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Abstract: Cyanobacterial blooms represent a major problem in reservoirs that are used for potable
water supplies. The El Limén reservoir is one of the main reserves of water for consumption in
northern Argentina (22°6'12.29” S). This study analyzed the role of abiotic factors in the promotion
of blooms in El Limén during warm seasons and explored the physical and chemical parameters
affecting the morphological development of the most abundant cyanobacteria species. The results
showed that short-term meteorological variations correlated with cyanobacterial abundances in this
shallow reservoir. Average daily temperatures for 6 and 8 months before the sampling date were
positively correlated with cyanobacterial abundances as well as filament length, while accumulated
precipitation limited the abundances of cyanobacteria. Considering the highly probably effects
of short-term meteorological factors on cyanobacterial blooms, the results support the need for
continuous and periodic monitoring of tropical reservoirs.
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1. Introduction

Freshwater resources are vulnerable to climate change [1]. In the coming decades,
rivers, lakes, and reservoirs will experience increased temperatures, more persistent stratifi-
cation of the water column [1], as well as alterations in the processes of mixing and nutrient
distribution [2]. Rainfall alterations associated with climate change will also have effects on
freshwater systems since they increase nutrient levels due to external loading [3]. On the
other hand, although a possible reduction in precipitation would bring a lower supply of
nutrients by runoff [4,5], in the case of shallow lakes, warmer conditions and water deficits
could increase internal temperatures and likewise lead to eutrophication [6,7]. Climate
change will also increase the risk of cyanobacterial blooms that produce environmental,
health, and economic problems [8,9].

The proliferation of phytoplankton species depends on their specific capacity to use
available resources [10]. The morphological and physiological flexibility of some cyanobac-
terial species makes them more competitive than most microalgae. The temperature
increase will mainly favor the order Nostocales [11], while warmer summers will favor
cyanobacteria with aerotopes due to their greater stability of the water column [12].

Cyanobacterial blooms are not a new worldwide phenomenon [13-15]. However,
reports of these events have increased dramatically since 1960, mainly in freshwater
bodies [8,16-20]. According to records, tropical and subtropical regions are the most
affected [21], associated with their higher temperatures [22]. Cyanobacterial blooms are
becoming more frequent and intense, and they are expected to affect areas that do not
currently suffer from the problem [23,24].

Cyanotoxins produced by some species can affect aquatic and terrestrial biota, includ-
ing humans [25]. Their release into the environment varies throughout the organism’s
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life cycle, being between 8 and 15 times higher in senescent populations [26]. Once the
toxin is released, it can persist in the environment from a few days to months. In eutrophic
freshwater systems, potentially toxic cyanobacterial species tend to be dominant [27-31].

In Argentina, the massive development of algae and cyanobacteria is quite common
in reservoirs employed as drinking water supplies [32] Several studies concluded that
the general trophic status of reservoirs in the country varies between mesotrophic and
eutrophic, thus promoting the development of blooms [33-35].

To test the influence of weather conditions on the presence of cyanobacterial blooms
in El Limon, this work conducted an in-depth analysis of two consecutive warm periods in
the tropical reservoir. In addition, we characterized the composition and abundance of the
phytoplankton and examined the morphological variations of the most frequent species.

2. Materials and Methods
2.1. Study Area

El Limon is a shallow (average depth of 5 m) and generally eutrophic reservoir that
has experienced cyanobacterial bloom events in recent years [36]. It is located in northern
Argentina, Province of Salta (22°6'12.29” S; 63°44/21.34” W) (Figure 1). The area, with a
tropical climate, has an annual rainfall of 970 mm and an average annual temperature of
21 °C, although the maximum temperatures exceed 45 °C in summer. In the dry season
(April-September), the reservoir presents stratification of the water column, which is
subsequently interrupted by the rains. The El Limén reservoir is mainly used for water
potabilization and consumption, but also for recreation and fishing, among other activities.
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Figure 1. El Limon reservoir study area.
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2.2. Sampling and Methodology

During two consecutive warm periods from 2018 and 2019, monthly samplings were
conducted from September to December. Motivated by the appearance of intense blooms,
an additionally sampling was carried out in January 2020.

