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Abstract: Aim: Neotropical freshwater environments face severe threats from climate change,
posing significant risks to global water security. Extreme hydrological events, such as torrential rains and
prolonged droughts, are expected to become more frequent and intense. These conditions increase the
residence time of nutrients, especially phosphorus and nitrogen, favoring the proliferation of harmful
cyanobacteria (cyanoHABs). Furthermore, cyanobacteria are competitive in environments with few
nutrients and high CO, concentrations. This feature exacerbates ecological and public health challenges,
as these cyanobacteria can cause harmful algal blooms that contaminate water supplies and disrupt
aquatic ecosystems. We aimed to evaluate the growth of cyanobacteria in specific regions concerning the
prevalence of three representative species of cyanoHABs. Methods: We used ecological niche modeling
tools (ENMs) based on occurrence records from available databases to predict the distribution of the
three most frequently representative species of cyanoHABs. We employed three different modeling
methods: generalized linear models (GLM), Gaussian models (GAU), and maximum entropy (MXS).
Results: The potential distributions for the current scenario were consistent with known distributions
for the modeled cyanoHABs in the ENMs results. Still, we identified new areas of research for future
scenarios. Conclusions: The variations we observed indicate that the impacts of climate change vary
regionally, affecting the future fitness of cyanobacteria. In the short term, they may maintain stable
fitness, but a significant reduction is expected in the long term due to high temperatures. This result
highlights the urgent need for mitigating actions to protect aquatic ecosystems.
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Resumo: Objetivo: Os ambientes neotropicais de dgua doce enfrentam graves ameagas das
mudancas climdticas, representando riscos significativos para a seguranca hidrica global. Espera-se
que eventos hidrolégicos extremos, como chuvas torrenciais e secas prolongadas, se tornem mais
frequentes e intensos. Essas condi¢oes aumentam o tempo de residéncia dos nutrientes, principalmente
fésforo e nitrogénio, favorecendo a proliferagio de cianobactérias nocivas (cianoHABs). Além disso, as
cianobactérias sio competitivas em ambientes com poucos nutrientes e altas concentragoes de CO2.
Esta caracteristica agrava os desafios ecolégicos e de satde publica, uma vez que estas cianobactérias
podem causar proliferacio de algas nocivas que contaminam o abastecimento de 4gua e perturbam
os ecossistemas aqudticos. Nosso objetivo foi avaliar o crescimento de cianobactérias em regides
especificas quanto a prevaléncia de trés espécies representativas de cianoHABs. Métodos: Utilizamos
ferramentas de modelagem de nicho ecolégico (ENM:s) baseadas em registros de ocorréncia de bancos
de dados disponiveis para prever a distribuicio das trés espécies mais frequentemente representativas
de cianoHABs. Empregamos trés métodos de modelagem diferentes: modelos lineares generalizados
(GLM), modelos gaussianos (GAU) ¢ entropia mdxima (MXS). Resultados: As distribuicoes potenciais
para o cendrio atual foram consistentes com as distribuicées conhecidas para os cianoHABs modelados
nos resultados dos ENMs. Ainda assim, identificamos novas 4reas de pesquisa para cendrios futuros.
Conclusdes: As variagoes que observamos indicam que os impactos das mudangas climdticas variam
regionalmente, afetando a aptiddo futura das cianobactérias. No curto prazo, podem manter a aptidao
estdvel, mas espera-se uma redugio signiﬁcativa no longo prazo devido as altas temperaturas. Este
resultado destaca a necessidade urgente de agoes mitigadoras para proteger os ecossistemas aqudticos.

Palavras-chave: modelo de nicho ecoldgico; cyanoHABs; Microcystis aeruginosa; Planktothrix
agardhii; Raphidiopsis raciborskii; toxinas.

