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Abstract In arid and semi-arid regions, a hydrolog-
ical regime characterized by an annual cycle of
drought and rainy seasons changes the volume and
retention time of reservoirs. Such changes affect the
limnological characteristics and lead to changes on
phytoplankton community. Phytoplankton seasonal
succession was studied in a Brazilian eutrophic semi-
arid water supply reservoir (Cruzeta). In this study, the
changes in the biomass and species composition of
phytoplankton during two annual hydrological cycles
were analyzed, and the driving factors were evaluated.
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The composition of phytoplankton alternated between
filamentous cyanobacteria, such as Cylindrospermop-
sis raciborskii, under conditions of mixing, and
colonial species, such as Microcystis panniformis
and Sphaerocavum brasiliensis, under conditions of
high water column stability. The lower water level
during a severe drought favored adaptive phytoplank-
ton species with low requirement for resources, such
as diatoms and cryptomonads. Extreme events, i.e.,
torrential rains and severe droughts, governed by the
hydrological regime of the semi-arid region led to
strong altered availability of resources in the water-
shed, directing the spatial and temporal dynamics of
the phytoplankton in the Cruzeta man-made lake. The
results showed an unusual behavior of the phyto-
plankton community contradicting the expectations
about the climatic change scenario. Instead of an
expected increase in cyanobacteria, the severe drought
led to low biomass and resources, favoring diatoms
and cryptomonads.

Keywords Water supply reservoir - Climate
change - Tropical limnology - Cyanobacterial bloom -
Cryptomonads

Introduction

Cultural or artificial eutrophication or the excessive

input in surface waters of nutrients such as nitrogen
and phosphorus is considered the largest and most
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widespread water quality problem in the world,
especially in urbanized watersheds (Paerl 20009;
Schindler 2012). The increased nutrient availability
leads to overgrowth of phytoplankton and, as a
consequence to aggravated decomposition of organic
matter, the depletion of dissolved oxygen that may
cause death of fish and other aquatic organisms, loss of
the scenic quality of the environment and toxic
cyanobacteria proliferation that may further impair
ecosystem services (Carpenter et al. 1998).

Those cyanobacterial blooms are widespread
throughout the world and are considered one of the
biggest problems in freshwater ecosystems. They are
associated with changes in the organoleptic aspects of
water, i.e., they are unsightly, produce unpleasant
odors, cause ecological damage, such as changes in
food chains, with potential effects on nutrient cycling
and biodiversity, are a significant risk to human health
and wildlife (Fernandes et al. 2009; Soares et al. 2009;
Paerl et al. 2011) and lead to increased costs for water
treatment (Carmichael et al. 2001).

The global expansion of cyanobacterial blooms is
predominantly associated with the availability of
nutrients in the watershed (eutrophication), increased
surface temperature of the water caused by global
climate change (Smith 1986; O’Neil et al. 2012), a
stable water column (Reynolds 1987) and the high
residence time of the reservoirs (Fernandes et al. 2009).
Dominance of cyanobacteria in the phytoplankton
community is related to the ability of these organisms
to: (1) regulate their position in the water column
(Reynolds 1987), (2) tolerate low light (Smith 1986)
and an alkaline pH (Shapiro 1990), (3) store phospho-
rus (Blomgqvist et al. 1994), (4) fix dissolved N,
(Padisak 1997) and (5) resist grazing due to unpalata-
bility and production of toxins (Bouvy et al. 1999).

The incidence and intensity of cyanobacterial
blooms are on the rise worldwide (O’Neil et al.
2012), and a link between global warming and the
worldwide proliferation of cyanobacterial blooms has
been suggested (Paerl and Huisman 2009; O’Neil et al.
2012; Paerl and Paul 2011). Also in Brazil, recordings
of cyanobacterial blooms show a clear increase in
intensity and frequency, also often with perennial
dominance of cyanobacteria, especially in reservoirs
(Huszar and Silva 1999; Bicudo et al. 1999; Beyruth
2000; Calijuri et al. 2002; Bouvy et al. 2003; Crossetti
and Bicudo 2008; Soares et al. 2009, 2012). In
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northeastern Brazil, several studies have reported
cyanobacteria dominance in various water supply
sources, mostly occurring under stratified conditions
and as a result of high temperatures and high nutrient
levels (Huszar et al. 2000; Bouvy et al. 2000; Diniz
2005; Bittencourt-Oliveira et al. 2011).

Hydrological and climatic factors play important
roles in changes in water (and nutrients) inflow,
outflow, water level and retention time of reservoirs
that directly affect limnological variables (Naselli-
Flores and Barone 2005; Soares et al. 2012; Romo
et al. 2013). Therefore, seasonal fluctuations in the
water level of reservoirs are reflected in changes in the
physical, chemical and biological properties of these
systems and may result in a decrease in the water
quality in aquatic ecosystems during periods charac-
terized by low rainfall and reduced water storage (Arfi
2003; Naselli-Flores and Barone 2005). These condi-
tions, combined with high irradiation at elevated
temperatures and eutrophication, may favor the
growth of cyanobacteria year-round (Romo et al.
2013).

