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INTRODUCTION

The occurrence of cyanobacterial blooms in lakes and
other aquatic ecosystems have increased in the last
decades worldwide, becoming a problem of significant
concern to water management authorities (Carey et al.,
2012; O’Neil et al., 2012; Paerl and Paul, 2012; Wurts-
baugh et al., 2019). Freshwater cyanobacterial blooms

are dense biomass accumulations mainly constituted by
one or two species, usually evident as bright green scums
on the surface (Oliver and Ganf, 2002; Huisman et al.,
2018). Cyanobacterial blooms deteriorate water quality
through the production of foul odor compounds, increase
in turbidity, a decrease of nutrients, and oxygen deple-
tion. When cyanotoxins are produced, cyanobacterial
blooms may be harmful and toxic to aquatic biota and to
the users of the water resource (Smayda, 1997; Edwin et
al., 2005; Paerl and Paul, 2012; Šejnohová and Maršálek,
2012). 

Significant changes in nutrient loading and the tem-
perature regime affect phytoplankton community struc-
ture and biomass (Planas and Paquet, 2016; Caballero
and Vázquez, 2020). Consequently, there is a shift in the
species composition of phytoplankton communities to-
wards dominance by cyanobacterial species (Kosten et
al., 2012). Cyanobacterial blooms in lakes have been as-
sociated with high temperatures related to global warm-
ing, high water column stability, high pH, low TN/TP
ratio, and eutrophication of these aquatic ecosystems,
frequently produced by discharges of treated and un-
treated wastewaters, as well as agriculture and farmland
runoffs (Jöhnk et al., 2008; Wells et al., 2015; Planas and
Paquet, 2016; Zhao et al., 2019; Wilkinson et al., 2020). 

Cyanobacterial blooms can be formed by filamentous
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in Lake Alberca de Tacámbaro displays seasonal and spatial population dynamics. Total phosphorus, dissolved inorganic nitrogen, water
temperature and photosynthetically active radiation were the environmental factors related to M. aeruginosa blooms. Our results suggest
that the changes in the structure of the phytoplankton community through time, and M. aeruginosa blooms in Lake Alberca de Tacám-
baro, are mainly related to changes in land use from forest to farmland in areas adjacent to the lake, which promoted its eutrophication
in the last years through runoffs. Comparative studies with other deep and eutrophic lakes will allow us to gain a deeper understanding
of the dynamic of cyanobacterial blooms in natural and artificial water reservoirs strongly stressed by human activities.
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or colonial species. The most recurrent species belong to
different genera: Anabaena, Aphanizomenon,
Coelosphaerium, Cylindrospermopsis, Gloeotrichia,
Gomphosphaeria, Microcystis, Nodularia, Planktothrix,
and Trichodesmium (Oliver and Ganf, 2002; Visser et al.,
2005; Huisman et al., 2018). Microcystis aeruginosa
Kützing is considered one of the most important species
in cyanobacterial blooms in eutrophic lakes and reservoirs
worldwide (Jacoby et al., 2000; Brunberg and Blomqvist,
2003; Ibelings et al., 2003; Vázquez et al., 2005; Jöhnk
et al., 2008; Davis et al., 2009; Almanza et al., 2019; Wan
et al., 2019). M. aeruginosa is a cosmopolitan freshwater
cyanobacterium found as individual cells that can form
large irregular colonies with a mucilaginous envelope
(Reynolds et al., 1981). Cells contain cytoplasmic gas
vesicles providing buoyancy and the ability to move ver-
tically across the water column (Walsby, 1981). Some
strains of M. aeruginosa can produce hepatotoxins and
neurotoxins with more than 100 variants reported up to
date (Lee, 2008; Puddick et al., 2015). In deep lakes, M.
aeruginosa blooms may occur in surface waters associ-
ated with specific environmental conditions of irradiance
and temperature, but they can move away from this zone
within hours because of vertical migration (Reynolds et
al., 1981; Visser et al., 1997; Oliver and Ganf, 2002). 

Most studies on M. aeruginosa blooms have been
conducted in temperate water bodies. The seasonal pat-
tern of the population dynamics of this cyanobacterium
in deep temperate lakes involves blooms in summer fol-
lowed by population decline in autumn, and recovery in
spring (Reynolds et al., 1981; Šejnohová and Maršálek,
2012). Nevertheless, no consensus has been reached on
the behavior of this species in deep tropical lakes. 

A high incidence of cyanobacterial blooms has been
observed in tropical regions of Africa, America, Asia and
Australia (Frias et al., 2006; Haande et al., 2007; Arzate-
Cárdenas et al., 2010; Mowe et al., 2014; Ninio et al.,
2020). In Mexico, the dominance of M. aeruginosa was
reported for the first time in an artificial reservoir of
Mexico City (Alcocer et al., 1998), and Lake Atezca, a
subtropical monomictic lake (Dıáz-Pardo et al., 1998).
Later, blooms were reported in the Valle de Bravo reser-
voir (Ramírez García et al., 2002) and a eutrophic crater
lake in Los Tuxtlas (Vázquez et al., 2005); in both cases,
blooms were recorded in spring and summer, with a de-
cline in biomass in surface waters during winter. The oc-
currence of microcystins in eutrophic reservoirs and
urban lakes in Mexico has also been reported, with mi-
crocystins concentrations exceeding the WHO recom-
mended limit (1 µg L–1) (Arzate-Cárdenas et al., 2010;
Vasconcelos et al., 2010; Pineda-Mendoza et al., 2012);
M. aeruginosa and other Microcystis species dominated
the phytoplankton community of these reservoirs and
urban lakes. Therefore, monitoring the presence and

abundance of M. aeruginosa in lakes and reservoirs in
Mexico from which the water is used for agricultural,
recreational and human consumption purposes is crucial
to avoid health risks, especially if these waterbodies are
prone to eutrophication.

Lake Alberca de Tacámbaro (LAT) is a deep tropical
crater lake in Mexico characterized by a circulation pe-
riod in winter and stratification the rest of the year
(Hernández-Morales et al., 2011; Caballero et al., 2016;
Caballero and Vázquez, 2020). Local meteorological
data gathered since 1988 showed a clear warming trend
with consistent warmer-than-average conditions since
the year 2000 (Caballero et al., 2016). Recent studies in
LAT detected a 1°C rise in the hypolimnion between
2011 and 2015 (Caballero and Vázquez, 2020). Studies
performed in 2006 and 2009-2010 reported Chlorophyta
and Bacillariophyta as dominant groups in the phyto-
plankton community, including the presence – but not
dominance – of different Microcystis species (Hernán-
dez-Morales et al., 2011; Caballero et al., 2016). How-
ever, in recent years, dense green scums of biomass are
common on the surface of the lake, likely related to
cyanobacterial blooms. The present study assessed the
seasonal variation of the phytoplankton community, par-
ticularly M. aeruginosa, in this lake and its relationship
to different limnological factors that may be triggering
cyanobacterial blooms in the water column. For this pur-
pose, during two annual cycles (2018-2019) we i) mon-
itored the physicochemical characteristics and nutrient
concentrations in the lake; ii) determined the phyto-
plankton species diversity and its seasonal variations,
with a particular interest in M. aeruginosa and its verti-
cal distribution; and iii) evaluated the relationship of dif-
ferent environmental factors with the biovolume of M.
aeruginosa. 