1. Introduction

Climate change fundamentally impacts the
frequency and global distribution of harmful blooms
in aquatic environments (Meriggi et al., 2022;
Prakash et al., 2024) with the predicted increase
in extreme weather events due to climate change
(Tuchytia & Haas, 2025), an increase in short-
term hydrodynamic fluctuations is expected, which
favor the proliferation of harmful cyanobacteria
(CyanoHABs) (Marrone et al., 2024). These climate
patterns include episodic hydrological events, such
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as droughts (Kimambo et al., 2019) and flooding
(Stockwell et al., 2020), which alter the residence
time of nutrients, particularly phosphorus and
nitrogen (Igwaran etal., 2024). Furthermore, harmful
cyanobacterial blooms can occur in environments
with low nutrient levels and high CO, concentrations
(Ma & Wang, 2021), highlighting the ability of these
species to adapt to adverse environmental conditions
(Cameron et al., 2024).

Considering the results of the Sixth Assessment
Report of the Intergovernmental Panel on Climate
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Change (IPCC), which suggests a greater than
50% probability of global temperatures exceeding
the limit of 1.5°C by 2040 (Intergovernamental
Panel on Climate Change, 2022), the spread
and permanence of cyanobacteria forming of
harmful blooms in water reservoirs can become
a significant problem (Kimambo et al., 2019).
Harmful algal blooms cyanobacteria are known for
their ability to produce cyanotoxins and hypoxic
conditions, resulting in the death of fish and other
aquatic species (Kimambo et al., 2022). They also
disrupt the food chain, impacting biodiversity
levels and aquatic ecosystems. Investigations
into this subject reveal that spatial and temporal
changes in CyanoHABs events in lentic systems,
including artificial reservoirs, are influenced
by climatic variables such as solar radiation,
temperature, and precipitation (Chapra et al.,
2017). The filamentous cyanobacteria Planktothrix
agardhii (Gomont) Anagnostidis & Komdrek 1988
(order Oscillatoriales) and Raphidiopsis raciborskii
(Woloszynska) Aguilera, Berrendero Gémez,
Kastovsky, Echenique, and Salerno 2018 (order
Nostocales), and the colonial species Microcystis
aeruginosa (Kiitzing) Kiitzing (order Chroococcales),
are the most successful bloom-forming organisms in
shallow lakes (Mantzouki et al., 2018). Considering
these species, understanding the impact of climate
change on their distributions and persistence in
water reservoirs is crucial to assessing their growth
potential in aquatic environments. In particular, we
chose cyanobacterium M. aeruginosa, a temperature-
sensitive species (Huisman et al., 2018). The species
P agardhii forms large, perennial populations
in shallow, eutrophic reservoirs worldwide
(Padisék et al., 2016), posing a significant problem
in countries with inadequate water treatment.
Microcystis aerugionosa produces Microcystin-LR
(Huisman et al., 2018). Finally, the cyanobacterium
R. raciborskii thrives by forming toxic blooms in
reservoirs, lakes, and rivers worldwide (Yang et al.,
2018) and producing various types of toxins,
including cylindrospermopsin and saxitoxin
(Poniedziatek et al., 2012). We chose these three
species are our model organisms in this study.
One of the commonly used methods for
predicting species distributions and understanding
their environmental requirements is ecological
niche modeling (ENM). Such methods estimate the
suitability of species based on their environmental
requirements. Previous research has already
used ENMs to estimate the distribution of
toxic cyanobacteria (Goncharenko et al., 2021;
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Guimaraes et al., 2020; Meriggi et al., 2022).
We assume that climate change will increase the
suitability areas of the chosen species, allowing us
to assess the growth potential of specific regions to
the prevalence of three cyanoHABs representative
species.

We adopted a higher taxon approach, modeling
their niche as a species assemblage, as they share
similar ecological requirements due to the limited
number of records available. By employing
this approach, we generated present and future
suitability maps to evaluate the geographical impact
of climate change on suitability patterns in Brazil.
These maps serve as valuable tools for monitoring
water reservoirs throughout Brazil. We focused
on the main Brazilian water reservoirs to identify
areas highly susceptible to cyanobacterial blooms.
For each location, we investigated whether there
was an increase in suitability, aiming to elucidate
the relationship between climate change and the
heightened susceptibility to blooms. Furthermore,
we proposed a hypothesis stating that the correlation
between present and future suitability in water
reservoirs exhibits a positive trend, indicating an
expansion of suitable areas and, consequently,
creating favorable conditions for the proliferation
of cyanoHAB:s.

