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Abstract Ceratium species are not a common com-
ponent of freshwater phytoplankton in South America.
However, these dinoflagellates have often been
observed in many water bodies over the past two and
a half decades. We investigated Ceratium furcoides’
abundance and morphological variation during its
initial phase of colonization (2012-2013) in two
subtropical reservoirs in southern Brazil in order to
explore which environmental factors were related to
the occurrence, persistence and bloom formation of
this dinoflagellate in those environments. Biomass of
C. furcoides showed a strong seasonal pattern, in
which warm seasons led to an increase in population
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density, resulting in cell-size reduction, while in the
cold seasons cells increased in volume. Maximum
densities over 2,500 cells ml~' were observed in
spring—summer periods in both reservoirs. C. fur-
coides’ abundance in the studied reservoirs was
associated, primarily, with a combination of optimal
conditions of temperature, organic matter, and pH, and
secondarily, with nutrient availability. The possible
factors for the successful colonization performed by C.
furcoides across distinct Brazilian waterbodies include
good swimming performance, low herbivory pressure,
and ability to form dense blooms, as strategies that
allow maintenance of populations and effective
dispersal.

Keywords Bloom - Cyclomorphosis - Invasive
species - Southern Brazil

Introduction

Biological invasion is a central subject in management
and conservation of natural landscapes. Well-estab-
lished species can cause negative effects in the
invaded ecosystems, such as loss of biological diver-
sity, extinction of native species, changes in commu-
nity dominance, and ecosystem alterations (Mooney &
Cleland, 2001; Catford et al., 2012). Studies of
macroscopic organisms are frequent, whereas the
microbiological invasion is harder to detect and
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therefore much less documented (Elbrichter, 1999;
Litchman, 2010; Lebret et al., 2013). Several microal-
gae species, in particular potentially harmful ones, are
quickly expanding their geographic distribution (e.g.,
Elbrichter, 1999; Edwards et al., 2001; Hoppenrath
et al., 2007; Lilly et al., 2007; Blanco & Ector, 2009;
Sukenik et al., 2012). The dispersion of these species
can be intensified by human activities (Nagai et al.,
2007). Moreover, studies indicate that human-altered
ecosystems, especially impoundments, favor the inva-
sive species’ spread (Johnson et al., 2008). Therefore,
they are key-environments for understanding the
processes governing colonization, establishment, and
expansion of exotic species.

The dinoflagellate genus Ceratium Schrank is
considered to be invasive in South American fresh-
waters (Boltovskoy et al., 2013). Species of this genus
have rarely been reliably recorded in this region until
the 1990s, when C. hirundinella (O. F. Miiller)
Dujardin started in southern Chile and spread
2,000 km northward in 10 years (Mac Donagh et al.,
2005; Boltovskoy et al., 2013). In Brazil, the colo-
nization by Ceratium was particularly distinct: it
started in 2000s and the primary species was C.
furcoides (Levander) Langhans, which was recorded
in rivers and reservoirs from the southeastern (Santos-
Wisniewski et al., 2007; Matsumura-Tundisi et al.,
2010), northeastern (Oliveira et al., 2011), and south-
ern regions (Cavalcante et al., 2013; Jati et al., 2014).
Since Brazil, C. furcoides has been detected in other
countries such as Colombia (Bustamante-Gil et al.,
2012) and Argentina (Meichtry de Zaburlin et al.,
2014), suggesting that this species has expanded in a
radial pattern, first in Brazil, and then reaching areas
not previously invaded by C. hirundinella (Boltovs-
koy et al., 2013; Cavalcante et al., 2013).

Ceratium species are not toxic; however, high
biomasses may be harmful to icthyofauna during
bloom decay due to oxygen depletion from bacterial
consumption (Smayda, 1997). Moreover, they can
cause odor and taste in drinking water and clog filters
during water purification, and are therefore considered
prejudicial in monitoring programs of watersheds
destined for public consumption (Ewerts et al., 2013).

Ecological studies were largely conducted in north
temperate regions, especially of Ceratium hirundi-
nella (e.g., Dottne-Lindgren & Ekbohm, 1975; Moore,
1977; Heaney & Talling, 1980; Nicholls et al., 1980;
Chapman et al., 1985; Padisak, 1985; Grigorszky

@ Springer

et al., 2003). The autecology of Ceratium furcoides is
poorly understood and probably much of the informa-
tion related to C. hirundinella in the literature in fact
corresponds to C. furcoides, due to the morphological
similarity of these species (Calado & Larsen, 1997). C.
furcoides is often found co-occurring with other
Ceratium species, at low abundance in temperate
systems, but occasionally it was the representative or
dominant species in relation to total Ceratium density,
with blooms occurring during the summer in those
regions (Canter & Heaney, 1984; Hickel, 1988S;
Lindstrom, 1992). According to Heaney et al. (1988)
and Bustamante-Gil et al. (2012), C. furcoides’
ecology is also very similar to C. hirundinella: both
organisms tolerate wide environmental variation, but
prefer conditions of high nutrient availability, tem-
peratures between 15 and 25°C, thermal stratification,
and pH higher than 8 (Heaney & Talling, 1980;
Lindstrom, 1992). Laboratory experiments conducted
with strains of C. furcoides have supported some of
these environmental preferences, demonstrating opti-
mal growth at temperatures of 14-25°C (Butterwick
et al.,, 2005) and phototactic and chemosensory
behavior of this species in response to photon irradi-
ance and several chemical gradients (Clegg et al.,
2003, 2004). However, some studies have shown a
different seasonal pattern than that found in temperate
systems for C. hirundinella, with winter dominance
during water mixing (Pérez-Martinez & Sanchez-
Castillo, 2001, 2002). Besides population fluctuations
in terms of abundance, seasonal variation on morpho-
metric characters (called “cyclomorphosis™) is also
reported in the literature for ceratioid dinoflagellates
(Huber-Pestalozzi, 1950; Pollingher, 1988; Lind-
strom, 1992; Gligora et al., 2003). High morphometric
variation in Ceratium is not only considered to be an
adaptive characteristic for environmental changes,
especially temperature (Popovsky & Pfiester, 1990;
Lindstrom, 1992), but also seems to be related to biotic
pressures, such as herbivory, and resistance to
mechanical damage by filtering zooplankton (Ham-
laoui et al., 1998; Bertolo et al., 2010).

With the fast expansion of Ceratium in South
American systems, research investigating its ecolog-
ical requirements and tolerance levels is necessary to
understand its potential dispersal and possible impacts
on those ecosystems. Some studies have already been
published (on C. hirundinella: Mac Donagh et al.,
2005; Parodi et al., 2007; Silverio et al., 2009; on C.
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furcoides: Bustamante-Gil et al., 2012; Silva et al.,
2012), but the knowledge is still diffuse. In this study,
we investigated C. furcoides’ abundance and morpho-
logical variation during its initial phase of colonization
(2012-2013) in two subtropical reservoirs in southern
Brazil in order to explore which environmental factors
were related to the occurrence, persistence, and bloom
formation of this dinoflagellate in those environments.
These findings, together with other similar studies
performed in the region, are a crucial first step toward
understanding the invasive success of Ceratium in
South American water systems.