During each sampling, the total depth and thermal profile of the water column were
studied, measuring the temperature every 0.5 m of depth. The samples for measuring the
physical and chemical parameters were obtained using a Van Dorn sampler at a depth of
1 Secchi and refrigerated 24 h until analysis. The samples were always taken in the same
location, approximately 10 m from the shore, in one of the deepest parts of the reservoir.

2.3. Environmental Parameters

In each sampling, the in-situ temperature (°C), electrical conductivity (uS/cm), pH,
and dissolved oxygen (mg/L) were measured using an Orion multiparameter sensor. Tur-
bidity (NTU) was measured using a HACH brand turbidimeter and water transparency
was measured using a Secchi Disk. Total solids, dissolved solids, and suspended solids
(mg/L); true and apparent color; soluble reactive phosphorus (mg SRP/L); nitrates, nitrites
and ammonium (mg N/L); alkalinity (carbonates, and bicarbonates) (mg CaCO3/L); hard-
ness (calcium and magnesium) (mg CaCO3/L); and chemical oxygen demand (COD) (mg
O, /L) were determined in the laboratory, according to APHA [37] standardized techniques.
Chlorophyll a (CL-a) was determined using the modified Scor-Unesco technique [38].

The daily temperature and precipitation and historical records between 1981 and 2010
were provided by the National Meteorological Service of Argentina (SMN). The average
daily temperature and accumulated rainfall were calculated considering 14 and 30 days
and 6 and 8 months prior to sampling in order to assess short-term weather effects.

The trophic status of the reservoir was analyzed according to the Carlson Trophic
State Index (TSI) based on the water transparency measured with the Secchi Disk [39].
The possible limitation of nutrients in the reservoir was evaluated by means of the N/P
ratio [12].

2.4. Phytoplankton and Microscopic Observation

For phytoplankton analysis, samples for qualitative analysis were collected subsurface
using a 20 um mesh net and fixed with 4% formaldehyde. Quantitative analysis was car-
ried out on samples taken at the depth of 1 Secchi disk, fixed in acidified Lugol’s solution,
and stored at 4 °C until analysis. After sedimentation for 24 h, counting was carried out
following the method by Utermohl [40]). A maximum error of 20% was accepted for the
most abundant taxa [41]. In all cases, at least 300 individuals were counted (Supplementary
Material Table S3). The results were expressed in cells/mL. Organisms without cellular
content were not considered in the count. The species were identified using the following
specialized bibliography: [42—47], among others. Cyanobacterial species were classified
based on their morphological similarity, considering the following morphotypes [48] (Cho-
rus & Welker, 2021): unicellular, colonial, non-heterocytous filament (species that do not
produce heterocytes), and heterocytous filament (heterocytous cyanobacteria).

In this work, we considered a bloom to occur when the abundance of at least one
cyanobacterial species exceeded 5000 cells/mL. Considering the total abundance of each
cyanobacteria, each sample was classified based on the framework of alert levels and
guidance levels for drinking and recreational waters, proposed by the WHO [21,48,49].

2.5. Morphological Analysis of the 4 Dominant Species of Cyanobacteria

The morphological analysis of the bloom-forming cyanobacteria was performed with
the most frequent and/or abundant species in both years: Raphidiopsis mediterranea (RM),
Cylindrospermopsis raciborskii (CYL), Aphanizomenon gracile (AG), and Aphanocapsa delicatis-
sima (AD). The morphological data of a minimum of 20 individuals were taken for each
month and species. For all the species found, the length (L) and width (W) of the filament
and width and length of a vegetative cell in the middle zone of the filament were measured.
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In the case of colonial species, the smallest (D1) and largest (D2) diameters of the colony
were also measured. The “width/length” index of the filament (W /L) was calculated and
considered as an indicator of the development and performance of the organism to capture
light (i.e., higher values denote greater aptitude) [50] In the case of colonial species, the
smaller diameter/larger diameter ratio of the colony (D1/D2) was calculated. For the order
Nostocales, the number of heterocytes and akinetes per vegetative cell were counted when
present, and the relative frequency of heterocytes and akinetes was calculated based on the
number of vegetative cells present. Density and biovolume (um?/mL) were calculated as
estimators of cyanobacterial abundance and biomass [51].