2. Material and Methods

2.1. Database of the occurrence of cyanobacteria in
[freshwater environments

We searched for occurrences of these species on a
global scale using the Global Biological Information
Facility (GBIE 2023), to assess the growth potential
of specific regions for the prevalence of three
representative species of harmful cyanobacteria.
We chose to use records of cyanobacteria species
occurrences on a global scale, as these species are
widely distributed globally. Therefore, using data
only for Brazil and confirmed bloom events would
leave an incomplete model. Under these conditions,
we would not capture the entire realized niche of
the species, biasing the model. We know that the
evidence in Brazil highlights a great sampling effort
in the Atlantic Forest region. In contrast, only a few
areas were sampled in the Amazon Forest region.
The northern portion of Brazil, which still has a
lower suitability for bloom events compared to other
areas with a large concentration of urban centers
and population, requires more precise sampling
(Guimaries et al., 2020).
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Based on the taxonomic change of R. raciborskii,
we also performed the search considering its
previous name, Cylindrospermopsis raciborskii,
to ensure that we were describing its niche. We
initially obtained 789 records for R. raciborskii,
8,207 for P agardhii, and 1,089 for M. aeruginosa.
We applied several criteria often used in ENM:s to
improve the quality of data and correct potential
problems associated with this database, such as:
(1) we fixed possible exchanges between longitude
and latitude, (2) we removed records that did not
contain geographic coordinates and duplicates,
and (3) we did not consider occurrences in marine
environments. We chose to use occurrence records
on a global scale, as the cyanobacteria species are
globally distributed, and therefore, using data only
for Brazil would leave the model incomplete. In
such conditions, we would not capture the complete
realized niche of the species, biasing the model.

We thought a higher taxon approach would be
necessary to estimate climate suitability, including
all records for modeling procedures to describe the
cyanoHABs, as these three species share the same
ecological requirements and represent the same
bloom risks. This solution can enhance the fit of
our models, thereby avoiding problems associated
with Wallacean and Hutchinsonian shortfalls that
may lead to overprediction and underprediction
in niche modeling. Ultimately, we had only 440
records considering these three species.

2.2. Environmental variables

Since cyanobacteria are prokaryotes, and their
growth rates are optimized at high temperatures
(Paerl & Paul, 2012), we chose the temperature
variables, considering that climate variations on
large geographic scales can modify community
structures in freshwater ecosystems (Domisch et al.,
2015). The temperature at which cyanobacteria
exhibit the highest growth rate varies depending
on the specific cyanobacterial species. It can vary
from 20 °C for the species P. agardhii to 28 °C
for M. aeruginosa. In particular, the cyanobacteria
M. aeruginosa is a temperature-sensitive species,
and environmental variables are known to play an
important role in its initiation of colony formation
(Huisman et al., 2018). Raphidiopsis raciborskii
causes blooms at temperatures ranging from 20 °C
to 35 °C. Such a wide temperature range has allowed
this species to invade temperate zones (Hong et al.,
2006). In temperate regions, the species is found
during the summer, when temperatures are around