Materials and methods

The present study was conducted in two subtropical
reservoirs located in the city of Caxias do Sul, in
southern Brazil. This region is characterized by a
warm temperate climate without a dry season (Cfa,
Kottek et al., 2006), annual mean temperature of 16°C,
and total annual precipitation between 1,800 and
2,200 mm (Becker et al., 2009a). Faxinal and Maestra
reservoirs (Fig. 1) are two unconnected systems
included in the Taquari-Antas river basin and are used
as a water supply by SAMAE (Servico Autonomo
Municipal de Agua e Esgoto), the company respon-
sible for limnological monitoring of these systems.
Faxinal reservoir (29°05’00”S; 51°03’30"W) was
constructed in 1992. It is a warm monomictic and
meso-eutrophic system, with surface area of 3.1 km?,
Zmax 30 m, and retention time of 191 days (Becker
et al., 2009b). In contrast, Maestra reservoir

Fig. 1 Map of Faxinal and
Maestra reservoirs and their
main tributaries. Asterisks
indicate sampling stations

(29°06'37"S; 51°09'51”W) is less studied than the
former. The reservoir was built in 1968, has a surface
area of 0.54 km?, Zmax ~ 25 m, and is regarded as a
eutrophic system (SAMAE, unpublished data).

Samples derived from the phytoplankton monitor-
ing program performed by SAMAE were preserved
with Lugol’s iodine solution. Samples were gathered
weekly near the water intake, from the surface layer
(0-0.5 m), in both reservoirs, in 2012 and 2013.
Simultaneously, physical and chemical parameters
were measured; the analytical methods of APHA
(1998) were followed. Temperature, dissolved oxy-
gen, pH, and conductivity were measured by a Horiba
U-10 multiparameter probe; turbidity was measured
by a HACH 2100P turbidimeter. Organic matter was
estimated by titration method. Nutrient (ammonium,
nitrite, nitrate, and phosphate) and metal (iron and
manganese) concentration analyses were performed in
a PHARO 300 UV/VIS spectrophotometer, using
Merck’s colorimetric test kits. Precipitation data were
obtained from Caxias do Sul meteorological station
(OMM: 83,942, at ca. 20 km from both reservoirs),
available from the National Institute of Meteorology
website (INMET, 2014).

Using analysis of the monitoring data previously
provided by SAMAE, only subsamples containing
Ceratium cells were selected for the present study,
resulting in 91 sample units. To estimate abundance,
1-8 ml aliquots were concentrated by sedimentation,
depending on the Ceratium concentration in the sam-
ples. At least 100 cells were counted at low magnifica-
tion (x100) on the entire area of a Sedgewick-Rafter
chamber, using an Olympus CH-2 light microscope.

Maestra resewoir% >\
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Two morphotypes were considered based on the number
of antapical horns: two or three. Species identification
was determined according to Cavalcante et al. (2013).

In this study, we arbitrarily assumed bloom cells
densities above 1,000 cells ml™! (Kawabata &
Kagawa, 1988; Guerrero & Echenique, 1997; Mac
Donagh et al., 2005; Hart & Wragg, 2009; Silverio
etal., 2009), because densities above this threshold had
a distinct ecological importance in the studied period.

Ten cells were measured per month from both
reservoirs (n = 240). The equation used to estimate
the cell volume of C. furcoides is the same as that
employed in European monitoring programs (e.g.,
INAG, 2011). Biomass was estimated from biovolume
calculations, assuming a specific gravity of 1 mm?’
I""'=1mg 1" (Wetzel & Likens, 2000). Cell
volumes were also used to evaluate cyclomorphosis.

One-way analysis of variance (ANOVA) was
carried out to test seasonal differences of cell densities
and volumes, with post hoc Tukey’s test to compare
means. Pearson correlation was used to find relation-
ships among cell biomass, cell volume, and environ-
mental variables. The aforementioned univariate
analyses were performed using the software Statistica
7.1°. Principal component analysis (PCA) was per-
formed to determine spatial and temporal patterns in
the physical and chemical data sets, using correlation
to produce a cross product matrix (data not log
transformed). This analysis was performed on PC-
ORD 6.08°.

Results
Physical and chemical variables

Precipitation data showed that on a seasonal basis,
winter and spring constituted the rainy seasons in 2012
and 2013 in this region, with monthly average of 200
and 193 mm, respectively. The highest precipitation
sampled was 68.3 mm on November 12, 2013,
whereas the accumulated precipitations during the
weeks before sampling were 214.8 mm on August 27,
2013 (winter), 197.3 mm on November 12, 2013
(spring), and 189.2 mm on January 2, 2013 (summer).

Both reservoirs were very distinct of each other in
relation to the majority of the environmental variables
(Table 1). The PCA ordination for 12 abiotic variables
explained 55.21% of data variability in the first two
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axes (Fig. 2); only dissolved oxygen was not plotted.
Manganese (r = —0.87), nitrite (r = —0.86), and
phosphate (r = —0.83) were the principal variables
in the composition of axis 1 (32.18%), while pH
(r = 0.88), temperature (r = 0.84), and organic mat-
ter (r = 0.77) were the most important variables for
axis 2 (23.02%). The PCA’s diagram presented a clear
seasonal pattern in the ordination of the units, but
secondarily we can see the units grouped by reservoir
into each season, highlighting the limnological dis-
tinction between these reservoirs, especially regarding
to nutrient availability.

Ceratium furcoides occurrence and abundance

Cells of C. furcoides were registered for the first time
in Maestra in September 2012 and remained through-
out the studied period. After detected introduction, it
occurred in low densities, with the first growth peak in
late October, followed by recurrent blooms throughout
the summer with a maximum recorded density of
2,680 cells ml™! (Figs. 3, 4). New blooms were
observed in early fall and mid-November and Decem-
ber 2013.

In Faxinal reservoir, C. furcoides only was regis-
tered in phytoplankton counts in April 2013 (7 months
after the colonization in Maestra), with low densities.
The density rose sharply in early October and reached
maximum density in mid-November (2,819 cells
ml™!) (Figs. 3, 4). No cysts were observed in the
samples from either reservoir during the study period.

Neither density nor biomass was significantly
different between reservoirs (ANOVA, P > 0.05).
On the other hand, density was significantly different
between seasons (ANOVA, F = 18.05, P < 0.01).
Tukey test presented differences (mean log density in
cells ml™") between spring (2.53)-summer (2.91) and
fall (1.83)—winter (1.42).