2.6. Statistical Analysis

Descriptive statistics were performed on the environmental and biological variables of
the species. The correlations between physical, chemical, biological, and meteorological
variables were evaluated using Spearman coefficients, performing the analyses by year
or using all the data. The environmental variables were compared between years using
the Student’s t-test and the Mann-Whitney U test for those variables that did not meet the
normality and/or homogeneity requirements. In all cases, InfoStat v.2008 software was
used to perform the statistical analysis.

3. Results
3.1. Meteorological Conditions

In general, precipitation was higher in 2018 than in 2019. The maximum of both
sampling periods (September-December) was recorded in the month of December, being
2-fold higher in December 2019 than in December 2018. Considering the average histor-
ical records from 1981 to 2010, the historical monthly precipitation was exceeded in the
months of October and December 2018, while they were always below historical monthly
precipitation levels in 2019. The temperatures ranged between 23.2 and 25.6 °C in 2018,
and between 21.7 and 28.9 °C in 2019, without significant differences among them (U = 16,
p =0.685). In 2018, the average monthly temperature was only exceeded in September,
while the historical monthly temperature records were exceeded in all months in 2019
(Figure 2).
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Figure 2. Historical records (HR) of rainfall and temperature (1981-2010); and rainfall and aver-
age temperature for the years 2018 and 2019 registered in the study area, according to data from
SMN. The dashed black line shows the historical temperatures calculated with the average monthly
temperatures.



Water 2023, 15, 302

50f16

3.2. Physical and Chemical Variables

The depth of the water column in the El Limén reservoir ranged between 2.4 and
3.38 m in 2018 and between 1.8 and 2.6 m in 2019. The water temperature and trans-
parency did not show differences between years (U = 12; p = 0.114 and U = 24.5; p = 0.085,
respectively).

Table 1 details the main physical and chemical parameters measured in the reservoir
in both years. Only total solids (t = 2.54, p = 0.0439), alkalinity (t = —7.84, p < 0.002), and
bicarbonate content (t = —11.4, p < 0.0001) presented significant differences.

Table 1. Physical and chemical parameters of the samplings per year.

2018 2019
Unit Mean SD Min Max Mean SD Min Max
Secchi M 1.88 0.68 1 2.75 121 0.21 1 15
pH 7.01 0.17 6.74 721 7.58 0.79 6.4 8.06
E.C. uS/cm 634.13 31.01 593 682.8 644.7 25.28 617 678
Turbidity NTU 414 235 1.87 7.82 3.38 1.76 22 6
Alkalinity ~ mg CaCO;/L  79.87 25.83 33 108 221.48 12.73 203.04  230.86
Hardness mg CaCO3/L 505.65 648.43 222 1787.62 199.97 66.2 141.64 260.38
N-NO2 mg/L 0.01 0.003 0.001 0.01 0.01 0.003 0.003 0.01
N-NO3 mg/L 0.9 0.88 0.001 24 0.3 0.08 0.2 0.4
N-NH3 mg/L 0.75 0.90 0.20 2.10 0.38 0.04 0.32 0.41
NH4 mg/L 0.44 0.14 0.26 0.58 0.48 0.05 0.41 0.42
SIN mg/L 121 0.82 0.6 2.07 0.68 0.05 0.61 0.73
SRP mg/L 0.44 0.74 0.03 1.54 0.12 0.12 0.04 0.3
N/P 2447 33.55 0.14 88.87 102 6.32 244 17.49
CoD Mg O, /L 206.3 204.5 63 61646 13978 67.81 90.77 240.14
CL-a ug/L 11.04 1092 3.78 33.05 9.48 285 5.58 12.04
In-situ water °C 23.92 2.59 18.8 26 30.03 5.69 25 35.1

temperature

The mean concentration of dissolved oxygen in 2018 was 9.7 (£2.06) mg/L, while it
was 8.64 (+1.23) in 2019. In both years, supersaturation was observed in 75% of the samples
(samples were taken between 10 and 12 a.m.).

The possible limitation by nutrients was evaluated with the N/P ratio. In 2018,
3 samples presented nitrogen deficiency (Sept, Oct, and Dec), while the Nov sample did
not present limitations. In 2019, 3 samples presented limitation by N (Sept, Nov, and Dec)
and the Oct sample did not present any deficiency (Figure 3A). Phosphorus limitation was
not observed in any case.
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Figure 3. Sample classification by (A) N/P ratio and (B) trophic status of the reservoir (TSI), according
to the Carlson Index.