26 °C (Hamilton, 2018), and exhibits permanent
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blooms in tropical lakes throughout the year. In
subtropical lakes, however, they are restricted to
the summer (Vieira et al., 2018). We also chose
the variable precipitation because, during the rainy
season, there is a greater transport of nutrients
to aquatic ecosystems, with an increase in the
density of cyanobacteria being observed. Another
factor is that extreme precipitation in a reservoir
causes an increase in nutrient concentration
(Simi¢ et al., 2017). We also consider that aquatic
chemical environments are and will continue to
be influenced by increases in CO, concentration
in the atmosphere, whether through changes in
pH or declines in carbonate ion concentrations
(Meriggi et al., 2022; Paerl & Huisman, 2009).
The 19 bioclimatic variables, a crucial component
of our study, were sourced from WorldClim version
2.1. These variables were instrumental in our models,
aiding in the estimation of climate suitability for
cHBAs in both present and future scenarios. The
data were generated from interpolations of climate
conditions collected between 1970 and 2000 and
represent a set of primary conditions that assist in
estimating the ecological niche (Fick & Hijmans,
2017). We considered six Global Atmosphere-
Ocean Circulation Models, with projections for
the climate to 2040, 2060, 2080, and 2100, which
were BCC-CSM2-MR, CNRM-CM6-1, CNRM-
ESM2-1, IPSL-CMG6A-LR, MIROC-ES2L, and
MIROCG. All six models belonged to the CPMI6
approach, representing an improvement since the
last version of these climate projections. Within our
niche modeling, we focused on the ssp585 scenario,
which represented the most pessimistic outlook.
Given their high dispersion rates, we considered
the grid cell resolution of 10 arc-min (~18.5 km at
the Equator) to model these cyanoHABs globally.
Thus, large cells could show a more significant effect
of climate on the distribution of the species.
Given the multicollinearity among the
bioclimatic variables, we performed a principal
component analysis (PCA) to reduce the number
of predictor variables and create new orthogonal
principal components for predicting species
distribution using the new environmental variables.
We projected the PCA linear coeflicients of the
current scenario into future scenarios and performed
a PCA on those climate projections. The selected
orthogonal components accounted for 95% of
the original variation in climate. This treatment
simplifies the algorithms used for model fitting,
thereby ensuring more accurate and realistic
predictions. Also, there is evidence that this method
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has increased the accuracy of ENM (De Marco &
Nobrega, 2018).

2.3. Modeling procedures

The ENM method, a cornerstone in our
research, is based on models that use species
tolerance limits to project suitability in geographic
space according to environmental conditions. In
ENMs, the ecological niche of a species is fully
known and conserved over time, depending on
the distribution pattern of the occurrence records
(Peterson, 2011). Consequently, the estimation of
species distribution derives from the niche concept.
The theory describes the niche as a biotic—abiotic—
migration (BAM) diagram, composed of three
essential elements that consider the occurrence
of species, with their distribution represented by
the intersection (Soberén, 2007). Overall, these
elements can be summarized by the biological
interactions necessary to maintain ecological
functions (B), suitable environmental conditions
for species survival (A), and the ability to disperse
and occupy suitable regions (M). For cyanobacteria,
the accessible region is wide, with practically no
geographic restrictions affecting their occurrence
(Padisdk et al., 2016). Still, these species require a
dispersal agent (e.g., rivers, air, animals, humans)
and travel conditions that meet their transport
tolerance (Padisdk & Naselli-Flores, 2021). Given
the lack of restrictions on dispersal, mobility has
an exceptionally low or even nonexistent effect.
Therefore, the set of environmental conditions can
be significantly representative of these organisms’
geographic distribution.

We considered algorithms with different
methods of fitting to predict climate suitability for
the cyanoHAB:s: (i) based only on actual presences,
(i) presences and background, and (iii) presences
and absences. Thus, we selected the Generalized
Linear Model (GLM) (Guisan et al., 2002), the
Gaussian Model (GAU; (Vanhatalo et al., 2012),
and the Maximum Entropy (MXS) (Phillips et al.,
2006; Phillips & Dudik, 2008). We created
pseudoabsences to meet algorithm requirements,
as data on absence in nature are difficult to obtain.
Based on this, we used bioclimatic envelopes
similar to the BioClim algorithm (Booth et al.,
2014). This procedure constrained the occurrence
points of the taxa in the geographical space using
a bioclimatic envelope (Lobo & Tognelli, 2011;
VanDerWal et al., 2009). Therefore, we allocated
pseudo-absences in external areas considered
unsuitable for species occurrence at a ratio of
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1:1. We focused the evaluation metrics on three
components of the confusion matrix: true positives,
false positives, and false negatives. We sought to
maximize true positives and minimize false positives
and false negatives relative to true positives.