METHODS

Study area

Lake Alberca de Tacámbaro (LAT) is located in the
southwestern region of the Trans-Mexican Volcanic Belt
in central Mexico (19° 12’ 40.56” N, 101° 27’ 28.59” W,
1460 m asl, Fig. 1A). LAT is a warm monomictic lake
with a maximum depth of 28 m (Hernández-Morales et
al., 2011; Caballero et al., 2016; Caballero and Vázquez,
2020). The climate in this region is temperate, the
warmest months span from April to June (21.4±0.7°C)
and the coldest from December to February (17.5±0.3°C).
The rainy season occurs from June to October (239±34
mm), and the dry season from February to April (8.3±5
mm) (SMN, 2020). The main types of vegetation in the
region are tropical deciduous forest and pine-oak forest
(INEGI, 2016). This lake is commonly used for recre-
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ational activities, and water is extracted for irrigation pur-
poses (Hernández-Morales et al., 2011). 

Evaluation of land-use changes

Land-use changes in the surroundings of the lake were
analyzed using the ArcGIS software and satellite images
dating to 2007 and 2019 from Google Earth Pro®. A 500
m buffer around the lake was created and the surfaces
identified as different land-use patterns were analyzed
with ArcGIS’s analyst tool. Elevation data were obtained

from the National Institute of Statistic and Geography of
Mexico (INEGI).

Sampling and laboratory analysis, chlorophyll a, 
and trophic status

The lake was sampled at the zone of maximum depth
(28 m) around 10:00 am (UTC -06:00) in winter (February
2018, January 2019), spring (May 2018, April 2019), sum-
mer (August 2018 and 2019) and autumn (November 2018
and 2019). The sampling method and analysis of environ-

Fig. 1. A) Location of Lake Alberca de Tacámbaro. B) Land-use patterns in the area surrounding the lake during 2007 and 2019. Color
intensity indicates elevation, lighter color intensity = higher elevation.
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mental variables used in this study were as described in
Caballero and Vázquez (2020). Profiles of temperature,
dissolved oxygen (DO), conductivity and pH were meas-
ured in situ using a multiparametric probe (Hydrolab®,
Quanta-G). Photosynthetically active radiation (PAR) pro-
files were measured only during 2019 using a spherical
underwater quantum sensor (LI-COR®, LI-193). Trans-
parency was determined with a Secchi disk and trans-
formed to euphotic zone (Zeu) according to Kalff’s formula
(Kalff, 2002). Water samples were collected with a Van
Dorn bottle at seven depths (0, 5, 8, 10, 15, 20 and 25 m).
Water samples were used to determine ammonium (NH4

+,
Nessler method), nitrate (NO3

–, brucine method), nitrite
(NO2

–, colorimetric method), total and reactive phosphorus
(TP and PO4, persulfate digestion with the ascorbic acid
method), total alkalinity (HCO3

– + CO3
2–, titration with

phenolphthalein), chloride (Cl–, titration with AgNO3), sul-
fate (SO4

2–, turbidimetric technique) and silica (SiO2,
molybdosilicate method) according to standard spec-
trophotometric procedures (APHA, 1998). Dissolved in-
organic nitrogen (DIN) was calculated as the sum of the
concentrations of NH4

+, NO3
–, and NO2

–. Calcium (Ca2+)
and magnesium (Mg2+) were measured using an atomic ab-
sorption spectrophotometer (Shimadzu® Mod. AA6501);
sodium (Na+) and potassium (K+) were measured with a
flame photometer (Corning® Mod. 410). Turbidity and
total suspended solids (TSS) were also determined, accord-
ing to APHA (1998). Water samples were kept refrigerated
until analysis (48 – 72 hours post-sampling). Samples for
phosphorus analysis were stored in glass bottles.

For chlorophyll a determination, water samples (500
mL) were filtered through Whatman® GF/C filters (pore
size = 1.2 µm) and then kept refrigerated in darkness for
24 hours. Chlorophyll a was extracted with 90 %
methanol and measured spectrophotometrically; its con-
centration (µg L–1) was determined using Holden’s equa-
tions (Meeks, 1974). 

The trophic status of the lake was estimated by cal-
culating the trophic state index (TSI) based on chloro-
phyll a concentration as proposed by Carlson (1977): 

 
(eq. 1)

where Chl a is the chlorophyll a concentration (µg L–1)
on the surface of the lake. The trophic status was deter-
mined according to the following scale: TSI ≤ 39, olig-
otrophic; 40–49, mesotrophic; 50–69, eutrophic; and
70–80, hypertrophic (Carlson, 2007). 

Phytoplankton biovolume

Water samples for phytoplankton identification and
quantification were collected using a Van Dorn bottle at

the same depths mentioned above and fixed with formalin
(4%) and Lugol’s iodine solution, respectively. Phyto-
plankton species were identified based on specialized lit-
erature (Bourrelly, 1968; Krammer and Lange-Bertalot,
1997, 1999, 2000; Komárek and Anagnostidis, 2007;
Komárek, 2008; Moestrup and Calado, 2018). Microcystis
aeruginosa Kützing was identified based on Komárek
(2008). Cells were enumerated according to Utermöhl’s
method (Lund et al., 1958), and total cell abundance was
expressed as cell mL–1. Biovolume (µm3 mL–1) was esti-
mated by approximation to the closest geometric shape
for each species and multiplying by cell density (Hille-
brand et al., 1999; Sun and Liu, 2003). In the case of M.
aeruginosa, biovolume was estimated assuming an ellip-
soid geometric shape of colonies, using the equation 2:

                                    
(eq. 2)

where a is length and h is width of each colony measured
under the microscope. Colony depth (b) is difficult to
measure directly; therefore, it was estimated by using a
linear model based on actual measurements of width and
length, as proposed by Alcántara et al. (2018): 

(eq. 3)

Phytoplankton diversity

The effective number of species (or Hill numbers) was
calculated for the different orders of q in Hill’s formula (Jost,
2007). So, when q=0, 0D is species richness; when q=1, 1D
is the exponential of Shannon’s entropy and represents the
effective number of common species or Shannon’s diversity;
when q=2, 2D is the inverse of Simpson’s index diversity,
which represents the effective number of dominant species
or Simpson’s diversity (Jost, 2007; Jost et al., 2010). Bio-
volume data was used to compute q values. The 95 % con-
fidence intervals of q values were calculated to test for
significant differences between seasons. Analyses were
made using the iNETX package in R Studio version 3.6.0
(Chao et al., 2014; Hsieh et al., 2016; R Core Team, 2019).