The trophic state of the reservoir in 2018 was predominantly mesotrophic, with the
eutrophic state observed only in the month of December. In contrast, the eutrophic state
was observed in 3 of the 4 samples in 2019, with the mesotrophic state observed in October
2019 (TSI = 58.68). No significant difference in TSI was observed between years (U = 11.5;
p = 0.085); the maximum values were 62.51 and 65.46 for 2018 and 2019, respectively
(Figure 3B).

3.3. Phytoplankton

The mean abundance of phytoplankton was higher in 2019 with 129,129 (£52,313)
cells/mL than in 2018 with 27,330 (£10,664) cells/mL (U = 10, p = 0.028). The mean abundance
of cyanobacteria was much higher in 2019 with an average of 125,132 (£53,117) cells/mL,
compared to 2018 with an average of 23,736 (£10,265) cells/mL (U = 10; p = 0.028). The
maximum abundance of cyanobacteria was observed in December 2018 with 42,045 cells/mL,
while the maximum was observed in September 2019 with 175,888 cells/mL. The average
relative abundance of cyanobacteria in spring-summer of 2018 was 86%, while it was 96%
in the spring-summer 2019, with samples reaching 99% in November 2019. The other
groups presented low abundances. Chlorophytes reached an average representation of 13%
during 2018, while they did not exceed 2% in 2019. The other groups (Bacillariophyceae,
Euglenozoa, Myozoa [syn. Dinophyta], Cryptista [syn. Cryptophyta], and Xanthophyta)
never reached values above 5%.

Species richness was much higher in 2018 with 81 species than in 2019 with 46 species.
Among the total species, only 36 were shared between years. Cyanobacterial richness in-
cluded 31 species in 2018 and 17s species in 2019. In both years, the orders Synechococcales
and Nostocales dominated with 21 and 7 species in 2018 and 8 and 6 in 2019, respectively.
Among the observed cyanobacterial species, 81% and 82% corresponded to species that
possibly produce toxins in 2018 and 2019, respectively. In the case of chlorophytes, 34 and
15 species were observed in 2018 and 2019, respectively. The diatoms presented a richness
of 10 and 6 species in 2018 and 2019, respectively, predominantly pennate species. The list
of species recorded in the reservoir is detailed in Supplementary Material Table S1A,B.

3.4. Cyanobacteria

According to different levels of organization, colonial cyanobacteria predominated
in 2018 with an average abundance of 11,222 (+3838) cells/mL represented by 13 species,
followed by non-heterocytous filament cyanobacteria (4 species) with an average of 6824
(£4603) cells/mL, and finally, heterocytous cyanobacteria (7 species) with 5679 (+3554)
cells/mL (Figure 4).
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Figure 4. Morphotypes of cyanobacteria by year. The proportions of cyanobacteria among total phy-
toplankton are shown as pie charts above (in blue); the other phytoplankton groups are represented

in green.

In 2019, colonial forms (5 species) dominated with a mean density of 53,030 (4-46,803)
cells/mL, followed by filamentous forms (7 species) with 48,596 (£ 22,095) cells/mL, and fi-
nally, heterocyte-forming filamentous forms (5 species) with an average of 23,251 (410,296)
cells/mL (Figure 5). In both years, the main species of each subgroup were: Aphanocapsa
delicatissima, Merismopedia elegans, and Woronichinia compacta (colonial); Raphidiopsis mediter-
ranea and Raphidiopsis curvata (non-heterocytous filament); and Aphanizomenon gracile and
Cylindrospermopsis raciborskii (heterocytous cyanobacteria).
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Figure 5. Abundance dynamics of the most abundant species in 2018, 2019, and January 2020. Scales
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The unicellular species presented very low abundances in both years, finding only
2 species in all samples: Synechococcus elongatus and Synechocystis aquatilis.