The Jaccard metric, a key tool in our evaluation
process, measures the similarity between predictions
and observations. A value of 1 indicates that the
forecasts perfectly match the observations without
any false positives or false negatives. In contrast,
a value of 0 indicated that none of the forecasts
corresponded to the observation. The lower the
similarity value, the greater the number of false
positives and false negatives concerning the number
of true ones (Leroy et al., 2018). The predictions
are assumed to be acceptable in reaching values
close to 0.7, while “excellent” projections reach
values closer to 0.9. We performed all modeling
procedures in R software version 4.0.3 using the
ENMTML Package (Andrade et al., 2020). We
represented the final distributions using consensus
maps to reduce the uncertainties associated with
each algorithm (Aradjo & New, 2007) and ensure a
high quality of the models. We made the consensus
maps using the mean of the models that presented
Jaccard values above the mean. The mean was 0.945,
meaning the GLM method was not used in the
ensemble. The idea of consensus models considers
that different errors can affect the final result (e.g.,
model sensitivity and the lack of true absences).
For this reason, the literature has argued that using
consensus maps as final distribution models can
reduce the number of errors (Diniz Filho et al.,
2010). This method produces ecological niche
models from the most accurate algorithms, resulting
in potentially more realistic predictions.

2.4 Analytical procedures

We produced suitability maps for cyanoHABs
for the present and the four future projections
(e.g., 2040, 2060, 2080, and 2100). For this
reason, we restricted the presentation to Brazilian
territory, as we aimed to focus on the water
reservoirs distributed across this geographical area.
These maps can support the monitoring of water
reservoirs, identifying areas of high suitability that
require attention. Each map presents the consensus
among the algorithms used for modeling this group.
We used data from water reservoirs distributed
throughout the Brazilian territory to evaluate the
growth potential of harmful cyanobacteria in lentic
environments, with a focus on three representative

CyanoHAB species.
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The data were downloaded on June 28, 2023,
and are available at Sistema de Acompanhamento
de Reservatdrios (SAR, 2023). These data are part of
the Sistema de Acompanhamento de Reservatérios,
officially launched in 2014. SAR consists of a
web platform that enables the monitoring of
the main reservoirs in Brazil, providing access to
the geographical coordinates of these reservoirs.
Altogether, we considered only 70 occurrences of
reservoirs with dams after removing 92 pumping
power plants without dams. For each water
reservoir coordinate, we extracted suitability values
from the current and future models to evaluate
assumptions about the growth potential of harmful
cyanobacteria.

We employed two distinct methodologies to
comprehend the suitability of the alteration in the
context of climate change scenarios. We assessed
whether there were any modifications in the
suitability of the climate projections for the future
in the inital approach. To accomplish this, we
subtracted the values of future suitability from the
present. We created a forest plot chart to visualize
the changes using the average value and a 95%
confidence interval, distinguishing between water
reservoirs that increase and decrease their suitability
under climate change scenarios. However, this
methodology does not provide evidence of the real
suitability value but highlights the water reservoirs
impacted by climate. Based on this, we applied a
second approach using a dispersion chart, and to
further improve our understanding of the impact
of climate change, we included a line that cut the
y-axis at 0, indicating no change. We developed
all analytical procedures in the software R version

4.3.1.

3. Results

We observed an excellent assessment of our
niche model, except for the GLM algorithm, in
which the Jaccard index was evaluated at 0.74. The
other algorithms and the ensemble were evaluated
above 0.9. Overall, the Brazilian territory has shown
suitability for the occurrence of cyanoHABs. On
the other hand, the northern and southern regions
presented low suitability, which expanded following
the projections for future climate scenarios. The core
Brazilian regions exhibited high suitability values,
indicating potential areas for cyanobacteria growth.
We observed an expansion of the low-suitability
regions in future scenarios, increasing further for
projections with longer future times (Figure 1).
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We discovered that few water reservoirs exhibit
a disparity between their present and future
suitability, with only a few locations showing a
decrease or increase in their values. Overall, most
units showed no difference, indicating similar
concerns for both the present and the future
(Figure 2). Each projection has a variation in the
number of water reservoirs that intensifies their
growth potential for cyanoHABs, such as seven
units increasing suitability in 2040 compared to
four units in 2100. On the other hand, two units
decreased suitability in 2040, whereas eight units
decreased in 2100, thereby reducing the growth
potential in the distant future.