We also used dominance-diversity curves based on
biovolume data (in logarithmic scale) per species as sup-
port for the analysis of community patterns (Feinsinger,
2001). The dominance-diversity graphs include only the
top ten most-abundant species.

Evaluation of bloom events

The categories established by Chorus and Bartram
(1999), Global Water Research Coalition and Water Quality
Research Australia (2009) and Newcombe et al. (2010),
were applied to determine the minimum biovolume to con-
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sider a bloom of M. aeruginosa. The categories for M.
aeruginosa blooms were as follows: level 1 = biovolume
≥ 2 x 105 µm3 mL–1 and ≤ 5.9 x 105 µm3 mL–1; level 2 = bio-
volume ≥ 6 x 105 µm3 mL–1 and ≤ 5.9 x 106 µm3 mL–1; level
3 = biovolume ≥ 6 x 106 µm3 mL–1. Evaluation of blooms
was limited to 15 m depth, because beyond this depth, the
water column presents dark and anoxic conditions. 

Statistical analysis 

Generalized linear models with gamma distribution
(positive continuous data with increasing mean-variance
relationship, Dunn and Smyth, 2018) and inverse link
function were used to explore the relationships between
environmental variables and the biovolume of M. aerug-
inosa (Log10 transformed); significance level was 0.05 and
confidence level 95 %. A principal component analysis
(PCA) was conducted to assess the associations of envi-
ronmental variables with spatial and seasonal conditions
in the lake, particularly conditions presenting bloom
events. Physicochemical variables were standardized by
z-score transformation and then analyzed using a Pearson
correlation matrix to identify those highly correlated and
to discard some of them for the PCA. We tested statistical
differences between the groups identified through the
PCA method using the multi-response permutation pro-
cedure (MRPP) and the Bray-Curtis distance measure.
These statistical analyses were made using PCORD ver-
sion 6 (McCune and Grace, 2002). The other statistical
analyses and graphics were performed using the statistical
software R Studio version 3.6.0 (R Core Team, 2019).

RESULTS

Conversion of forest to farmland in the surroundings
of the lake

The analysis of satellite images indicated that in 2007,
67.4 % of the area around the lake was forest, 18.4 % was
farmland, 7.5 % bare soil, 5.1 % grassland, and 1.3 % urban
zone (Fig. 1B). In 2019, the forest cover represented 56.8
% of the area around the lake, farmland was 27.8 %, bare
soil 10.4 %, grassland 3.1 %, and the urban zone 1.7 %.
These results indicate that between 2007 and 2019, the
farmland and urban areas in the lake’s surroundings in-
creased by 50 and 28 %, respectively; in contrast, the forest
cover decreased 16 %. The most important land-use change
was observed to the north of the volcanic cone, where a
large portion of the forest became farmland (Fig. 1B).

Temperature, dissolved oxygen, photosynthetically
active radiation and chlorophyll a profile

In the winter of 2018 and 2019, the temperature pattern
in the water column corresponded to a period of circulation,

with maximum values of 19.4°C in 2018 and 18. °C in
2019 (Fig. 2A). In spring, the water column was stratified
and the epilimnion reached up to 5 m depth in 2018 and 8
m depth in 2019; in both years, the hypolimnion started at
13 m depth (Fig. 2A). The water column remained stratified
in summer with the epilimnion at 5 m depth in 2018 and 8
m in 2019, however, in summer 2019 the hypolimnion was
deeper, starting at 17 m depth (Fig. 2A). During autumn of
both years, the epilimnion reached 13 m while the hy-
polimnion continued at 17 m depth (Fig. 2A). In 2018 and
2019, LAT showed a clinograde oxygen profile, which fol-
lowed the thermal stratification pattern (Fig. 2B). In winter
and autumn, anoxic conditions (<1 mg L–1) were observed
from 14-16 m depth; meanwhile, in spring and summer,
anoxic conditions were observed from the metalimnion (9–
11 m depth). 

Photosynthetically active radiation (PAR) profile var-
ied throughout the seasons (Fig. 2C, Tab. 2). In winter
2019, PAR reached 5 m depth (1% of surface illumina-
tion; Fig. 2C). In spring and summer 2019, PAR reached
the metalimnion at 12–13 m depth. Finally, in autumn
PAR was restricted to the epilimnion as it was unde-
tectable beyond 10 m depth. The euphotic zone varied
along the annual cycle between the two periods. In 2018,
the deepest euphotic zone was recorded in winter (12.5
m); it remained around 5 m deep for the rest of the year
(Fig. 2C). In 2019, the lowest depth of the euphotic zone
was recorded in winter (2 m), increasing to a maximum
of 11.5 m in summer (Fig. 2C). 

Chlorophyll a profile showed the formation of a deep
chlorophyll a maximum (DCM) in LAT during winter,
spring, and summer (Fig. 2D). In winter, DCM was found
between 5 and 8 m depth. In spring, DCM was observed
in the metalimnion in 2018 and in the hypolimnion in
2019. DCM was present in the metalimnion during sum-
mer (18.1 and 24.2 µg L–1, for 2018 and 2019, respec-
tively). In autumn 2018 and 2019, chlorophyll a
concentration was constant through the water column
ranging from 8 to 14.9 µg L–1. 

Trophic status and physical and chemical
characteristics of the lake

The trophic status of LAT varied among the seasons
(Tab. 1). During 2018 the lake was eutrophic, then shifting
to hypertrophic in winter 2019. In spring 2019 the lake
returned to eutrophic conditions, however, TSI values in-
creased to approach the hypertrophic category by summer
and autumn 2019. 

The pH was alkaline in the two years (7.8 and 8.1, re-
spectively) from the surface to 10 m, and slightly acid (6.9
and 6.6, respectively) at the bottom of the lake (> 11 m)
(Tab. 2). In the two years, conductivity was considered
low in the entire water column (147 to 235 in 2018; 125
to 217 in 2019), with a slight increase at the bottom (Tab.
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108 E. Montero et al.

Fig. 2. Temperature (A), dissolved oxygen (B), PAR (C), and chlorophyll a (D) profile in Lake Alberca de Tacámbaro during 2018 and
2019. In PAR profile (C), 1% of surface PAR intensity is marked and the horizontal dotted lines indicate the euphotic zone (Zeu).