3.5. Correlation Analysis between Cyanobacterial Abundance and Physical, Chemical, and
Metereological Variables

The correlations between the abundances of cyanobacteria and physical, chemical,
and meteorological variables were calculated using Spearman coefficients (Table 2). The
abundances of cyanobacteria showed significant correlations with the following physical
and chemical parameters: total solids, Secchi disk, alkalinity, bicarbonates, and nitrites. In
the case of total solids, they were negatively correlated with the abundance of cyanobacteria
and colonial bacteria, while the Secchi disk was negatively correlated with all subgroups.
Alkalinity was positively correlated with all subgroups except colonial species. Nitrites
positively correlated with total cyanobacteria, colonial species, and heterocytous cyanobac-
teria.

Table 2. Spearman correlations coefficients between physical, chemical, metereological, and cyanobac-
terial abundances. Statistically significant coefficients are indicated in bold (p < 0.05). * The sampling
date refers to the temperature or precipitation recorded on the day the sample was taken.

Total Non-Heterocytous Colonial Heterocytous
Cyanobacteria Filament Cyanobacteria
pH 0.080 0.330 —0.030 0.250
Electrical conductivity —0.350 —0.180 —0.400 —0.430
Turbidity 0.600 0.580 0.600 0.630
Total solids —0.700 —0.530 —0.730 —0.670
Alkalinity 0.680 0.830 0.570 0.700
Carbonates 0.470 0.670 0.420 0.450
Physical and Bicarbonates 0.710 0.580 0.720 0.670
chemical Hardness —0.320 —0.550 —0.130 —0.430
Calcium —0.300 —0.280 —0.300 —0.470
Magnesium —0.330 —0.600 —0.110 —0.310
COD 0.220 0.130 0.230 0.180
Dissolved oxygen —0.320 —0.170 —0.500 —0.400
Chlorophyll a 0.780 0.700 0.680 0.830
Secchi Disk —0.840 —0.860 —0.730 —0.900
Nitrites 0.680 0.510 0.790 0.770
Nitrates —0.120 —0.300 0.030 —0.060
. Ammonium —0.020 0.160 —0.140 —0.180
Nutrients SIN 0.000 ~0.130 0.120 0.000
PSRP 0.220 0.190 0.240 0.200
N/P —0.150 —0.150 —0.170 —0.150
Water 0.670 0.720 0.580 0.770
Sampling Date 0.780 0.870 0.670 0.870
Temperature 14d 0.200 0.380 0.020 0.230
30d 0.350 0.520 0.200 0.480
6 months 0.97 0.90 0.92 0.83
8 months 0.770 0.800 0.720 0.850
Sampling Date —0.430 —0.520 —0.340 —0.550
14 d —0.440 —0.450 —0.410 —0.380
Rainfall 30d —0.230 —0.250 —0.180 —0.080
6 months 0.05 0.03 0.18 —0.20
8 months —0.700 —0.680 —0.620 —0.620

In the case of the meteorological parameters, it was generally observed that tempera-
ture had a possible positive influence while precipitation had a possible negative influence
on cyanobacterial blooms. The possible effects became more evident when considering the
average temperature (6 and 8 months) and accumulated precipitation. Total cyanobacte-
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ria, non-heterocytous filamentous, heterocytous cyanobacteria, and colonial species were
positively correlated with mean temperature, while only cyanobacterial abundances were
negatively correlated with cumulative rainfall.

3.6. Blooms

During the 2018 sampling period, blooms were observed in 3 of the 4 samplings,
while blooms were observed in all samplings in 2019. In all cases, the blooms were domi-
nated by the species Aphanocapsa delicatissima, Raphidiopsis mediterranea, and Aphanizomenon
gracile. In the sampling carried out in January 2020, 9 species of cyanobacteria exceeded
10,000 cells/mL and all of the species registered were potentially toxic.

Based on the total abundances of cyanobacteria in 2018, 3 samples were classified as
Alert 2 or moderate (abundance 20,000-1000,000 cells/mL) and one sample was classified
as Alert 1 or low (<20,000 cells/mL), corresponding to the month of November 2018. In
2019, 3 samples were classified as late alert (>100,000 cells/mL) and one as moderate alert.
The additional sampling carried out at the end of January corresponded to a late alert with
728,640 cells/mL of cyanobacteria.