Although the data indicate a reduction in
CyanoHABs’ growth potential, the picture changes
when we examine actual suitability values. Most
units have high suitability values in the three initial
projections (for example, 2040, 2060, and 2080)
(Figure 3). However, there was greater variation in
suitability values in 2100 than in the other scenarios.

The Correlation (R) values were consistently
high in all years analyzed, ranging from 0.94 t0 0.97,
with extremely low significance values (p < 0.001).
This result indicates a strong relationship between
current and future suitability, suggesting that
current conditions are good indicators of future
ones, albeit with significant variations over time.
For 2040, most points are close to the reference
line (1:1), suggesting that future suitability does
not diverge significantly from current suitability.
A few blue dots above the line indicate a slight
upward trend in suitability. In 2060, there will
be a strong correlation, similar to that of 2040.
However, a slight increase in the dispersion of the
points is observed. Some locations show increased
future suitability (blue dots), while others indicate
a decrease (red dots). By 2080, the dispersion
of points increases significantly, indicating more
pronounced changes in future suitability. A more
balanced mix of blue and red dots suggests that both
increases and decreases in fitness are more common.
And finally, in 2100, the dispersion is even greater,
with a slightly lower correlation, although still high.
This increase in variability suggests that climate
change will have a more complex and heterogeneous
impact on the suitability of cyanoHAB habitats. Red
dots become more prevalent, indicating a greater
trend of decreasing future suitability in several
regions. Overall, the results suggest that although
current suitability is a good predictor of future
suitability, climate change introduces significant
variability. Over time, some areas are expected to
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Figure 1. Suitability maps for Brazil based on current and projected global climate models for the years 2040, 2060,
2080, and 2100. The colors range from white to red; the most suitable cells are red.

become more suitable for certain species (indicated
by blue dots), while others will become less suitable

(indicated by red dots)

4, Discussion

We observed a high correlation between the
current and future suitability of cyanobacteria
in different decades, as evidenced by correlation
cocfficients (R) greater than 0.94 in all cases, with
statistical significance (p < 0.001). However, we
observed important variations in suitability over
time, suggesting a significant impact of climate
change. The future suitability of cyanobacteria
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decreased significantly compared to the current
suitability in 2100, as illustrated by the spread of
points below the red line of equality. This declining
trend is consistent with the hypothesis that
excessively high temperatures predicted for the end
of the 21* century will cause significant damage to
cyanobacterial photosynthetic systems, particularly
photosystem I, resulting in reduced photosynthetic
efficiency. For 2040 and 2060, most points are
close to the line of equality, indicating that future
suitability does not differ drastically from current
suitability in these periods. This result may suggest
that, until these decades, cyanobacteria can still
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Figure 2. A forest plot illustrates the disparity in suitability between future and present conditions. In the depiction,
blue points represent water reservoirs where future suitability is projected to decline. In contrast, white points indicate

no discernible difference, and red points signify an increase in suitability.

maintain the photosynthetic efficiency necessary to
survive and proliferate. In 2080 and 2100, increased
dispersion of points indicates an increasing
variability in the response of cyanobacteria to future
conditions, with several localities showing a notable
decrease in suitability. The points representing an
increase in suitability (in red) are limited and rare,
suggesting that cyanobacteria can benefit only from
predicted environmental changes under specific
conditions. The predominance of points indicating
a decrease in suitability (in blue) reinforces the
concern that climate change, particularly rising
temperatures, is unfavorable for most cyanobacteria.

