtained in situ
or in laboratory simulations, as well as using images from orbital
sensors. These authors suggest that the spectral region between
red and infrared in particular is useful for estimating chlorophyll
concentration in eutrophic environments where the accumulation
of colored dissolved organic matter (CDOM) is abundant.

The red region of the reflectance spectrum is very
important for remote sensing of inland and coastal waters. This
is due to several unique spectral characteristics of phytoplankton
chlorophyll-a that occur in this region, as already observed by
Neville & Gower (1977) and Gower et al. (1980).

The linear regression model that best explains the variation
in the concentration of chl-a released by the microalgae Chlorella
vulgaris as a function of reflectance at wavelength 671.57nm is:
In(Chlon)= -1.057*Ref+5.03.

The log transformation of the dependent variable was used
to correct the heteroscedasticity of the data. Linear regression
models expect data that is homoscedastic. Log transformation is
a common stabilizing transformation that worked very well with
our data, reinforcing the coefficient of determination with no
harm whatsoever to the validity of the model.

The coefficient of determination is 77% (p-value 0.001881),
with both coefficients of the equation significant at 1% (Figure 11).
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The linear regression model that explain better the variation
in the concentration of chl-z released by the microalgae Raphidocelis
subcapitata (Figure 12) as a function of reflectance at wavelength
524.84nm is Chlor = 47.57 * Refl.

The model found has a coefficient of determination of
69% (p-value 0.00735). It was not possible to obtain significance
for the best constant intercept at 10%, which means that there is
not enough evidence to support the argument that the constant
is different than zero. The angular coefficient is significant at 1%
(p-value 0.00538). The significance results of the coefficients
support the existence of a regression model in the Y =B * X +
A, A=0 or, simply put, Y = B * X.

The correlograms showed different results for each
microalgae, and the R* was higher for Chilorella vulgaris after a
logarithmic transformation. In any case, both models have a relevant
cocefficient of determination and significant estimated parameters.

Yu et al. (2010) state that the spectral matching algorithm
of a correlogram can be used to calculate the linear correlation
cocfficient between the spectral data stabilized through the
relative synthesis of the spectral axis and draw the correlation
coefficient diagram to remove these errors and thus see which
wavelengths are best.

It is also worth remembering that a negative correlation
can be found, as in this study, because it can be minimal in the
level of reflectance in the spectral region (maximum absorption)

Chlorophyll-a

1)
Reflectance (671.57nm)

Figure 11. Linear regression model with logarithmic transformation
to estimate chlorophyll-a concentrations in reservoirs from
laboratory reflectance data using the microalgae Chlorella vulgaris.
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Figure 12. Linear regression model with logarithmic transformation
to estimate chlorophyll-a concentrations in reservoirs from laboratory
reflectance data using the microalgae Raphidocellis subcapitata.
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and the concentration of chlorophyll, meaning that there is
minimal absorption (Gamov, 2022). The low level of reflectance
in this region would therefore give rise to considerable variability
between the replicate samples, which would require the use of
many replicates (Cazzaniga et al., 2023). Other studies (Thomas
& Gaussman, 1977) have observed a better correlation between
reflectance at 550 nm and chlorophyll concentration than the
correlation between reflectance at 675 nm and chlorophyll
concentration, for example.

Although no specific studies were found to determine the
spectral signature of microalgae, but rather of chlorophyll as a
whole, it can be said that although Chlorella vulgaris had a higher
biovolume and cell density, it had a lower chlorophyll-a content
and lower reflectance than Raphidocelis subcapitata, thus closely
correlating the reflectance read by the spectroradiometer and the
chlorophyll-a concentrations.

To obtain the equation to be applied to future specific
models, with the signature of the microalgae in question, the
values obtained from the spectroradiometer reading were taken.

Using this data, the correlogram and the derivative for
estimating chlorophyll-a concentrations were obtained from
laboratory reflectance data using the microalgae C. vulgaris and
R. subcapitata.

It was also observed that the R? which is used to determine
the equation to assess the adequacy of the model, whose metric ranges
from 0 to 1 and the closer to 1 the closer to a perfect relationship
(Serddio et al., 2009), in which the independent variable explains
the completeness of the variation in the dependent vatiable, was
close to 1in R. subcapitata, proving to be a good metric for analysis.

In the case of the microalgae R. subcapitata (p-value 0.00735),
the R* was 0.69 and the model was y= 47.57x, which shows that it
is a good equation and has a sufficient value for future application.
Chlorella vulgaris, on the other hand, obtained the best R* of 0.77 and
the model was y =-1.053x + 5.03, which is a strong coefficient of
determination and can be used for various analyses.

The R? for C. vulgaris (p-value 0.001881), is higher after
a logarithmic transformation, showing that there is strong
confidence in the equation obtained, in addition to it increasing
over the time analyzed, with 77% determination with the spectral
reading of 671 nm.

In R. subcapitata, the R? showed a strong degtree of
applicability of the equation obtained, and it was also used.
The model using all the spectral ratios read together with the
correlogram resulted in viable data for estimating chlorophyll
concentrations. The microalgae’s biology may explain the variance
in the ability of the spectroradiometer to reflect signals compared
to Chlorella vulgaris. A larger sample size would certainly improve
the assertiveness of the regression.