Bloom-Forming Species

The abundance and morphological variation of 4 species of bloom-forming cyanobac-
teria present in both years were analyzed. The abundance (cells/mL) of the selected species
varied throughout the samplings, with a marked increase towards 2019. Abundances
differed between years for Aphanocapsa delicatissima (U = 10, p = 0.028) and Raphidiopsis
mediterranea (U = 10, p = 0.028), while Cylindrospermopsis raciborskii and Aphanizomenon
gracile did not show significant differences between years.

The most abundant species in both years was Aphanocapsa delicatissima (AD), with a
mean of 6827 (+4661) cells/mL in 2018 and 45,810 (4-46,942) cells/mL in 2019. In the case
of filamentous species, the most abundant was Raphidiopsis mediterranea (RM) with 5913
(£4180) cells/mL in 2018 and 39,435 (£28,511) cells/mL in 2019. For RM, the abundances
increased by 566% between years, while for AD the increase was 571% between years
(Figure 5).

All species showed higher biovolumes in 2019; however, only RM and AG showed
significant differences between the years (U = 10, p = 0.028). Biovolume was not correlated
with any physical or chemical variable in any of the two years for the 4 species considered.

3.7. Morphometric Parameters

A total of 620 individuals were measured, considering the length and width of the
filament, the presence of specialized cells (heterocyte/akinete), and the ratio between width
and length (A/L). For colonial species, the smallest diameter (D1) and largest diameter
(D2) were measured and their ratio (D1/D2) was calculated. The results are shown in
Supplementary Material Table S2.

The filamentous species showed variations in both length and width. In December
2018, the 3 species showed a significant reduction in the width and especially length of
the filaments, corresponding to the rainiest month of both years. In contrast, in the driest
months such as September 2018 and September 2019, the sizes remained close to the average
values. The frequency of heterocytes relative to vegetative cells was stable for both AG and
CYL during both years. In the case of akinetes, these were only detected in the AG species,
with a very low proportion in both years.

For AG, the greatest variation in the length of the filament presented in 2019, with
a minimum of 47.3 um and maximum of 340 um, while the greatest variation in width
was observed in 2018, with a minimum of 2.24 um and maximum of 5.82 um. In general,
individuals were “longer” in 2019, although “less wide”. For CYL, less variation in terms
of the length of the filaments was presented in 2019, with the greatest variation observed in
the first sampling and even in January 2020. The widths remained stable in both years. RM
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showed greater variations in length in 2019, with a minimum of 36.8 pm and maximum of
180.2 um.

Considering the analyzed species, only RM showed significant differences between
years for both filament width (U = 4248, p = 0.002) and filament length (U = 5589, p = 0.044).
On the other hand, AD, CYL and AG did not show differences between 2018 and 2019
considered in relation to any morphometric parameter (Figure 6). Considering January
2020 blooms with respect to the 2019 samples, CYL differed in filament width (U = 795,
p =0.007), as did RM (U = 3079, p < 0.0001).
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Figure 6. Widths and lengths of the dominant cyanobacteria in 2018 and 2019. The statistical
differences according to Mann Whitney are indicated as: * (p < 0.05) ** (p < 0.005).

The physical and chemical variables that were correlated with the measured morpho-
metric variables generally differed between species. On the one hand, the variables that
most influenced the development of filamentous species were total solids, nitrites, and
nitrates, all of which had a negatively influence on the width and length of the filaments.
In the case of colonial species, it was observed that, unlike filamentous species, the total
solids, turbidity, nitrites, and nitrates positively correlated with the diameter of the colonies.
The frequency of heterocytes in AG was positively correlated with pH and negatively
correlated with COD. Regarding the meteorological variables, only the 14-day average tem-
perature favored the CYL width/length relationship, while 8-month accumulated rainfall
was negatively correlated with the length of the RM filament (Table 3).
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Table 3. Spearman correlations between physical, chemical, and meteorological variables with
the morphological variables of AD (Aphanocapsa delicatissima), AG (Aphanizomenon gracile), RM
(Raphidiopsis mediterranea), and CYL (Cylindrospermopsis raciborskii).