Non
-co

mmerc
ial

 us
e o

nly



109Microcystis aeruginosa blooms in a tropical deep lake

2). Dissolved inorganic nitrogen (DIN) varied from 81.2
µM at the surface to 285.6 µM at the bottom of the lake
in 2018, and from 117.9 µM in the surface to 229.1 µM
in the deepest part of the lake in 2019 (Tab. 2). A similar
pattern was observed for soluble reactive phosphorus
(SRP) and total phosphorus (TP), whit the highest con-
centrations recorded between 11 and 25 m depth. The
DIN:SRP ratio was higher between 5 and 11 m depth, and
the DIN:TP ratio was higher between 11 and 25 m depth
(Tab. 2). DIN:TP ratio and silica had lower values in 2018
versus 2019 in the upper layer of the water column, but
the opposite pattern was observed in the hypolimnion. The
ionic composition was [HCO3

– + CO3
2–]>Cl–> SO4

2– and
Mg2+ >, Na+> Ca2+>K+ in both years (Tab. 2). Total sus-
pended solids (TSS) and turbidity increased with depth,
being higher in 2019 versus 2018. Mean Secchi disk vis-
ibility was 4.6 m in 2018 and 4.1 m in 2019 (Tab. 2).

The PCA analysis showed different spatial and tem-
poral patterns of the physical and chemical parameters in
LAT in 2018 and 2019 (Fig. 3 A,B). The proportion ex-
plained by the first and second axes of the PCA were 40
and 13 %, respectively (Tab. 3). Axis 1 showed a water
column depth gradient from the left (epilimnion) to the
right (hypolimnion), it was positively correlated to DIN,

TP, DIN:TP ratio, SiO2, HCO3
– + CO3

2– and turbidity, and
negatively correlated to temperature, DO, SO4

2– and Cl–.
Axis 2 was positively correlated to TP, SO4

2, Cl–, SiO2,

and Na+, and negatively correlated to DIN:TP ratio. Dur-
ing 2018 and 2019, four temporal groups of physical and
chemical conditions were identified (MRPP, p<0.0001;
Fig. 3 A and B, respectively). Group I was mainly com-

Tab. 1. Trophic state index and trophic status in Lake Alberca
de Tacámbaro during 2018 and 2019. TSI values 0–39:
oligotrophic, 40–49: mesotrophic, 50–69: eutrophic and 70–80:
hypertrophic (Carlson, 2007). 

Period                                   Trophic state index       Trophic status

2018             Winter                              56                          Eutrophic
                    Spring                              54                          Eutrophic
                    Summer                           58                          Eutrophic
                    Autumn                           66                          Eutrophic
2019             Winter                              71                       Hypertrophic
                    Spring                              54                          Eutrophic
                    Summer                           63                          Eutrophic
                    Autumn                           62                          Eutrophic

Fig. 3. PCA biplot (scaling 2) of environmental conditions in Lake Alberca de Tacámbaro. A) Samples obtained in 2018. B) Samples
obtained in 2019. Symbology refers to seasons and colors to depth. Groups (circles) were significantly different based on MRPP analysis
(A= 0.24, p<0.0001).
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Tab. 2. Mean, minimal and maximum annual values of biological, physical and chemical variables measured in Lake Alberca de
Tacámbaro during 2018 and 2019.

Variable                                      Year                                                       Depth (m)

                                                       0-5 m          6-10 m         11-27 m

                                                                        Mean             Min. – Max.             Mean             Min. – Max.             Mean             Min. – Max.

Secchi Visibility (m)                   2018           2.8±4.2                1.7–4.6                                                                                                           
                                                   2019           2.5±1.5                0.7–4.1                                                                                                           
Temperature (°C)                        2018          22.2±2.5             18.6–25.2             20.4±2.5             17.9–23.9             18.1±0.4             17.8–20.2
                                                   2019          21.9±2.6             18.2–25.5             21.5±2.5             18.1–25.4             18.5±1.1             17.9–22.9
DO (mg L–1)                                2018           7.3±1.3                5.1–9.3                3.8±2.9               0.2–10.4               0.5±0.7               0.06–4.3
                                                   2019           5.3±1.4               4.3–11.3               3.9±1.3                1.6–5.8                0.7±0.9               0.07–4.3
PAR (µmol photon m2 s–1)          2019          242±214                3–797                  35±40                 0.1–131                0.9±3.8                 0.0–28
Chl a (µg L–1)                              2018           7.8±4.2               4.3–14.9              15.1±8.4              2.2–29.9               4.8±3.3               1.4–11.1
                                                   2019          13.2±8.8              4.7–28.1              11.7±5.4              6.1–23.1                10.6±8                2.4–26.5
pH                                               2018           8.1±0.5                7.6–8.6                7.6±0.3                  7.1–8                  6.9±0.5                6.3–7.6
                                                   2019           7.8±0.7                6.6–8.6                7.3±0.8                6.3–8.4                6.6±0.5                6.1–7.8
Conductivity (µS cm–1)               2018           173±23               147 - 224               174±21               149 - 210               188±22               164 - 235
                                                   2019           143±17               125 - 179               143±12               126 - 180               157±18               141 - 217
NH4

+ (µM)                                  2018         24.3±34.8               1.7–90               81.7±62.8           11.7–155.7           275.1±125          117.8–486.8
                                                   2019         22.2±11.7             0.7–40.3             65.6±78.3            5.3–202.5          220.4±175.5         42.1–631.8
NO3

– (µM)                                  2018         54.6±26.9            11.5–83.5            30.6±23.1             0.2–66.4               9.9±7.5               2.5–30.3
                                                   2019         94.6±90.3            7.1–239.0            85.5±68.4            9.4–219.7              8.6±4.2               6.5–21.4
NO2

– (µM)                                  2018           2.2±2.7                  0–5.7                  2.8±2.9                  0–5.7                  0.5±0.6                  0–2.1
                                                   2019           1.1±1.0                  0–3.4                  1.1±0.6                 0.1 - 2                 0.1±0.1                  0–0.4
DIN (µM)                                   2018         81.2±53.1           18.9–161.9          119.4±47.5          46.6–185.0         285.6±122.9        149.4–495.9
                                                   2019        117.9±87.4          48.6–254.0          156.2±70.1          56.2–247.1         229.1±174.5         49.3–638.9
SRP (µM)                                    2018           0.5±0.3                0.3–1.2                0.6±0.4                0.2–1.4                3.3±2.9                0.2–9.1
                                                   2019           4.9±8.2               0.3–18.8               0.7±0.6                0.3–2.0                7.8±9.1               0.4–32.9
TP (µM)                                      2018           4.1±1.9                2.1–7.9                4.5±2.1                2.3–8.8               10.1±4.3              3.4–16.1
                                                   2019           3.9±1.8                1.3–6.8                4.1±2.1                1.1–7.2               13.7±7.2              4.8–26.7
DIN:SRP ratio                             2018           139±65                58–248               245±172              101–642              192±209               40–739
                                                   2019          165±122                2–349                300±183               73–601                 76±65                  2–191
DIN:TP ratio                               2018             19±8                    8–30                    26±6                   16–39                  33±18                  15–79
                                                   2019            34±21                  10–69                  41±17                  20–64                  18±12                   2–47
SiO2 (µM)                                   2018           822±53               747 - 887               862±45               756 - 898               911±23               884 - 948
                                                   2019            885±9                873 - 898               870±10               861 - 884               866±10               856 - 886
HCO3