Direct and inverse correlations among abiotic
variables and biomass suggested some patterns
(Table 2). Biomass peaks occurred in temperatures
higher than 15°C; below 15°C, the biomass dropped.
High organic matter values were also related to C.
furcoides biomass. Cell maxima were observed when
organic matter was higher than 8 mg 1='. The pH
showed a similar pattern in promoting bloom: C.
furcoides bloomed at alkaline pH (8.5-10 in Maestra,
8-9 in Faxinal) except on November 12, 2013 in
Faxinal, when the biomass peak was recorded
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Table 1 Range, mean
values, and standard
deviation of physical and

Faxinal (n = 35) Maestra (n = 56)

Min Max Mean SD Min Max Mean SD

chemicals variables of

Faxinal and Maestra Temperature (°C)
reservoirs, during Ceratium Turbidity (NTU)
occurrence in 2012 and pH

2013

Conductivity (uS em™ Y
Dissolved oxygen (mg 1~")
Organic matter (mg 1

11.8 258 176 3.7 114 269 19.6 4.2
34 412 15.2 8.0 60 967 234 15.3
6.0 9.4 76 09 6.3 10.5 8.5 1.2

312 502  39.1 52 543  79.6 642 6.2
3.60 1134 774 1.85 1.70 11.05  7.97 2.12
220 1590 637 321 200 19.80 9.02  5.49

NH, (mg 1 0.01 0.29 0.09 0.07 <0.01 0.80  0.15 0.16
NO; (mg 171 <0.2 0.35 0.05 0.09 <0.2 1.28 0.57 0.32
NO, (mg 171 0.02 0.05 0.03  0.008 0.01 0.10  0.04 0.02
PO, (mg 17") <0.01 0.09 0.02 0.02 <0.01 0.29  0.06 0.04
Fe (mg 17" 0.12 1.43 0.54 0.30 0.12 1.83 0.48 0.24
Mn (mg 17" 0.04 046 021 0.11 0.02 093 0.25 0.14
Fig. 2 PCA ordination °
diagram for the abiotic
variables and sampling units Season °
of Faxinal and Maestra A Winter .
reservoirs during Ceratium ® Spring H m
occurrence. See Table 2 for = Summer ° . [
variables abbreviations. gor | *Fall - 0.1\7 empm
Ellipsoids correspond to °
Faxinal (F) grouped samples ° .1 ®
o®'|
- y ¢ ®
Q
o L
n °
NS PO4
N
g NO2
N Mn
&40
2
3
<C
0 i 1 1
0 40

(40.39 mg 17"), and when pH abruptly decreased to
6.1. C. furcoides was abundant in periods of low
conductivity in both reservoirs; however, biomass
peaks occurred at 54 to 64 puS cm™! in Maestra and

Axis 1- 32.18% (p=0.01)

approximately half of these values (33-37 uScm™ ') in
Faxinal. Turbidity was related more to biomass in
Faxinal, and Ceratium peaks occurred with the highest
values observed of that variable (25-41 NTU).
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Fig. 3 Density and biomass variation of Ceratium furcoides. Total variation of density (a) and biomass (b) in both reservoirs; density
and biomass by season at Maestra (c and d, respectively) and Faxinal (e and f)
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Phosphate was an important factor for Ceratium
growth in Faxinal, where blooms occurred when
phosphate reached concentrations higher than
0.05 mg 17'. Regarding nitrate concentrations, C.
furcoides biomass showed a distinctive pattern
between reservoirs. In Maestra, which had high nitrate
availability, high biomass values were inversely
related to nitrate concentrations; in Faxinal, which
had lower nitrate availability, blooms were associated
with higher nitrate concentrations. Precipitation on the
sampling day and during the week prior had different
interactions in the reservoirs, with no direct effects in
Maestra but positive correlation in Faxinal. Heavy
rainfalls occurred during the week of January 2, 2013
(189.2 mm) interrupting the continuous summer
bloom in Maestra; in Faxinal, the highest cumulative
precipitation value (197.3 mm) coincided with the
Ceratium peak on November 12, 2013. Dissolved
oxygen (DO) was not significantly correlated with C.
furcoides abundance; however, both reservoirs had
presented a trend to well-oxygenated water column
throughout the studied period (DO > 5 mg 17").

Table 2 Pearson correlation values (P < 0.05) between Cer-
atium furcoides biomass and environmental variables (B2
biomass of two antapical horns cells, B3 biomass of three
antapical horns cells, 7B total biomass, Temp temperature,

Ceratium morphometric variation

In both reservoirs, cells having two antapical horns
were more common than those with three antapical
horns during most of this study. The abundance of
three-antapical-horned cells was higher in Maestra
during the spring (maximum 155 cell ml~" on
November 2013) and in Faxinal, during the winter
(Fig. 4). Biomass of this morphotype was significantly
correlated with nitrate, nitrite, phosphate, and man-
ganese (Table 2).

The mean cell volume showed seasonal variation
during this study (Fig.5; ANOVA, F = 8.309,
P <0.01). In warm seasons (spring—summer), the
cells were smaller than in cold seasons (fall-winter).
However, the abundance (Figs. 3, 4) had the opposite
pattern, showing inverse correlation between cell
volume and cell density (r = —0.70, P < 0.05).
Regarding abiotic data, cell volume was negatively
correlated with temperature (r = —0.70), pH
(r = —0.72), organic matter (r = —0.66), and turbid-
ity (r = —0.47).

Turb turbidity, Cond conductivity, OM organic matter, Pday
precipitation on the sampling day; Pweek precipitation accu-
mulated over a week)

Temp Turb pH Cond OM NO; NO, PO, Fe Mn Pday Pweek
Bloom periods (n = 15)
B2 0.58 0.80 —0.60 —0.53 —-0.52
B3 0.52
TB 0.58 0.79 —-0.57 —0.52
Two reservoirs (n = 91)
B2 0.51 0.34 0.50 0.79 0.24 0.22
B3 0.26 0.44 0.40 0.26
TB 0.49 0.34 0.49 0.79 0.25 0.23
Maestra (n = 56)
B2 0.56 0.56 —0.38 0.82 —0.34
B3 0.30 0.48 0.43
TB 0.54 0.55 —0.39 0.81 —-0.32
Faxinal (n = 35)
B2 0.72 —0.38 0.68 0.65 0.65 0.51 0.34
B3 0.38
TB 0.72 —0.37 0.68 0.64 0.65 0.50 0.34
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Fig. 5 Monthly variation of the cell volume of Ceratium furcoides in Maestra (a) and Faxinal (b) reservoirs

Discussion

C. furcoides cells are 123-322 pum long (Popovsky &
Pfiester, 1990) and, despite being a conspicuously
large organism of the phytoplankton community, have
never been found in Brazilian environments until 2003
(Cavalcante et al., 2013). From the southeastern
region, where it was first detected, its distribution
has expanded northwards and southwards. In state of
Rio Grande do Sul (southern Brazil), C. furcoides has
been recorded in many reservoirs and rivers since
2011. In July 2012, it was detected in Jacui River, ca.
150 km distant from Maestra reservoir (Cavalcante
et al., 2013); these environments probably have been
colonized from the same invading population
(2 months after registered in reservoir).

Faxinal and Maestra phytoplankton have been
sampled since 2002, when a monitoring program
was implemented (Frizzo et al., 2004) according to the
standards of the Ministry of Health (BRASIL, 2004).
In these reservoirs, there is a historical occurrence of
cyanobacterial blooms of the genus Dolichospermum
(Ralfs ex Bornet et Flahaut) Wacklin, Hoffman et
Komarek and Microcystis Kiitzing ex Lemmermann
(Frizzo et al., 2004; Yunes et al., 2005). Other studies
were performed in those systems, for example, Becker
et al. (2009a, b), revealing the important role of
physical processes in the seasonal gradient in selecting
for phytoplankton functional groups and Cardoso et al.
(2010), which studied the dinoflagellate assemblages
in reservoirs from Caxias do Sul City (including
Faxinal and Maestra) in 2002-2006. None of these
studies found C. furcoides in those environments. The

absence of C. furcoides, confirmed by extensive
previous studies and monitoring program; its rapid
expansion as soon as it was first reported; and the
aggressive behavior of this dinoflagellate, quickly
reaching high biomass in those systems, are strong
evidence of the invasive nature of this microorganism.