Specie M Meteorological Variable R (Spearman) p-Value
AG W/L Water temperature 0.72 0.0427
AG W/L Average T °C (30 days) 0.72 0.0427
AD W/L Daily rain 0.69 0.0395
CYL Width Accumulated rain (30 days) —0.85 0.0034
CYL Width Accumulated rain (30 days) —-0.91 0.0007
CYL Width Accumulated rain (14 days) —0.69 0.0401
CYL W/L Average T °C (14 days) 0.78 0.0267
RM Length Accumulated rain (8 months) -0.73 0.0381
RM W/L Accumulated rain (8 months) —-0.8 0.0237

4. Discussion

Our results seem to indicate that variations in temperature and rainfall could influence
the abundance of cyanobacteria in the short term, as well as greater or lesser development
of their filaments and colony diameters.

Meteorological variability and anthropic activities directly influence phytoplankton,
which can manifest as changes in the community structure, causing the disappearance
of sensitive species or the appearance and success of harmful species that can release
toxins [52,53] (Many species of cyanobacteria are capable of successfully adapting to
changes and increasing their abundance over the rest of the phytoplankton, so this group
can be considered a good indicator of climate change and its effects [54].

In this work, a possible favorable effect on cyanobacterial blooms was observed
considering the average temperature of the previous 6 months, while a possible limiting
effect of rainfall was observed considering the previous 8 months. The El Limén reservoir
is strongly affected by cyanobacterial bloom events, in line with what has been reported in
other reservoirs worldwide [32,55-59].

2019 was an unusually warm year in the region, surpassing the historical records of
the last 30 years and the greatest development of cyanobacterial blooms was recorded in
El Limon to date. An increase in abundance above 500% was observed between 2018 and
2019 for some species (i.e., Raphidiopsis mediterranea, Aphanizomenon gracile, among others).
Additionally, when considering 2020, the percentage increase in abundance rose to 1000%.

2018 was rainier than 2019, so the stability of the water column would have been inter-
rupted, with greater turbidity due to external contributions by runoff. The synergic effect of
these factors probably acted as a limiting factor for the development of cyanobacteria that
year. In this sense, the results show that the accumulated rainfall was negatively correlated
with the abundance of cyanobacteria and, particularly, for some species such as Raphidiopsis
mediterranea. Moreover, the total solids and water transparency also correlated negatively
with the abundance of cyanobacteria, and an increase in the turbidity of the water may
have been directly related to rainfall.

Cyanobacterial blooms observed in El Limoén in 2019-2020 would also have limited
the abundances of the other species, probably in an event of interspecific competition,
since the species richness of 2019 much lower than the species richness registered in 2018.
However, the most abundant species of cyanobacteria were present in both years. This may
be associated with the adaptive and competitive capacity of cyanobacteria with respect
to other algal groups. Although the species richness of other groups (i.e., Chlorophyta
and Bacillariophyta) was important in both years, the abundances never exceed that of
cyanobacteria, with the relative abundance of the latter being greater than 70% in all
samples.

All the recorded blooms were composed of potentially toxin-producing species, such
as Raphidiopsis mediterranea, Aphanizomenon gracile, Aphanocapsa dellicatissima, Cylindros-
permopsis raciborskii, Raphidiopsis curvata, and Merismopedia elegans, among many others.
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Bloom events in this reservoir are dominated by species that present high abundances and
frequency, that is, their presence could be considered stable. In general, most cyanobacte-
rial blooms recorded in Argentina are monospecific, especially in intense events [32,60];
however, the El Limoén reservoir showed multispecific events with a great variety of species.
The results indicate that most of the time (8 of the 9 samplings carried out), the reservoir
exceeded the early warning guideline level for safe drinking and recreational waters pro-
posed by the WHO [21,49]. This means that the population was clearly exposed to an
imminent risk, especially due to the use of the reservoir for the provision of drinking water.

The sensitivity of cyanobacteria to factors such as nutrient availability and temperature
depends on the trophic status of the water body and the taxon considered [61]. Previous
studies failed to explain the intensity of blooms in a broader ecological approach in Argen-
tinean reservoirs, although water transparency was identified as a predictor variable [32].
In this work, the abundances of all cyanobacterial morphotypes were negatively correlated
with water transparency in El Limén, as O’Farrell et al. [32] predicted.