– + CO3
2– (meq L–1)           2018           1.5±0.1                1.4–1.6                1.5±0.1                1.5–1.6                1.7±0.1                1.6–1.9

                                                   2019           1.5±0.1                1.4–1.6                1.6±0.1                1.5–1.6                1.7±0.1                1.6–1.9
Cl– (meq L–1)                               2018           0.2±0.0                0.1–0.3                0.2±0.0                0.1–0.3                0.1±0.0                0.1–0.2
                                                   2019           0.3±0.1                0.2–0.4                0.3±0.1                0.2–0.4                0.2±0.1                0.1–0.3
SO4

2– (meq L–1)                           2018           0.1±0.0                0.0–0.1                0.1±0.0                0.0–0.1                0.0±0.0                0.0–0.0
                                                   2019           0.1±0.0                0.0–0.1                0.1±0.0                0.1–0.1                0.1±0.0                0.0–0.1
Ca2+ (meq L–1)                             2018           0.3±0.1                0.1–0.5                0.3±0.1                0.2–0.5                0.3±0.1                0.1–0.5
                                                   2019           0.1±0.0                0.1–0.2                0.1±0.0                0.1–0.2                0.1±0.0                0.1–0.2
Mg2+ (meq L–1)                            2018           0.9±0.0                0.9–0.9                0.9±0.0                  0.9–1                   1±0.0                   0.9–1
                                                   2019             1±0.0                   0.8 - 1                   1±0.1                  0.8–1.1                0.9±0.1                  0.8–1
Na+ (meq L–1)                              2018           0.5±0.1                0.4–0.6                0.5±0.1                0.4–0.6                0.5±0.1                0.4–0.6
                                                   2019           0.5±0.1                0.4–0.6                0.5±0.1                0.4–0.7                  0.6±2                   0.4–1
K+ (meq L–1)                               2018         0.05±0.00            0.04–0.05            0.05±0.00            0.05–0.06            0.05±0.00            0.05–0.06
                                                   2019         0.05±0.00            0.04–0.06            0.05±0.01            0.04–0.06            0.05±0.00            0.04–0.06
TSS (mg L–1)                               2018           4.8±2.7                1.8–7.8                4.9±1.4                3.1–7.1                  3.3±2                  1.6–5.7
                                                   2019             5±1.8                   2–7.2                  4.2±1.6                1.9–6.3                  5.8±1                  4.2–7.3
Turbidity (NTU)                         2018           3.2±1.2                   2–5                   3.1±0.9                  2–4.5                  7.9±6.5                  1–21
                                                   2019           3.8±2.6                  2–10                  4.2±2.1                 2 .5–9                12.2±4.5                6–21.5
Data for 2018 and 2019, are presented as annual arithmetic average for samples from 0 – 5 m depth (n = 8), 6 – 10 m depth (n = 8) and 11 – 27 m depth
(n = 12). Except for temperature, DO, PAR and conductivity, which were measured each meter depth, number of data is different: 0 – 5 m, n = 24; 6 –
10 m, n = 20; 11 – 27 m, n = 72. 
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111Microcystis aeruginosa blooms in a tropical deep lake

prised of samples from the epilimnion in 2018, and sur-
face samples from winter 2019; this group was associated
with high temperature, pH, SO4

2– and Cl– concentrations
(Fig. 3 A,B). Group II included most of the samples from
8 – 15 m depth of both years; samples from this group
were associated with high temperatures and high DO con-
centrations. Group III was associated with the highest
SiO2, TP, HCO3

– + CO3
2– and turbidity concentrations and

constituted by samples from the hypolimnion (20–25 m)
in summer and autumn 2018, and winter 2019 (from 8–
25 m depth). Finally, group IV included samples from the
deeper layer of the water column (15–25 m), which cor-
responded to winter and spring 2018, and spring, summer,
and autumn 2019; such group was associated with the
highest DIN concentrations and DIN:TP ratio.

Phytoplankton community

A total of 112 phytoplankton taxa were recorded in
this study (Supplementary material). In 2018, the highest
species richness (0D) was observed in spring and autumn;
Shannon’s diversity (1D) ranged from 1.1 to 1.6 species
and Simpson’s diversity (2D) was always close to one, in-
dicating that M. aeruginosa was the only dominant
species in LAT throughout this year (Tab. 4). In 2019, the
highest species richness (0D) was observed in winter and
spring. Shannon’s and Simpson’s diversities were highest
in spring; M. aeruginosa continued being the only domi-
nant species for the rest of the year. 

Lake Alberca de Tacámbaro showed a trend in the sea-
sonal and spatial distribution of the phytoplankton com-
munity (Fig. 4). In winter 2018, phytoplankton biovolume
was dominated by Cyanobacteria, mostly M. aeruginosa
(98 %), which was distributed in the entire water column.
In this season, the Bacillariophyceae was another domi-
nant group, distributed mostly between 10 to 15 m depth
(Fig. 4A). In spring 2018, Chlorophyceae and Dino-
phyceae represented about 80 % of biovolume between 0
and 5 m depth, while it was mostly integrated by M.
aeruginosa from 8 m depth to the bottom (Fig. 4B). In

summer 2018, the phytoplankton community was com-
posed of a diverse algae assemblage from 0 to 15 m depth,
mostly by Bacillariophyceae and Dinophyceae; from 20
m depth to the bottom, M. aeruginosa accounted for 99
% of the biovolume (Fig. 4C). In autumn 2018, M. aerug-
inosa was the dominant species along the water column;
other algae classes were also observed but they only rep-
resented 2 to 5 % of the community (Fig. 4D).

In winter 2019, Chlorophyceae and Cryptophyceae
constituted 60–70% of phytoplankton biovolume at the
top 5 m of the water column; M. aeruginosa was the pre-
dominant species from 8 to 25 m depth, with also a sig-
nificant presence of Bacillariophyceae at 20–25 m depth
(Fig. 4E). In spring 2019, Chlorophyceae and Dino-
phyceae were the dominant algae from 0 to 10 m depth

Tab. 3. Eigenvalues and percent of the total variance accounted
by the first two axis, and correlations between variables and axes
(n=56).

                                                         Axis 1                  Axis 2

Eigenvalues                                        5.32                     1.68
Percentage explained                         40.98                   12.97
Cum. percentage                                40.98                   53.95
Eigenvectors                                                                      
Chl a                                                  -0.36                     0.28
Temperature                                       -1.01                    -0.01
Dissolved oxygen                              -1.04                    -0.21
pH                                                      -0.95                     0.10
DIN                                                    1.10                     -0.15
TP                                                      -1.06                     0.65
DIN:TP ratio                                       0.64                     -0.62
SO4

2–                                                                                    -0.98                     0.62
Cl–                                                                                          -0.72                     0.45
SiO2                                                                                       0.62                     0.52
HCO3

– + CO3
2                                                             0.78                     0.33

Na+                                                                                        -0.05                     1.02
Turbidity                                             0.68                     0.10

Tab. 4. Diversity measurements in Lake Alberca de Tacámbaro during 2018 and 2019. Superscript letters in D indicate significant
differences calculated based on confidence intervals (±). 0D = species richness, 1D = Shannon’s diversity, 2D = Simpson’s diversity.