High densities of Ceratium are usually recorded in
the literature as ordinary events in annual phytoplank-
ton fluctuations of many temperate waterbodies
(Table 3). The major bloom-forming species is C.
hirundinella. Only a few papers described the bloom
dynamics of C. furcoides (Canter & Heaney, 1984;
Lindstrom, 1992). However, the majority of these
density peaks were under 1,000 cells ml™" (Padisk,
1985; Lindstrom, 1992; Pérez-Martinez & Sanchez-
Castillo, 2002; Carty, 2003). In subtropical environ-
ments, Ceratium spp. tend toward higher population
growth, as found for C. hirundinella in Argentina
(Silverio et al., 2009) and South Africa (Hart &
Wragg, 2009), and for C. monoceras Temponeras in
the boundary between Macedonia and Greece (Tem-
poneras et al., 2000a). In South America, populations
of C. furcoides were observed at a maximum of 41
cells ml~" during the spring in Riogrande II reservoir
(Bustamante-Gil et al., 2012), of 29 cells ml™! during
the winter in Furnas reservoir (Silva et al., 2012), and
of 15 cells ml™" during the fall in Yacyreta reservoir
(Meichtry de Zaburlin et al.,, 2014). Matsumura-
Tundisi et al. (2010, p. 828, Table 2) found a
maximum density of 21,455 cells ml~' during the
winter in Billings reservoir, but there is probably a
typographical error since the same data (plotted in
Fig. 1, p. 826 from that paper) do not exceed 25 cells
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Table 3 The densest blooms of Ceratium spp. recorded in the scientific literature

Environment Bloom-forming Maximum Season Reference
species density
(cells mlI™1)
South America
Faxinal and Maestra reservoirs, southern C. furcoides 2,819 Spring—summer  Present study
Brazil
Paso de las Piedras reservoir, east- C. hirundinella 2,000 Mid-summer Guerrero & Echenique (1997)
central Argentina
Rio Tercero reservoir, central Argentina  C. hirundinella 1,244 Late summer Mac Donagh et al. (2005)
Sumampa and Las Pirquitas reservoirs, C. hirundinella 5,634 Winter Silverio et al. (2009)
northwestern Argentina
North America
Heart Lake, southeastern Canada C. hirundinella 1,300 Summer Nicholls et al. (1980)
Europe
Lake Erken, southeastern Sweden C. hirundinella 416 Late summer Dottne-Lindgren & Ekbohm
(1975)
Esthwaite Water, northern England C. hirundinella 370 Late summer Chapman et al. (1985)
Lake Sempach, central Switzerland C. hirundinella 380 Summer Pollingher et al. (1993)
Blelham Tarn, northern England C. furcoides ca. 485 summer Canter & Heaney (1984)
Lake Plufsee, northern Germany C. furcoides 670 Summer Hickel (1988)
Laje Doirani, Macedonia, Greece C. monoceras 3,339 Spring Temponeras et al. (2000a, b)
Asia
Ishitegawa reservoir, Southern Japan C. hirundinella 1,300 Summer Kawabata & Kagawa (1988)
Small pond in Tsukuba, east-central C. hirundinella 925.5 Late spring Xie et al. (1998)
Japan
Africa
Albert Falls Dam, eastern South Africa C. hirundinella over 5,000 Summer Hart & Wragg (2009)
Oceania
Chaffey Dam, eastern Australia C. hirundinella ca. 520 Summer Baldwin et al. (2003)

ml~!. The densities that we observed, with peaks of
2,680 and 2,819 cells ml~"' during spring—summer in
Maestra and Faxinal, respectively, represent the
densest bloom ever reported for C. furcoides
(Table 3).

C. furcoides was a perennial form in the phyto-
plankton of Faxinal and Maestra during this study,
with bloom formation at temperatures between 15 and
27°C just as C. hirundinella was in Rio Tercero
reservoir (Mac Donagh et al., 2005). In temperate
systems, Ceratium spp. occurred during warm and
stratified waters in a few summer months, completely
disappearing from water column in cooler seasons
(Heaney & Talling, 1980; Pollingher, 1988). In the
subtropical lake Kinneret, C. hirundinella reached
maximum density during the spring but declined in
summer, at temperatures higher than 25°C (Pollingher

@ Springer

& Hickel, 1991). Despite the seasonality difference,
the optimum range of temperature for Ceratium
growth is similar, between 12 and 23°C (Heaney
et al., 1988; Popovsky & Pfiester, 1990). This seems to
be a crucial factor for the distribution of these
dinoflagellates throughout the year in subtropical
reservoirs, such as Faxinal and Maestra. In these
environments, the temperatures were moderate, sel-
dom reaching the extreme temperatures assigned to
Ceratium growth. On the other hand, in a Spanish
reservoir, C. hirundinella occurred throughout the
year with highest densities during mixing periods of
fall-winter at temperatures of 7-14°C (Pérez-Marti-
nez & Sanchez-Castillo, 2002), demonstrating a high
tolerance of this species to temperature variation.

In this study, the occurrence and growth of C.
furcoides in the reservoirs of Caxias do Sul were
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controlled, primarily, by a combination of optimal
conditions of temperature, organic matter, pH, and
dissolved oxygen. Secondarily, although this species
tolerates a wide range of conductivity and nutrient
content, Ceratium abundance was associated with
nutrient availability, especially phosphate and nitrate.
Similar results were found by Grigorszky et al. (2003),
for dinoflagellates in Hungarian water bodies, and
Cardoso et al. (2010), in the same subtropical reser-
voirs of Caxias do Sul. The high biomass of C.
furcoides was associated with high values of organic
matter. Despite the potential autocorrelation between
these variables, we did not reject the contribution of
other planktonic (phyto- and zoo-) organisms to
organic matter, favoring a nutritional alternative by
mixotrophy (Olrik, 1994). Mixotrophy has never been
demonstrated in C. furcoides and is a controversial
topic concerning this genus (Gaines & Elbrichter,
1987; Hansen & Calado, 1999). However, it is a
feature sometimes recorded for C. hirundinella
(Dodge & Crawford, 1970) and well documented in
marine relative species (Bockstahler & Coats, 1993;
Jacobson & Anderson 1996, Jacobson 1999), and
probably can occur in C. furcoides. Regarding pH,
Ceratium peaks were registered in alkaline conditions,
as in other recorded maxima (Lindstrom, 1992;
Guerrero & Echenique, 1997; Temponeras et al.,
2000b; Carty, 2003; Mac Donagh et al., 2005; Silverio
et al., 2009; Matsumura-Tundisi et al., 2010). Only in
an atypical event in Faxinal on November 12,2013 did
the highest cell abundance of C. furcoides occur at low
pH, coinciding with highest accumulated precipitation
and high values of turbidity and nutrients, especially
nitrogen compounds. The heavy rainfall could have
been responsible for pH reduction, as well as have
provided input of nutrients from runoff or sediment to
the water column. We postulate that in a mesotrophic
system, nutrient availability can be an important factor
for Ceratium growth, even at slightly acidic pH.
Similar patterns were observed with C. hirundinella in
Lake Biwa, suggesting that Ceratium abundance was
controlled by nitrogen availability (Nakano et al.,
1999). Well-oxygenated waters, such as those of
Faxinal and Maestra reservoirs, are also an important
factor for Ceratium development (Pollingher, 1988;
Mac Donagh et al., 2005). Previous studies have
showed that C. furcoides cells can swim toward high
concentrations of O, in water column, filling their
physiological requirements for oxygen during