The reflectance of chlorophyll-a gradually increases in
the transition zone of the red and near infrared (NIR) regions
(655-755 nm), known as the “red edge” (Zarco-Tejada, 2000),
which can provide important information about the biochemical
composition of the microalgae (Ahmad et al., 2020). Therefore,
the reflectance of the red edge is very sensitive to the composition
of the microalgae, including Chl-z and Chl-b (Solovchenko, 2023;
Sims & Gamon, 2002), this light can thus serve as an indication
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of higher reflectance and also assist in analyzing the biochemical
composition of the microalgae.

Tests already carried out with chlorophyll (in an open,
uncontrolled environment) have shown that the concentration
of Chl-a is higher in summer in some countries and the spectral
characteristics are mainly regulated by temperature (Freitas &
Dierssen, 2019; Dérnhofer & Oppelt, 2016). where the spectral
band with the highest correlation observed in the study was at
an average of 496 nm, where it appears close to the green band,
which is one of the characteristic bands of Chl-a. However, in
winter, the water is not suitable for the survival of phytoplankton,
causing a low concentration of Chl-g; the spectral characteristics
are therefore mainly controlled by suspended solids. Specifically,
due to the strong scattering of suspended matter, the infrared
band correlation can be dominated by suspended matter rather
than Chl-4, making it unsuitable for Chl-a studies as shown by
(Li et al., 2022).

Various algorithms have been proposed to quantify Chl-a.
Some algorithms are a ratio of two bands (Gitelson et al., 2008;
Mishra & Mishra, 2012), three bands (Gitelson et al., 2011),
four bands (Le et al., 2013), and several others (An et al., 2020;
Sonobe et al., 2021; Zhou et al., 2020); because it was observed
that analyzing only one spectral region could end up weakening
the equation obtained, as there are several factors that influence
and must be taken into account in natural environments, thus
suggesting the use of several spectral bands, especially in the case
of large sample quantities for testing (Song et al., 2013).

It has thus been observed that implementations of empirical
equations are limited for different lake datasets due to different
environmental contexts (related to biochemical and hydrological
characteristics). To improve performance, the ideal is to obtain
an R? closer to the appropriate one (Li et al., 2021).

Adding to these models the relevant statistics to assess
the possibility of specification errors, error dispersion and the
strength of the correlation between the variables, one of the
notable points of this table is that the R* reached good values,
which shows that there is a good correlation between the spectral
reading and chlorophyll and can be an important tool for creating
equations in situ.

CONCLUSION

Considering the analyzes carried out in a controlled
environment and all the data obtained, it is possible to predict the
cell density of microalgae based on statistical models. Furthermore,
it is possible to conclude that for reading the microalgae used,
the best correlation was given at wavelength 524.84, in Raphidocelis
subcapitata and 671.13 in Chlorella vulgaris, thus obtaining an R? with
great predictive power for both, thus pre-establishing that to
define the amount of chlorophyll-z of each microalgae in the
environment, the equations already mentioned can be used and
thus seck to predict improvements and avoid environmental
catastrophes such as local eutrophication, checking the degree
of trophy and medium amounts of these microalgae specifically.

One of the reasons for using the spectroradiometer is the
fact that it is cheaper to measure the Chl-z reflectance with the
device, as in the laboratory, despite the different methodologies
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for this analysis, they all require time, expensive material, and a
good structure in order to produce the analyzes without cross-
contamination.

Although the same variable (chl-@) was used to relate to
reflectance, it was observed that the wavelength that best explains
the concentration of chl-a was different for each microalgae. This
effect may be related to the set of other photosynthetic pigments
specific to each microalgae evaluated. To this end, it is also suggested
that future studies be carried out with more replications in order to
improve the statistical model and find a global model for different
environments determining the chlorophyll-a content, regardless
of the microalgae disposed in the environment.

There are no records of the use of these two microalgae
for spectroradiometer tests, in order to obtain different equations
to estimate chl-z concentration. However, equations are used to
estimate the chlorophyll-a concentrations of the entire microalgal
community. It is also noted that the use of in situ microalgae for
testing is still little addressed, and it is necessary to develop more
work with different types of microalgae, analyzing mainly the
most frequent ones at the study site.

One of the differences of this study is the fact that in
all literature the spectroradiometer is used in the field, or with
samples from the studied site to create the model to estimate
chlorophyll-a, and in this case there is the use of microalgae
grown in the laboratory, as a test element for creation of the
appropriate model, making the process less expensive, in addition
to having the possibility of predicting the species available in this
environment after in situ tests.

Furthermore, it is expected that these two equations will
be used in maps to check the water quality of the environment,
checking the incidence of these microalgae and the arrangement
of both in the environment. In the future it will be possible to
create equations for microalgae with higher incidence depending
on the desired location, and even with cyanobacteria harmful to
water treatment systems; thus being able to observe the population
dynamics of the environment, sudden growth of microalgae and
develop an equation that suits each environment, without having
to go into the field; serving as a tool for investigation, growth and
development, both in the laboratory and in the field.
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