Period                                                                       0D                                1D                              2D                     Coverage (%)

2018             Winter                                               47±4bc                                                1.6                             1.2                              99
                    Spring                                                61±7a                                                 1.3                             1.1                              99
                    Summer                                             43±1c                                                 1.6                             1.1                              99
                    Autumn                                             56±9ab                                                1.1                               1                                99
2019             Winter                                               63±10a                                               1.4                             1.1                              99
                    Spring                                               69±14a                                               3.9                             2.8                              99
                    Summer                                             48±6bc                                                1.5                             1.2                              99
                    Autumn                                             46±7bc                                                1.1                            1.05                             99
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representing about 95 % of biovolume, while M. aerugi-
nosawas dominant in association with Bacillariophyceae
species beyond 20 m depth (Fig. 4F). In summer 2019,
Chlorophyceae was the main component of biovolume
from 0 to 15 m depth (80–90 %), while M. aeruginosa
again made 99 % of the community from 15 m depth to
the bottom (Fig. 4G). Finally, in autumn 2019, M. aerug-
inosa accounted for 95-98 % of biovolume, while other
algae classes represented again 2 to 5 % of the community
(Fig. 4H).

The dominance-diversity curves showed that the dif-
ference in biovolume from the most abundant species to
the next changed over time (Fig. 5). The dominant species
in all sampling seasons was M. aeruginosa, and the differ-
ence relative to the second most-abundant species was
very large in spring, summer and autumn 2018, and in win-
ter and autumn 2019. In winter 2018 and summer 2019,
the difference versus the second most-abundant species
was lower. In spring 2019, there were three dominant
species (Aulacoseira granulata (Ehrenberg) Simonsen,
Oocystis marssonii Lemmermann, and M. aeruginosa),
and the differences in biovolume were the lowest in the
two years, indicating a more diverse community. 

Biovolume and blooms of M. aeruginosa

Microcystis blooms were observed in the samplings
performed in winter, spring and autumn, but they occurred
at different depths (Fig. 6). In winter 2018, level-1 and 2
blooms were identified from the surface to 10 m depth;
maximum biovolume at 20–25 m depth was 7.7x106 µm3

mL–1 (Fig. 6A). In spring 2018, level 1 and 2 blooms were
observed between 8 and 10 m depth (Fig. 6B); biovolume
at 25 m depth was 6.9x106 µm3 mL–1. Blooms were not
observed in summer 2018, and biovolume at 20 – 25 m
depth ranged from 5.9 to 6.4x106 µm3 mL–1 (Fig. 6C). In
autumn 2018, level-1, 2, and 3 blooms were observed
from the surface to 15 m depth; maximum biovolume was
2x107 µm3 mL–1 recorded at 25 m depth (Fig. 6D). In win-
ter 2019, level-2 and 3 blooms were identified between 8
and 15 m depth (Fig. 6E). In spring 2019, a level-1 was
recorded at 15 m depth (spring) but maximum biovolume
was registered at 20 m depth (Fig. 6 F,G). In summer
2019, there was no presence of blooms; however, a bio-
volume of 3.3x107 µm3 mL–1 was registered at 25 m depth
(Fig. 6G). Similar to 2018, in autumn 2019, level-2 and 3
blooms were recorded from the surface to 15 m depth with
maximum biovolume at 25 m depth (Fig. 6H). 

Fig. 4. Percentage of the biovolume of different algae classes and M. aeruginosa recorded at 0, 5, 8, 10, 15, 20 and 25 m depth in Lake
Alberca de Tacámbaro during 2018 and 2019.
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GLMs indicated that the biovolume of M. aeruginosa
was significantly and positively related to DIN (Fig. 7A,
p=0.001), TP (Fig. 7B, p=0.001) and HCO3

– + CO3
2– (Fig.

7C, p=0.002). In contrast, M. aeruginosa biovolume was
significantly and negatively related to temperature (Fig.
7D, p <0.001), PAR (Fig. 7E, p=0.04) and pH (Fig. 7F,
p=0.02). Other variables such as SRP (p=0.98), DIN:SRP
ratio (p=0.87), DIN:TP ratio (p=0.17), SiO2 (p=0.07), Na+

(p=0.49) and chlorophyll a concentration (p=0.68)
showed no significant relationships with M. aeruginosa
biovolume. 

DISCUSSION
Lake Alberca de Tacámbaro showed a warm monom-

ictic stratification pattern throughout the study period.
This behavior is common to deep lakes from tropical and
warm temperate regions, where the winter circulation pe-
riod is usually driven by wind in conjunction with a slight
decrease in atmospheric temperature (Wetzel, 2001). This
study confirms the recurrent formation of a deep chloro-
phyll a maximum (DCM) in this lake reported by Ca-
ballero and Vázquez (2020), which forms during the early

stages of the water column stratification processes
(spring) and extends over the stratification months (sum-
mer and autumn). The composition of the phytoplankton
community observed in our study suggests that the DCM
in LAT is constituted mainly by Chlorophyceae and Dino-
phyceae species in spring, by Chlorophyceae, Dino-
phyceae, and M. aeruginosa in summer and autumn.

During 2018 and 2019, we found marked changes in
the trophic status and structure of the phytoplankton com-
munity in the lake, compared to reports for previous years.
In 2006, LAT was classified as mesotrophic lake, with
Bacillariophyceae and Chlorophyceae as the dominant
groups (Hernández-Morales et al., 2011) (Tab. 5). A few
years later (2009-2010), the lake was described as eu-
trophic with a significant increase in DIN concentration
in the surface layer; Chlorophyceae species continued
dominating the phytoplankton community, and cyanobac-
terial dominance was not observed (Caballero et al., 2016)
(Tab. 5). Within this study (2018 and 2019), TP and DIN
concentrations increased considerably compared to values
reported for 2009 and 2010. Currently, this lake shows
conditions shifting from eutrophic to hypertrophic, and
M. aeruginosa is the dominant species (Tab. 5). 