respiration and accelerating metabolic activity and
growth (Clegg et al., 2004). In mesotrophic systems
showing low phosphorus content, as in Faxinal
reservoir, C. furcoides abundance was associated with
phosphorus peaks (Wu & Chou, 1998; Bustamante-Gil
et al.,, 2012; Silva et al., 2012). Under eutrophic
conditions, as in Maestra reservoir, phosphorus con-
tent was not a correlated factor for Ceratium growth
(van Ginkel et al., 2001). However, Mac Donagh et al.
(2005) showed high densities of C. hirundinella in a
very low phosphorus context. It is stated that Ceratium
spp. can obtain phosphorus from multiple sources
when conditions of P-limitation exist in the epil-
imnion, by vertical migration (James et al., 1992;
Olrik, 1994). Sexual reproduction (gamete fusion) of
C. furcoides in Lake Plufsee was linked to low
nitrogen and phosphorus levels (Hickel, 1988). The
contrasting behavior of Ceratium species in divergent
lake types (with different climatic, morphometric,
geological, hydrological, and trophic features)
explains the existence of ecotypes of these species
adapted to diverse environmental conditions and
exhibiting high intra- and inter-population morpho-
logical variability (Salmaso, 2003).

Incidence of three-antapical-horned cells was
higher in Faxinal during the winter and in Maestra
during the following spring, correlating with the
highest mean cell volume. Throughout the spring—
summer blooms, C. furcoides with two antapical horns
was the dominant morphotype, in accordance with
previous studies (Dottne-Lindgren & Ekbohm, 1975;
Hickel, 1988; Lindstréom, 1992). Lindstrom (1992)
pointed out that large cells, generally having three
antapical horns, probably consist of forms adapted to
low temperatures. However, it cannot be concluded
that temperature directly affects the density of cells
with different numbers of antapical horns (Dottne-
Lindgren & Ekbohm, 1975). We found significant
correlation between three-antapical-horned cell abun-
dance and nutrient concentrations, in accordance with
previous studies (Kimmel & Holt, 1988). Hamlaoui
et al. (1998) have found that the proportion of three-
horned cells tended to increase at high levels of
nutrient content, but this effect was not statistically
significant. No study has ever shown an association
between three-antapical-horned cells and manganese
like the positive correlation observed in Faxinal.
However, experimental studies are necessary to verify
the real influence of this micronutrient on the growth
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of the third antapical horn. Recent studies have also
demonstrated that biotic pressure, especially protec-
tion against physical contact with the filtering appa-
ratus of grazers, plays a strong role on morphological
variability in Ceratium (Bertolo et al., 2010).

In the Faxinal and Maestra reservoirs, warm
seasons promoted population increases, while in
cooler seasons cells increased in volume. Similar
seasonal cell-size variation was observed for different
populations of Ceratium species (Dottne-Lindgren &
Ekbohm, 1975; Lindstrém, 1992; Gligora et al., 2003).
Temperature is a key factor in the cell-size dynamics
for Ceratium spp. (Huber-Pestalozzi, 1950). C. fur-
coides biomass peaks (smaller cells) were also
inversely related to iron content. It is known that iron
can bind with phosphorus and make it unavailable for
phytoplankton consumption. Other studies have
demonstrated increasing cell volume in dinoflagellates
at P-depletion, probably due to cell-division inhibition

Adaptive strategies

resulting in large cells (Flaim et al., 2010). In the
present study, Ceratium abundance and cell volume
had similar temporal distribution in both reservoirs. In
contrast, the reservoirs were typically different, espe-
cially regarding to nutrient availability. These findings
can be explained by the high tolerance to various
environmental conditions ascribed to this dinoflagel-
late (Pollingher, 1988).

The major Ceratium features that promote its wide
environmental tolerance were summarized in Fig. 6.
Ceratium species are considered excellent competitors
among freshwater phytoplankton due to intrinsic fea-
tures, such as good swimming performance, enabling
the cells to perform vertical migration in order to find
optimal conditions of light and nutrients for their
growth (Heaney & Talling, 1980); low herbivory
pressure due to their size and shape (Xie et al., 1998);
presumable mixotrophy, as an nutritional alternative for
growing even under inorganic nutrient depletion (Olrik,

Environmental factors
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Fig. 6 A synthesis diagram showing relationships among
environmental conditions, adaptive strategies and invasion
success of Ceratium furcoides. Solid arrows represent direct

@ Springer

relation while dashed arrows indicate inverse relation. A
question mark indicates a biological process that needs
confirmation for this species
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1998; Salmaso, 2003); and resting cyst production,
which ensures the survival, bloom maintenance, and
dispersal capacity of these species (Pollingher, 1988).
We assume that these adaptive strategies are critical in
understanding the invasive success demonstrated by
Ceratium in Brazilian freshwaters (Fig. 6). Future
studies should demonstrate the effects of each of these
biological processes in the population dynamics of C.
furcoides in Brazilian reservoirs.

Previous studies on the dinoflagellate communities
of reservoirs from Caxias do Sul suggested that the
lack of dinoflagellate blooms in those reservoirs was
related to nutrient limitation and consequent compe-
tition among phytoplankton (Cardoso et al., 2010).
Now, it is possible to conclude that the initial lack of
blooms was related to the absence of highly tolerant
and excellent competitor populations, such Ceratium
species. C. furcoides performed a rapid colonization: it
bloomed in Maestra just over a month after the first
appearance and colonized Faxinal (ca. 10 km away)
only 7 months later. Dense blooms performed by C.
furcoides suggested that this species had found ideal
conditions for growing in both subtropical reservoirs,
with favorable limnological and climatic characteris-
tics, probable low competition with native species, and
absence of natural predators and parasites.

Acknowledgments We are grateful to SAMAE of Caxias do
Sul for providing maps, abiotic data, and phytoplankton
subsamples, especially to topographer Reno E. B. de Oliveira,
chemical engineer Fernanda B. Spiandorello, agronomist Marcio
V. D. Adami, and technicians Graziela R. P. Mongani and Eliara
A. S. Aver; to Dr. Thelma A. V. Ludwig and the laboratory of
Phycology of Universidade Federal do Parana for logistical
support; and CAPES (Coordenagdo de Aperfeicoamento de
Pessoal de Nivel Superior) for the PhD scholarship granted to first
author. The English language review was done by Cary Collett.