The observed variations indicate that the
impacts are not uniform in all regions studied. Our
geographical assessment of the growth potential
of harmful cyanobacteria revealed that northern
and southern Brazilian regions are not particularly
susceptible to this potential for growth, with the
highest susceptibility found in the Southeast,
Central-West, and Northeast regions. The lack
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of suitability observed in the southern region may
reflect incomplete data on regional distribution or
concentration in centers of high human density
(Whittaker et al., 2005). Another explanation
for the low occurrence in the north is that lotic
environments are less conducive to flowering than
lentic environments (Komadrek et al., 2014). On
the other hand, the core Brazilian areas showed
high suitability values, indicating areas susceptible
to the growth of cyanobacteria and potential
bloom events. Overall, both the current and future
niches of cyanoHAB may suggest that these species
already have the potential to occur in a large part
of the country, with an emphasis on the central
region of Brazil, which increases the possibilities of
flowering in these areas. Despite the data limitations
in describing the niche for each species, the higher
taxon approach provides an overview of their
potential distribution, assisting decision-makers in
elaborating a warning map for cyanobacteria blooms
as a proposal for monitoring lentic environments.
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Figure 3. The charts display the relationship between the current and future suitability of environmental variables
for 2040, 2060, 2080, and 2100. Each point represents a suitability value for an environmental variable at a given
location. The diagonal red line indicates the reference line where future suitability equals current suitability. The
color of the dots indicates predicted changes in future suitability: blue represents increases, red represents decreases,

and white represents constancy.

Most water reservoirs showed no difference,
evidencing similar concerns for present and future
scenarios. Each projection showed a variation in the
number of water reservoirs that intensify the growth
potential of cyanoHABs, with seven units increasing
suitability in 2040, compared to four units in
2100. On the other hand, two units decreased their
suitability in 2040, while eight units declined by
2100, indicating a reduction in the growth potential
of harmful cyanobacteria in the more distant future
(by 2100). However, the scenario changed when we
looked at actual adequacy values. Most units had
high suitability values in the three initial projections
(2040, 2060, and 2080), and by 2100, there was
greater variation in suitability values.

Knowing that the concentration of CO, in the
atmosphere will reach 794-1150 ppm by 2100
(Intergovernmental Panel on Climate Change,
2022) and that in environments where there
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are few available nutrients, such as nitrogen and
phosphorus, and high levels of CO,, cyanobacteria
may have a significant competitive advantage
over other aquatic organisms and form blooms,
an explanation for the decline in suitability in
2040 and of eight units in 2100, it could be
excessively high temperatures. Excessively high
temperatures have been widely recognized as causing
significant damage to the photosynthetic systems
of cyanobacteria. Considering that photosystem
II is crucial for photosynthesis and is particularly
sensitive to thermal stress combined with the
denaturation of proteins in PSII, we would have
a reduction in the photosynthetic efficiency of
cyanobacteria (Walter Helbling et al., 2015).
Another point is that if the number of susceptible
areas for cyanoHABs decreases, we could expect
two extremes in the climate change scenario: a
more significant frequency of storms and prolonged
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droughts. The frequency of extreme rain events will
change precipitation limits, and heavy rains will
occur more frequently (Trenberth et al., 2003).

Consequently, changes in rainfall patterns
will lead to favorable conditions for the growth
of cyanobacteria due to a more significant entry
of nutrients into bodies of water during heavy
rains (Budai & Clement, 2007). Such conditions
can contribute to intensifying eutrophication and
prolonged heating periods without mixing the
water column (Charlton et al., 2018). Primarily,
precipitation episodes produce changes in
physicochemical conditions (e.g., temperature,
nutrients, light, and conductivity). These changes,
in turn, depend on the particularities of the
precipitation event, the basin’s hydrology, the use
of the soil in the catchment area, and the trophic
state of the aquatic system (Noges etal., 2011). On
the other hand, the frequent occurrence of heavy
rain events can also lead to a temporary halt in
the proliferation of cyanobacteria due to discharge
and destratification, and significant storm events
have a long-term adverse effect on cyanobacteria
proliferation (Xiao et al., 2017).