Fig. 5. Dominance-diversity curves showing the top ten most-abundant algae species in Lake Alberca de Tacámbaro during 2018 and
2019. Discostella is D. pseudostelligera. Merismopedia involves M. duplex, M. punctata and M. tenuissima. Asterisks indicate the
dominant species.
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Phytoplankton community

In LAT, three seasonal trends were observed in the phy-
toplankton community: the winter dominance of M. aerug-
inosa accompanied by lower proportions of
Bacillariophyceae and Chlorophyceae; the high algae di-

versity in the epilimnion and metalimnion with Chloro-
phyceae and Dinophyceae as the dominant groups during
the warmest seasons (spring and summer); and finally, the
complete dominance of M. aeruginosa in autumn. These
seasonal trends of the phytoplankton community showed
that thermal stratification plays a crucial role in the phyto-

Fig. 6. Biovolume of M. aeruginosa at 0, 5, 8, 10, 15, 20 and 25 m depth in Lake Alberca de Tacámbaro during 2018 and 2019. Red circles
indicate Microcystis blooms. Asterisks denote bloom intensity: *level 1 (biovolume ≥2 x 105 µm3 mL–1 and ≤5.9 x 105 µm3 mL–1); **level
2 (biovolume ≥6 x 105 µm3 mL–1 and ≤5.9 x 106 µm3 mL–1); ***level 3 (biovolume ≥6 x 106 µm3 mL–1). Shaded areas represent the zone
of the water column where dark and anoxic conditions were registered.

Tab. 5. TP and DIN concentrations and dominant algae observed in Lake Alberca de Tacámbaro during 2006, 2009, 2010, 2018 and 2019. 

Year                 Depth (m)     TP (µM)      Din(µM)         Trophic status                          Dominant algae                                   Reference

2006                        0                  1.7                5.8                 Mesotrophic                Bacillariophyceae (Winter) and
                                                                                                                                  Chlorophyceae (rest of the year)      Hernández-Morales et al., 2011
2009 to 2010         0–5            1.4±1.0          45±50                 Eutrophic                    Chlorophyceae (the full year)                Caballero et al., 2016
                             6–10           1.2±0.6          70±56                                                                                                                                    
                            11–25          3.4±3.4         170±67                                                                                                                                   
2018                      0–5            4.1±1.9          81±50                 Eutrophic                    M. aeruginosa (the full year)                       Present work
                             6–10           4.5±2.1          120 48                                                                                                                                    
                            11–27         10.1±4.3       285±122                                                                                                                                  
2019                      0–5            3.9±1.8         117±87    Eutrophic-Hypertrophic      M. aeruginosa (the full year) and
                             6–10           4.1±2.0         156±70                                                          Chlorophyta (Spring)                                        
                            11–27         13.7±7.2       229±174
Data for 2018 and 2019 are presented as annual arithmetic average for samples from 0–5 m depth (n=8), 6–10 m depth (n=8) and 11–27 m depth (n=12).
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115Microcystis aeruginosa blooms in a tropical deep lake

plankton dynamics of deep tropical lakes since this process
influences the distribution of dissolved oxygen, as well as
the nutrient and light availability for algae, among others
(Huisman et al., 2004; Winder and Hunter, 2008). 

In 2018 and 2019, M. aeruginosa was the dominant
species in LAT, and only in spring 2019, two species were
co-dominant with M. aeruginosa, one Chlorophyceae (O.
marssonii) and one Bacillariophyceae (A. granulata);
such species were associated with conditions of high tem-

perature and DO concentration. In previous years, Chloro-
phyceae and Bacillariophyceae were the dominant groups
in LAT, and C. reticulatum, Botryococcus sp., Sphaero-
cystis sp., T. minimum, A. minutissimum, C. ocellata and
U. ulna, were the most abundant species (Hernández-
Morales et al., 2011; Caballero et al., 2016). In our study,
these species were always recorded at lower abundances
relative to M. aeruginosa. This shift in the composition
of the phytoplankton community towards cyanobacterial

Fig. 7. Relationship of the biovolume of M. aeruginosa with different physical and chemical parameters: A) DIN. B) TP. C) HCO3
– +

CO3
2–. D) Temperature. E) PAR. F) pH. Symbology refers to depth: square, 0 m; circle ,5 m; triangle point up, 8 m; plus, 10 m; cross,

15 m; triangle point down, 20 m; star, 25 m.
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dominance (with cyanobacterial blooms) has been re-
ported in many eutrophic lakes and reservoirs around the
world where anthropic activities – mostly the increasing
number of farms in the proximity of these water bodies –
has boosted nutrient enrichment (Dıáz-Pardo et al., 1998;
Ramírez García et al., 2002; Vázquez et al., 2005; Bev-
ersdorf et al., 2013; Gkelis et al., 2014; Padedda et al.,
2017; Qin et al., 2018; Almanza et al., 2019). Our results
suggest that the current dominance of M. aeruginosa is
related to the eutrophication of LAT resulting from human
activities. 

Eutrophication and cyanobacterial blooms cause
trophic cascade effects in aquatic ecosystems (Filstrup et
al., 2014), which usually result in low phytoplankton di-
versity (López-Archilla et al., 2004; Vázquez et al., 2005;
Soares et al., 2009; Fernández et al., 2012). LAT showed
no relationship between phytoplankton species richness
(0D) and M. aeruginosa blooms since the highest 0D was
observed in different seasons regardless of the location of
M. aeruginosa blooms; similar results have been found in
other eutrophic lakes and reservoirs (de Figueiredo et al.,
2006; Chalar, 2009). These observations indicate that the
eutrophic and hypertrophic conditions in LAT were suit-
able enough to support the coexistence of diverse phyto-
plankton species despite the presence of M. aeruginosa
blooms. However, other diversity measures (1D and 2D)
indicated an unequal proportion of the biovolume in the
phytoplankton community since M. aeruginosa accounted
for up to 95 % of the total biovolume.

Factors related to Microcystis aeruginosa blooms

The trophic and environmental conditions of LAT in re-
cent years were suitable for M. aeruginosa to become the
dominant bloom-forming species. PCA and GLMs analyses
revealed that M. aeruginosa blooms were associated with
high DIN and TP concentrations and with low values of
temperature and photosynthetically active radiation. These
findings are consistent with other studies which also high-
light nutrient enrichment, temperature, irradiance, pH, and
high water column stability as the key drivers of the dom-
inance and blooms of cyanobacteria (Reynolds, 1987;
Dokulil and Teubner, 2000; Paerl, 2008; O’Neil et al.,
2012; Gobler et al., 2016; Wurtsbaugh et al., 2019). 

Phosphorus (P) and nitrogen (N) are limiting nutrients
that regulate phytoplankton assemblages; although P is
considered as the main nutrient promoting cyanobacterial
blooms, N is equally important (Reynolds, 1999; Smith,
2003). High P and N concentrations are clearly related
with the dominance and blooms of different cyanobacteria
in tropical and temperate lakes (Vázquez et al., 2005;
Kosten et al., 2012; Gkelis et al., 2014; Almanza et al.,
2019; Richardson et al., 2019). Experimental studies have
corroborated these field observations, highlighting that N
and P enrichment increases the growth rate in M. aerugi-

nosa (Marinho and de Oliveira e Azevedo, 2007; Davis
et al., 2009, 2010; Li et al., 2015). Besides, it has been
mentioned that P and N concentrations above 5.6 µM and
35.7 µM, respectively, promote blooms of this species
(Reynolds, 1999; Zhao et al., 2019). Such nutrient re-
quirements occurred in LAT in 2018 and 2019. Therefore,
the increased P and N in LAT over the past years seem to
play a crucial role in the dominance and bloom formation
of M. aeruginosa.