References

APHA, 1998. Standard Methods for the Examination of Water
and Wastewater, 20th ed. American Public Health Asso-
ciation, Washington, D.C.

Baldwin, D. S., J. Whittington & R. Oliver, 2003. Temporal
variability of dissolved P speciation in a eutrophic reservoir
— implications for predicating algal growth. Water
Research 37: 4595-4598.

Becker, V., L. S. Cardoso & V. L. M. Huszar, 2009a. Diel
variation of phytoplankton functional groups in a sub-
tropical reservoir in southern Brazil during an autumnal
stratification period. Aquatic Ecology 43: 285-293.

Becker, V., V. L. M. Huszar & L. O. Crossetti, 2009b.
Responses of phytoplankton functional groups to the
mixing regime in a deep subtropical reservoir. Hydrobi-
ologia 628: 137-151.

Bertolo, A., G. Lacroix, F. Lescher-Moutoué & J. Hjelm, 2010.
Relationship between fish and the number of horns in Cer-
atium hirundinella (Dinophyceae): a food-web-mediated
effect on algal morphology? Journal of Phycology 46: 33—40.

Blanco, S. & L. Ector, 2009. Distribution, ecology and nuisance
effects of the freshwater invasive diatom Didymosphenia
geminata (Lyngbye) M. Schmidt: a literature review. Nova
Hedwigia 88: 347-422.

Bockstahler, K. R. & D. W. Coats, 1993. Spatial and temporal
aspects of mixotrophy in Chesapeake Bay dinoflagellates.
Journal of Eukaryotic Microbiology 40: 49-60.

Boltovskoy, A., R. O. Echenique & J. M. Guerrero, 2013.
Sucesivas invasiones de especies de Ceratium (Dino-
phyceae) en Sudamérica: un proceso que lleva dos décadas.
Boletin de la Sociedad Argentina de Botanica 48: 27.

BRASIL, 2004. Comentarios sobre a Portaria MS n°® 518/2004:
subsidios para implementacdo. Editora do Ministério da
Saudde, Brasilia.

Bustamante-Gil, C., J. J. R. Restrepo, A. Boltovskoy & A.
Vallejo, 2012. Spatial and temporal change characteriza-
tion of Ceratium furcoides (Dinophyta) in the equatorial
reservoir Riogrande II, Colombia. Acta Limnologica
Brasiliensia 24: 207-219.

Butterwick, C., S. I. Heaney & J. F. Talling, 2005. Diversity in
the influence of temperature on the growth rates of fresh-
water algae, and its ecological relevance. Freshwater
Biology 50: 291-300.

Calado, A. J. & J. Larsen, 1997. On the identity of the type
species of the genus Ceratium Schrank (Dinophyceae),
with notes on C. hirundinella. Phycologia 36: 500-505.

Canter, H. M. & S. I. Heaney, 1984. Observations on zoosporic
fungi of Ceratium spp. in lakes of the English Lake Dis-
trict; importance for phytoplankton population dynamics.
New Phytologist 97: 601-612.

Cardoso, L. S., P. B. Fagundes & V. Becker, 2010. Spatial and
temporal variations of Dinophyceae in subtropical reser-
voirs in southern Brazil. Hydrobiologia 654: 205-214.

Carty, S., 2003. Dinoflagellates. In Wehr, J. D. & R. G. Sheath
(eds), Freshwater Algae of North America. Elsevier, San
Diego: 685-714.

Catford, J. A., P. A. Vesk, D. M. Richardson & P. Pysek, 2012.
Quantifying levels of biological invasion: towards the
objective classification of invaded and invasible ecosys-
tems. Global Change Biology 18: 44-62.

Cavalcante, K. P., J. C. Zanotelli, C. C. Miiller, K. D. Scherer, J.
C. Frizzo, T. A. V. Ludwig & L. S. Cardoso, 2013. First
record of expansive Ceratium Schrank, 1793 species
(Dinophyceae) in southern Brazil, with notes on their dis-
persive patterns in Brazilian environments. Check List 9:
862-866.

Chapman, D. V., J. D. Dodge & S. I. Heaney, 1985. Seasonal
and diel changes in ultrastructure in the dinoflagellate
Ceratium hirundinella. Journal of Plankton Research 7:
263-278.

Clegg, M. R., S. C. Maberly & R. I. Jones, 2003. The effect of
photon irradiance on the behavioral ecology and potential

@ Springer



278

Hydrobiologia (2016) 771:265-280

niche separation of freshwater phytoplanktonic flagellates.
Journal of Phycology 39: 650-662.

Clegg, M. R,, S. C. Maberly & R. I. Jones, 2004. Chemosensory
behavioural response of freshwater phytoplanktonic flag-
ellates. Plant, Cell & Environment 27: 123-135.

Dodge, J. D. & R. M. Crawford, 1970. The morphology and fine
structure of Ceratium hirundinella (Dinophyceae). Journal
of Phycology 6: 137-149.

Dottne-Lindgren, A & G. Ekbohm, 1975. Ceratium hir-
undinella in Lake Erken: horizontal distribution and form
variation. Internationale Revue der gesamten Hydrobiolo-
gie und Hydrographie 60: 115-144.

Edwards, M., A. W. G. John, D. G. Johns & P. C. Reid, 2001.
Case history and persistence of the non-indigenous diatom
Coscinodiscus wailesii in the north-east Atlantic. Journal
of the Marine Biological Association of the United King-
dom 81: 207-211.

Elbriachter, M., 1999. Exotic flagellates of coastal North Sea
waters. Helgolidnder Meeresunters 52: 235-242.

Ewerts, H., A. Swanepoel & H. H. du Preez, 2013. Efficacy of
conventional drinking water treatment processes in
removing problem-causing phytoplankton and associated
organic compounds. Water SA 39: 739-750.

Flaim, G., E. Rott, R. Frassanito, G. Guella & U. Obertegger,
2010. Eco-fingerprinting of the dinoflagellate Borghiella
dodgei: experimental evidence of a specific environmental
niche. Hydrobiologia 639: 85-98.

Frizzo, E. E., V. Becker, F. B. Spiandorello, R. Girardi & J.
S. Yunes, 2004. Implantagdo do monitoramento fito-
planctdnico, com énfase em cianobactérias e cianotoxinas,
nos mananciais de abastecimento do municipio de Caxias
do Sul, RS. In Anais da VIII Exposi¢do de Experiéncias
Municipais em Saneamento e 34" Assembleia Nacional da
Associacdo Nacional dos Servidores Municipais de
Saneamento, 2004, Caxias do Sul.

Gaines, G. & M. Elbrichter, 1987. Heterotrophic nutrition. In
Taylor, F. J. R. (ed.), The biology of dinoflagellates.
Botanical Monographs, Vol. 21. Blackwell Scientific
Publications, Oxford: 224-268.

Gligora, M., A. Plenkovi¢-Moraj & I. Ternjej, 2003. Seasonal
distribution and morphological changes of Ceratium hir-
undinella in two mediterranean shallow lakes. Hydrobi-
ologia 506-509: 213-220.