We did not observe a significant relationship between the N/P ratio and total abun-
dance of cyanobacteria. In 2019, in which blooms were drastically accentuated, the El
Limoén Reservoir was mostly eutrophic. Where nutrient concentrations exceed the absorp-
tion capacity of phytoplankton [62], it is possible that other variables will have greater
importance in the establishment and dominance of cyanobacteria; for example: light, stabil-
ity of the water column, or residence time [62,63]. In fact, in eutrophic tropical reservoirs,
evidence suggests that light intensity is a more relevant factor for heterocytous cyanobac-
terial abundance than the N/P ratio or trophic status [64]. In any case, the influence of
the N/P ratio on the growth of cyanobacteria has not been confirmed. Some authors have
proposed that low N/P ratios are beneficial for cyanobacteria [15,65-67], while others have
suggested that the abundance of heterocytous cyanobacteria does not always occur at low
N/P ratios [12,68].

In El Limon, species of the order Nostocales were dominant during this study. Re-
cently, the geographic distribution of some species of Nostocales has expanded enor-
mously, and some authors claim that this could be due to climate change and increasing
temperatures [69,70]. For example, this trend has been studied for the species Cylindros-
permopsis raciborskii, which in the past was only a tropical or subtropical species, but is
now being reported in temperate regions [69,71]. In the case of the genus Aphanizomenon,
its expansion is expected due to global warming, including historical cold zones on the
European continent [72]. The potential production of toxins by species belonging to this
order and their increased distribution worldwide makes the analysis of these species highly
relevant.

Filamentous and colonial species from the reservoir responded differently in this work,
in terms of their morphology. A higher concentration of total solids limited the width
and length of the filaments in 3 filamentous species, which coincided with the results for
abundance. Conversely, a higher solids and turbidity content favored larger colony sizes of
Aphanocapsa delicatissima. This could indicate that colonial species are better adapted to the
turbid conditions of the reservoir than filamentous species. The nutrient levels influenced
CYL and AD, with the results indicating that the filaments were smaller but the colonies
were larger at higher concentrations of nitrites and nitrates. Some authors consider that the
length of the filament can be a more useful indicator of environmental conditions and their
variations than the differentiation of specialized cells [73,74]. Species with short filaments
and little variation in size show dependence on nitrogen fixation, whereas species with
long filaments and highly variable sizes are associated with high availability of nutrients
and fixation is not necessary [50]. In the case of El Limon, greater variation in filament size
was observed in the two heterocytous species while Raphidiopsis showed more stable mean
values.

In the case of the rate or frequency of the appearance of heterocytes per vegetative cell,
we only observed a possible positive influence of pH and a negative influence of COD for
AG species. Meteorological variables seemed to have no influence on the differentiation of
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specialized cells for the species considered. In the case of CYL, the presence of heterocytes
has been observed in conditions of low and high availability of nitrogen; therefore, the
differentiation of heterocytes does not seem to be determined by nitrogen deficit in this
species [75,76] It is expected that the higher the frequency of heterocytes per vegetative cell,
the greater the nitrogen fixation capacity, with each facilitating better competition against
the rest of the cyanobacteria.

The very low frequency of akinetes found for Aphanizomenon gracile could be due to
the El Limon reservoir permanently achieving favorable characteristics for bloom develop-
ment [77] In general, the factors that induce the development of akinetes vary according
to the species considered. It has been shown that for some Nostocales, the environmental
factors that lead to differentiation are low light intensity [78] or a deficiency or excess of
phosphates [79-81]. In our case, P limitation was not observed, while light intensity was
not evaluated.

Although in this study we focused on meteorological variables and physical and
chemical parameters, biological interactions among species in the community would have
relevant implications and should be further analyzed [82].

5. Conclusions

Short-term meteorological variability seems to have an important influence on the
establishment of cyanobacterial blooms in El Limoén as a shallow tropical reservoir. Tem-
perature was correlated with variables such as the length and width of filaments and the
abundances of both heterocytous and non-heterocytous species. Rainfall seemed to limit
the abundance of cyanobacteria, while in the driest year (2019), blooms were favored by
the greater stability of the water column. The external contribution of N and P by runoff
caused by rainfall did not seem to correlate with the biomass of cyanobacteria. In samplings
with intense blooms, a relationship between the length and width of the filaments of the
species considered and the concentration of nitrogen and total solids was observed, and
abundances were correlated with the 6- and 8-month average temperatures. The effects of
an increase in average temperature and/or variations in historical rainfall will have rapid
and tangible direct effects on shallow water reservoirs.
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