The N:P molar ratio showed spatial and temporal vari-
ations with no significant relationship with M. aeruginosa.
According to Smith (1983), an N:P ratio below 29:1 (ob-
served on some occasions in LAT) tends to favor cyanobac-
terial dominance, especially by diazotrophic cyanobacteria,
due to inorganic nitrogen limitation. However, M. aerugi-
nosa is not a nitrogen-fixing species, and DIN limitation
was not observed in LAT. In fact, the fluctuations in N:P
ratio observed in this lake may result from the dynamics of
M. aeruginosa blooms, similar to the Microcystis blooms
in Lake Donghu, that were limited by the availability of N
and P rather than low TN:TP ratios (Xie et al., 2003). Paerl
et al. (2001) suggested that the N:P ratio may not be a de-
terministic factor in eutrophic or hypertrophic lakes be-
cause of the constant inputs of N and P that occasionally
exceed the uptake capacity of algae, which in turn may ex-
plain the non-relationship of DIN:SRP and DIN:TP ratios
with M. aeruginosa observed in LAT. Therefore, our data
suggest that the dominance and blooms of M. aeruginosa
are unrelated to the low N:P ratio.

Temperature and PAR were the environmental factors
related to M. aeruginosa blooms. Surface blooms were
observed during autumn and winter at low water temper-
ature (18.8–21.4 °C) and low PAR (160 - 480 µmol pho-
ton m2 s–1) on the surface. Most studies have reported that
high temperatures and strong stratification of the water
column enhance surface blooms (Jacoby et al., 2000;
Vázquez et al., 2005; Jöhnk et al., 2008; Kosten et al.,
2012; Beversdorf et al., 2013; Deng et al., 2014). In Lake
Chalchoapan, which is also a eutrophic, deep, warm mo-
nomictic lake in Mexico, M. aeruginosa was reported as
the dominant species from May to December, with surface
blooms events observed in summer at temperatures above
30 °C (Vázquez et al., 2005). However, it has also been
reported that low temperatures during autumn and winter
are suitable for the occurrence of surface blooms in tem-
perate and tropical lakes (Almanza et al., 2019; Ninio et
al., 2020), which is consistent with our results. In addi-
tion, it has been mentioned that high PAR (800 - 900 µmol
photon m2 s–1) causes photoinhibition in M. aeruginosa,
affecting cell density and buoyancy, ultimately leading to
the sinking of colonies (Visser et al., 1997; Chien et al.,
2013; Yao et al., 2017), a phenomenon that may have in-
fluenced the occurrence of M. aeruginosa blooms in the
surface. 
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In the tropics, the occurrence of surface blooms of M.
aeruginosa occurs mostly during the wet season, after rain-
falls events, which carry nutrients into water bodies with
surface runoff (Mowe et al., 2014). However, there was no
clear evidence of increases in nutrient levels in LAT after
the rainy season (June to October). Therefore, we could not
associate blooms with rains and increased surface runoff.
Indeed, seasonality is a critical driver of the variation in
abundance and blooms of M. aeruginosa. However, the
population dynamics of this cyanobacterium may vary
among deep tropical lakes and may not display the common
seasonal pattern observed in temperate regions, where the
annual cycle involves the overwintering of benthic colonies
in the bottom of the lake, population recovery during
spring, blooming in summer, and sinking again in autumn
(Walsby, 1981; Šejnohová and Maršálek, 2012). Moreover,
the seasonal pattern in the biovolume of M. aeruginosa and
its blooms in deep tropical lakes may be influenced by en-
vironmental and trophic conditions.

Populations of M. aeruginosa in concentrations that
can be considered as blooms were also observed in the
hypolimnion during spring and summer, under conditions
of low PAR intensity (< 1 % of surface illumination), low
DO concentration (<0.5 mg L–1), and low temperature
(<18°C). The presence of Microcystis in the hypolimnion
could be related to the resting vegetative cells, which can
persist in dark and anaerobic conditions for extended pe-
riods (Reynolds et al., 1981; Boström et al., 1989). Many
studies have shown that colonies of M. aeruginosa, over-
wintering in the hypolimnion and surface sediments, can
maintain a metabolic activity equivalent to a state of dor-
mancy, under dark and anoxic conditions (Preston et al.,
1980; Reynolds et al., 1981; Latour et al., 2004; Shi et
al., 2007; Chen et al., 2018). It is possible that, in spring
and summer, the Microcystis population found in the hy-
polimnion remained as an accumulation of resting vege-
tative colonies, which served as inoculum for the surface
blooms observed in autumn and winter. This hypothesis
is also supported by studies reporting the ability of M.
aeruginosa to change its cell density and to regulate its
buoyancy by gas vesicles, enabling migration along the
water column (Reynolds, 1971; Reynolds and Walsby,
1975; Visser et al., 1997; Dokulil and Teubner, 2000;
Hunter et al., 2008; Chien et al., 2013). Another possible
factor related to the persistence of M. aeruginosa in the
hypolimnion is the rise in mean hypolimnetic water tem-
perature in the past ten years (from 17.2±0.1 to 18±0.2°C)
(Caballero and Vázquez, 2020). 

The present study did not assess the presence of cyan-
otoxins. However, level-1, level-2 and level-3 algal
blooms were detected, indicating the potential presence
of toxins in the lake (Chorus and Bartram, 1999; Global
Water Research Coalition and Water Quality Research
Australia, 2009; Newcombe et al., 2010). Therefore, spe-

cial attention should be paid to assessing the toxicity of
untreated lake water in the zone. Additionally, further re-
search should evaluate the presence of toxic strains of Mi-
crocystis.

Monitoring the seasonal variation, dominance, and
blooms of this species in LAT, as well as the environmen-
tal factors promoting its blooms, is needed to advance our
understanding of cyanobacterial blooms in Mexican in-
land water bodies, particularly those showing signs of eu-
trophication. The conversion of forest to farmland in areas
surrounding the lake appears to be the root cause of these
bloom events. The establishment of a forest buffer zone
around the lake will likely contribute to mitigate the im-
pact of changes in land use and to reduce the magnitude
and frequency of cyanobacterial blooms.

CONCLUSIONS 

The trophic status of LAT appears to be aggravated by
the conversion of forest areas into farmland in the areas
surrounding the lake shifting from mesotrophic-eutrophic
to eutrophic-hypertrophic. Thus, eutrophication may be
the primary driver of cyanobacterial dominance in the
phytoplankton community and cyanobacterial bloom
events in this lake. The population dynamics of M. aerug-
inosa followed a seasonal pattern, and its blooms were
mainly related to temperature, PAR, DIN and TP. The Mi-
crocystis population located in the hypolimnion during
spring and summer suggests that the surface blooms in
autumn and winter were originated from such hypolim-
netic populations, which may have persisted as resting
vegetative colonies. 
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