Grigorszky, L., J. Padisak, G. Borics, C. Schitchen & G. Borbély,
2003. Deep chlorophyll maximum by Ceratium hir-
undinella (O.F.Miiller) Bergh in a shallow oxbow in
Hungary. Hydrobiologia 506-509: 209-212.

Guerrero, J. M. & R. O. Echenique, 1997. Ceratium hirundinella
blooms in Argentine reservoirs. Harmful Algae News 16: 3.

Hamlaoui, S., A. Couté, G. Lacroix & F. Lescher-Moutoué,
1998. Nutrient and fish effects on the morphology of the
dinoflagellate. Comptes rendus de I’ Académie de Sciences,
Series I1I, Sciences de la Vie 321: 39-45.

Hansen, P. J. & A. J. Calado, 1999. Phagotrophic mechanisms
and prey selection in free-living dinoflagellates. Journal of
Eukaryotic Microbiology 46: 382-389.

Hart, R. C. & P. D. Wragg, 2009. Recent blooms of the
dinoflagellate Ceratium in Albert Falls Dam (KZN): his-
tory, causes, spatial features and impacts on a reservoir
ecosystem and its zooplankton. Water SA 35: 455-468.

@ Springer

Heaney, S. I. & J. F. Talling, 1980. Dynamic aspects of
dinoflagellate distribution patterns in a small productive
lake. Journal of Ecology 68: 75-94.

Heaney, S. L., J. W. G. Lund, H. M. Canter & K. Gray, 1988.
Population dynamics of Ceratium spp. in three English
lakes, 1945-1985. Hydrobiologia 161: 133-148.

Hickel, B., 1988. Sexual reproduction and life cycle of Ceratium
furcoides (Dinophyceae) in situ in the lake Plufsee (F.R.).
Hydrobiologia 161: 41-48.

Hoppenrath, M., M. Elbrichter, H. Halliger, R. P. T. Koeman,
A. Krakhmalnyy, B. Surek, K. Erler & B. Luckas, 2007.
First records of the benthic, bloom-forming, non-toxic
dinoflagellate Thecadinium yashimaense (Dinophyceae) in
Europe: with special emphasis on the invasion in the North
Sea. Helgoland Marine Research 61: 157-165.

Huber-Pestalozzi, G., 1950. Das phytoplankton des siipwassers.
3 Teil. Cryptophyceen, Chloromonadinen, Peridineen.
E Schweizerbart’sche Verlagsbuchhandlung, Stuttgart.

INAG, L.P. — Instituto da Agua, 2011. Manual para a avaliacdo
da qualidade biologica da dgua. Guia de utilizagdo da
tabela de valores-guia normalizados de biovolumes e
determina¢do do biovolume através de procedimentos
laboratoriais. Ministério da Agricultura, Mar, Ambiente e
Ordenamento do Territdrio, Instituto da Agua, Lisboa.

INMET - Instituto Nacional de Meteorologia, 2014. BDMEP —
Banco de Dados Meteoroldgicos para Ensino e Pesquisa.
http://www.inmet.gov.br. Accessed 13 August 2014.

Jacobson, D. M., 1999. A brief history of dinoflagellate feeding
research. Journal of Eukaryotic Microbiology 46: 376-381.

Jacobson, D. M. & D. A. Anderson, 1996. Widespread phago-
cytosis of ciliates and other protists by marine mixotrophic
and heterotrophic thecate dinoflagellates. Journal of Phy-
cology 32: 279-285.

James, W. F., W. Taylor & J. M. Barko, 1992. Production and
vertical migration of Ceratium hirundinella in relation to
phosphorus availability in Eau Galle Reservoir, Wisconsin.
Canadian Journal of Fisheries and Aquatic Sciences 49:
694-700.

Jati, S., L. C. Rodrigues, J. C. Bortolini, A. C. M. Paula, G.
A. Moresco, L. M. Reis, B. F. Zanco & S. Train, 2014. First
record of the occurrence of Ceratium furcoides (Levander)
Langhans (Dinophyceae) in the Upper Parana River Floodplain
(PR/MS), Brazil. Brazilian Journal of Biology 74: 235-236.

Johnson, P. T. J.,, J. D. Olden & M. J. V. Zanden, 2008. Dam
invaders: impoundments facilitate biological invasions
into freshwaters. Frontiers in Ecology and the Environment
6: 357-363.

Kawabata, Z. & H. Kagawa, 1988. Distribution pattern of the
dinoflagellate Ceratium hirundinella (O. F. Miiller) Bergh
in a reservoir. Hydrobiologia 169: 319-325.

Kimmel, B. L. & J. R. Holt, 1988. Nutrient availability and
patterns of polymorphism in the freshwater dinoflagellate,
Ceratium hirundinella. Archiv fiir Hydrobiologie 113:
577-592.

Kottek, M., J. Grieser, C. Beck, B. Rudolf & F. Rubel, 2006.
World map of the Képpen—Geiger climate classification
updated. Meteorologische Zeitschrift 15: 259-263.

Lebret, K., E. S. Kritzberg & K. Rengefors, 2013. Population
genetic structure of a microalgal species under expansion.
Plos One 8: ¢82510.


http://www.inmet.gov.br

Hydrobiologia (2016) 771:265-280

279

Lilly, E. L., K. M. Halanych & D. M. Anderson, 2007. Species
boundaries and global biogeography of the Alexandrium
tamarense complex (Dinophyceae). Journal of Phycology
43: 1329-1338.

Lindstrom, K., 1992. Ceratium in Lake Erken: vertical distri-
bution, migration and form variation. Nordic Journal of
Botany 12: 541-556.

Litchman, E., 2010. Invisible invaders: non-pathogenic invasive
microbes in aquatic and terrestrial ecosystems. Ecology
Letters 13: 1560-1572.

Mac Donagh, M. E., M. A. Casco & M. C. Claps, 2005. Colo-
nization of a neotropical reservoir (Cérdoba, Argentina) by
Ceratium hirundinella (O. F. Miiller) Bergh. International
Journal of Limnology 41: 291-299.

Matsumura-Tundisi, T., J. G. Tundisi, A. P. Luzia & R. M. De-
gani, 2010. Occurrence of Ceratium furcoides (Levander)
Langhans 1925 bloom at the Billings Reservoir, Sdo Paulo
State, Brazil. Brazilian Journal of Biology 70: 825-829.

Meichtry de Zaburlin, N., A. Boltovskoy, C. C. Rojas & R.
M. Rodriguez, 2014. Primer registro del dinoflagelado
invasor Ceratium furcoides (Levander) Langhans 1925 en
la Argentina y su distribucion en el area de influencia del
Embalse Yacyretda (rio Parand, Argentina-Paraguay).
Limnetica 33: 153-160.

Mooney, H. A. & E. E. Cleland, 2001. The evolutionary impact
of invasive species. Proceedings of the National Academy
of Sciences of the United States of America 98:
5446-5451.

Moore, J. W., 1977. Some factors influencing the density of
subarctic populations of Bosmina longirostris, Holopedium
gibberum, Codonella cratera and Ceratium hirundinella.
Hydrobiologia 56: 199-207.