Cyanobacteria have become a global concern
because they possess the potential to produce a range
of metabolites with biological activity. Knowledge
about the distribution patterns of Neotropical
cyanobacteria is essential, but it remains inconsistent
and fragmented. Some species of cyanobacteria are
widely distributed, but most of the group occurs
in restricted environments. Therefore, while niche
models indicate a wide distribution, the presence of
cyanoHAB representative species will also depend
on local conditions, which climate change can
facilitate, thereby increasing bloom events. Usually,
information about cyanobacteria occurrences is not
randomly distributed in the geographic space. In
general, the geographic distributions of these species
present numerous information gaps (Wallacean
deficit), often related to the need for more collection
efforts. Although knowledge of the spatial and
temporal distributions of cyanobacteria species in
the environment at local, regional, and continental
scales is limited (Naselli-Flores & Padisik, 2016), it
is possible to make estimates to overcome the lack
of information on the distribution of these species
based on their ecological niche.

Our findings indicate that areas of suitability
for the current scenario have high human density,
and the supply reservoirs have persistent blooming
histories. Regarding the future scenario, our
projection results indicate an increase in the areas
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with the potential distribution of the two species.
Therefore, monitoring toxic cyanobacteria and
cyanotoxins is essential to identifying potential risk
sites. Usually, monitoring programs collect samples
in the field and analyze them in the laboratory,
requiring time, sophisticated equipment, and
specialized staff, limiting the collection points and
frequency. Consequently, conventional monitoring
programs are limited to providing a generic
assessment of the ecological quality of the studied
sites and are insufficient for providing monitored
bloom development warning systems throughout
the monitored water body (Hunter etal., 2010). It
is well known that the rapid detection capability of
potentially toxic cyanobacteria can be accomplished
through the ability to detect both remote images and
packages and arrays that can detect and provide real-
time information (Stumpfetal., 2016). In countries
such as the United States, rapid advances are being
made in detecting events and, in some cases,
predicting their occurrence, which may potentially
reduce their impacts (Sellner et al., 2003).
Such advances and techniques are still far from
widespread in Brazil, which may underestimate
the current occurrence rates of bloom events in
the country, affecting the availability of event data.

Finally, we can consider that temperature is
the primary barrier to expanding into latitudes for
most species with distributions in low latitudes
(temperate climates). Considering the occurrence
data of R. raciborskii at low temperatures, its
presence is possible at temperatures below 12°C
(Pagni et al., 2020). To ensure the successful
dispersal of cyanobacteria, traveling along river
courses is the most evident form of dispersal, as the
desiccation risk can be controlled (Padisdk et al.,
2016). The successful dispersal of R. raciborskii is
primarily attributed to its ability to tolerate travel
in river courses. (Padisdk, 1997). For M. aeruginosa,
which forms colonies surrounded by mucilage, the
environmental variables play a role in the early
formation of the colonies and influence the size and
morphology of the resulting colonies (Xiao et al.,
2017). The species P agardpii is a widespread
cyanobacterium that changes in time scale from
days to weeks due to cloudiness or wind-induced
sediment resuspension in shallow and turbid lakes.
Changes in light conditions affect microcystin
production. Thus, P agardhii is more toxic during
periods of sunny weather when recreational
activities in lakes are more attractive (Tonk et al.,
2005).
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5. Conclusion

The variations we observed indicate that the
effects of climate change are not uniform across
the different regions analyzed. Regions that are
currently favorable may become less suitable, and
vice versa. This result suggests that regional factors
and environmental conditions play a crucial role
in the future viability of cyanobacteria. Therefore,
the results indicate that although cyanobacteria
can maintain relatively stable fitness in the short
term (until 2040) and long term (undl 2100), a
significant decrease in their fitness is expected due to
the adverse impact of excessively high temperatures
in their photosynthetic functions. These findings
highlight the urgent need to implement climate
change mitigation actions to protect aquatic
ecosystems and the biodiversity they support.
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