Nagai, S., C. Lian, S. Yamaguchi, M. Hamaguchi, Y. Mat-
suyama, S. Itakura, H. Shimada, S. Kaga, H. Yamauchi, Y.
Sonda, T. Nishikawa, C.-H. Kim & T. Hogetsu, 2007.
Microsatellite markers reveal population genetic structure
of the toxic dinoflagellate Alexandrium tamarense (Dino-
phyceae) in japanese coastal waters. Journal of Phycology
43: 43-54.

Nakano, S., T. Nakajima, K. Hayakawa, M. Kumagai & C. Jiao,
1999. Blooms of the dinoflagellate Ceratium hirundinella
in large enclosures placed in Lake Biwa. Japanese Journal
of Limnology 60: 495-505.

Nicholls, K. H., W. Kennedy & C. Hammett, 1980. A fish-kill in
Heart Lake, Ontario, associated with the collapse of a
massive population of Ceratium hirundinella (Dino-
phyceae). Freshwater Biology 10: 553-561.

Oliveira, H. S. B., A. N. Moura & M. K. Cordeiro-Aragjo, 2011.
First record of Ceratium Schrank, 1973 (Dinophyceae,
Ceratiaceae) in freshwater ecosystems in the semiarid
region of Brazil. Check List 7: 626-628.

Olrik, K., 1994. Phytoplankton — Ecology. Miljgprojekt nr. 251,
Danish Environmental Protection Agency, Denmark.
Olrik, K., 1998. Ecology of mixotrophic flagellates with special
reference to Chrysophyceae in Danish Lakes. Hydrobi-

ologia 369(370): 329-338.

Padisdk, J., 1985. Population dynamics of the freshwater
dinoflagellate Ceratium hirundinella in the largest shallow
lake of Central Europe, Lake Balaton, Hungary. Fresh-
water Biology 15: 43-52.

Parodi, E. R., N. Trobbiani & E. J. Céceres, 2007. Cytomor-
phometric characterization of a population of Ceratium
hirundinella fa. austriacum (Dinophyta) during a bloom in
a reservoir of the Province of Buenos Aires, Argentina.
Algological Studies 125: 45-55.

Pérez-Martinez, C. & P. Sanchez-Castillo, 2001. Temporal
occurrence of Ceratium hirundinella in Spanish reservoirs.
Hydrobiologia 452: 101-107.

Pérez-Martinez, C. & P. Sanchez-Castillo, 2002. Winter domi-
nance of Ceratium hirundinella in a southern north-tem-
perate reservoir. Journal of Plankton Research 24: 89-96.

Pollingher, U., 1988. Freshwater Armored Dinoflagellates:
Growth, Reproduction Strategies, and Population Dynam-
ics. In Sandgren, C. D. (ed.), Growth and Reproductive
Strategies of Freshwater Phytoplankton. Cambridge
University Press, Cambridge: 134—174.

Pollingher, U. & B. Hickel, 1991. Dinoflagellate associations in
a subtropical lake (Lake Kinneret, Israel). Archiv fiir
Hydrobiologie 120: 267-285.

Pollingher, U., H. R. Biirgi & H. Ambiihl, 1993. The cysts of
Ceratium hirundinella: their dynamics and role within a
eutrophic (Lake Sempach, Switzerland). Aquatic Sciences
55: 10-18.

Popovsky, J. & L. A. Pfiester, 1990. Dinophyceae (Dinoflagellida).
In Ettl, H., J. Gerloff & H. Heynig (eds), Stipwasserflora von
Mitteleuropa, Band 6. Gustav Fischer Verlag, Stuttgart.

Salmaso, N., 2003. Life strategies, dominance patterns and
mechanisms promoting species coexistence in phyto-
plankton communities along complex environmental gra-
dients. Hydrobiologia 502: 13-36.

Santos-Wisniewski, M. J., L. C. Silva, I. C. Leone, R. Laudares-
Silva & O. Rocha, 2007. First record of the occurrence of
Ceratium furcoides (Levander) Langhans 1925, an inva-
sive species in the hydroelectricity power plant Furnas
Reservoir, MG, Brazil. Brazilian Journal of Biology 67:
791-793.

Silva, L. C., I. C. Leone, M. J. Santos-Wisniewski, A. C. Peret &
O. Rocha, 2012. Invasion of the dinoflagellate Ceratium
furcoides(Levander) Langhans 1925 at tropical reservoir and
its relation to environmental variables. Biota Neotropica 12:
1-8.

Silverio, M. J., G. Montaiiez, E. Fra, M. Saracho, M. Arjona, S.
Amaya & B. Traccanna, 2009. Variacién poblacional de
Ceratium  hirundinella (Dinophyceae) en Embalses
Eutroficos de Catamarca (Argentina) y su relacién con
parametros ambientales. Huayllu-Bios 3: 13-31.

Smayda, T. J., 1997. What is a bloom? A commentary. Lim-
nology and Oceanography 42: 1132-1136.

Sukenik, A., O. Hadas, A. Kaplan & A. Quesada, 2012. Invasion
of Nostocales (Cyanobacteria) to subtropical and temper-
ate freshwater lakes — physiological, regional, and global
driving forces. Frontiers in Microbiology 3: 1-9.

Temponeras, M., J. Kristiansen & M. Moustaka-Gouni,
2000a. A new Ceratium species (Dinophyceae) from
Lake Doirani, Macedonia, Greece. Hydrobiologia 424:
101-108.

Temponeras, M., J. Kristiansen & M. Moustaka-Gouni, 2000b.
Seasonal variation in phytoplankton composition and
physical-chemical features of the shallow Lake Doirani,
Macedonia, Greece. Hydrobiologia 424: 109-122.

@ Springer



280

Hydrobiologia (2016) 771:265-280

van Ginkel, C. E., B. C. Hohls & E. Vermaaket, 2001. A Cer-
atium hirundinella (O.F. Miiller) bloom in Hartbeespoort
Dam, South Africa. Water SA 27: 269-276.

Wetzel, R. G. & G. E. Likens, 2000. Limnological analyses, 3rd
ed. Springer, New York.

Wu, J. T. & J. W. Chou, 1998. Dinoflagellate associations in
Feitsui Reservoir, Taiwan. Botanical Bulletin of Academia
Sinica 39: 137-145.

@ Springer

Xie, P., T. Iwakuma & K. Fujii, 1998. Changes in the structure
of a zooplankton community during a Ceratium (Di-
noflagellate) bloom in a eutrophic fishless pond. Journal of
Plankton Research 20: 1663-1678.

Yunes, J. S., A. Matthiensen, C. Carneiro, F. Oroski, V. Becker & M.
C. Carvalho, 2005. Floracoes de cianobactérias toxicas: maos a
obra ao problema. In Marinho, M., F. Roland & D. Cesar (eds),
Ligdes de Limnologia, 1st ed. RiMa, Sdo Carlos: 299-323.



	Towards a comprehension of Ceratium (Dinophyceae) invasion in Brazilian freshwaters: autecology of C. furcoides in subtropical reservoirs
	Abstract
	Introduction
	Materials and methods
	Results
	Physical and chemical variables
	Ceratium furcoides occurrence and abundance
	Ceratium morphometric variation

	Discussion
	Acknowledgments
	References