Semi-arid regions are characterized by peculiar
climatic and hydrological conditions, with long
periods of drought, few and short periods of rain, a
relatively low-to-moderate wind speed, high evapo-
ration rate and, hence, a relatively high residence
time of water in the ponds, lakes and reservoirs
(Chellappa et al. 2009). In addition, during periods of
prolonged drought, which is typical of these regions,
there is a significant loss of water due to evaporation,
where the quality and availability of water can
become a critical factor for the economic develop-
ment of a region (Freire et al. 2009). As a conse-
quence, the climatic characteristics of these regions,
manifested in annual cycles of drought and rain,
cause large fluctuations in the volume of water
accumulated in reservoirs, leading to changes in the
stability of the water column and in the community
composition and biomass of cyanobacteria (Bouvy
etal. 2003; Dantas et al. 2011, 2012). Additionally, in
these warmer low-latitude systems, predicted
increase in extreme events—like higher precipitation
intensities and consequently higher flushing rates—
may result in a stronger reset of the biomass in these
systems as well as a community dominated by species
more closely adapted to variable environments (De
Senerpont Domis et al. 2013a).
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Stimulated by a recent discussion on expected
phytoplankton dynamics in the tropics (De Senerpont
Domis et al. 2013a, b; Sarmento et al. 2013) and the
resulting plea for more data on plankton dynamics
from the tropics, we present here a study on phyto-
plankton dynamics in a man-made lake (Cruzeta) in the
semi-arid northeastern Brazil. Based on the eutrophic
conditions of the Cruzeta reservoir, we hypothesized
that the hydrological regime of this tropical semi-arid
region is a key factor in the availability of resources,
which influences the composition and species domi-
nance of cyanobacteria. The aim of this study was to
analyze changes in the biomass and species composi-
tion during annual hydrological cycles and to evaluate
the driving factors of phytoplankton dynamics in a
tropical semi-arid reservoir. As our study includes a
normal annual cycle, as well as extreme events (heavy
rains followed by severe drought) that are predicted to
occur more frequently in the future, i.e., prolonged
drought spells alternating with intense precipitation
(Marengo et al. 2010), it also gives an insight in
expected, more common future scenarios.

Materials and methods
Study area

The Cruzeta man-made lake (06°24'42"S,
36°47'23""W) is located in Cruzeta city, in a semi-arid
region in northeastern Brazil. The climate is warm, with
an average rainfall of 550 mm/year, characterized by a
rainy season between the months of February—June,
with other months marked by a significant scarcity of
rainfall (see Fig. 1 in Supplementary information).

This tropical reservoir was built in 1929 from the
Séo José River and is used as water supply, for
irrigation, fishing, recreation and watering livestock.
In actuality, the maximum accumulation capacity is
approximately 23,546,000 m®, with a surface area of
6.16 km?, maximum depth of 8.7 m and average depth
of 4.7 m. The average retention time is 120 days with
a regular water cycle (Bezerra et al. 2014).

Sampling
Water samples were taken at monthly intervals from

July 2010 to June 2012 at two sampling stations in the
pelagic zone of the Cruzeta man-made lake (Fig. 1).

Sampling station 1 (P1) was located near the dam
(Zmax = 8.7 m), and sampling station 2 (P2) was
located near to the main tributary and under the
influence of the river during the rainy season
(Zmax = 4.4 m).

The vertical profiles for the temperature, pH,
dissolved oxygen and conductivity were measured
in situ using a multi-sensor probe (Hydrolab DS5) at
I-m intervals from the surface to the bottom. Water
transparency was estimated using the Secchi disk
extinction depth. Integrated samples (between 0.5 and
3 m depth) for nutrients and phytoplankton analyses
were collected with a Van Dorn bottle (2 L). Phyto-
plankton samples were fixed with Lugol for later
identification and counting.

Sample analysis

The turbidity (NTU) was measured using a turbidime-
ter (HACH 2100P). The total nutrients (nitrogen and
phosphorus) were measured using a spectrophotomet-
ric method (Valderrama 1981). Soluble reactive
phosphorus (SRP) was measured spectrophotometri-
cally on water filtered on 0.45-um glass-fiber filters
(Murphy and Riley 1962). Total and fixed suspended
solids (=inorganic solids) were determined by
gravimetry after drying the filters overnight at
100 °C and ignition of filters at 500 °C for 3 h (APHA
2012). The volatile suspended solids (=organic solids)
were measured by the difference between total
suspended solids and fixed suspended solids (APHA
2012).

The identification and counting of phytoplankton
was performed using, respectively, standard optical
microscope (1000x) and inverted microscope (400x).
Individuals (cells, colonies, filaments) are listed in
random fields (Uhelinger 1964) using a sedimentation
technique (Utermohl 1958), and at least 100 speci-
mens of the most abundant species were counted
(Lund et al. 1958).

The biovolume (mm® L") was calculated from the
approximate geometric shapes (Hillebrand et al. 1999)
and assuming the unit fresh weight, expressed as mass
1 mm® L™" = 1 mg L™' (Wetzel and Likens 2000).
The species considered dominants were defined as
those that contributed more than 5 % of the total
biomass and that together in the sample, accounted for
more than 80 % of the biomass. Species diversity (H”)
was estimated using the Shannon-Weaver index
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Fig. 1 Geographical
location of Cruzeta reservoir
showing the sampling
stations

Equator

(Shannon and Weaver 1963) based on biomass and is
expressed in bits per milligram.

Monthly rainfall data and the historical averages
were provided by the Agricultural Research Company
of the Rio Grande do Norte State (EMPARN). The
rainy months of the study were considered those with
precipitation equal to or above the historical average
rainfall in the region, whereas the dry months were
considered those with precipitation equal to or below
the historical average.

The hydraulic retention time of the reservoir was
calculated from the ratio of the average volume (m®)
and the total outflow of the reservoir (m> year_l),
which was obtained by adding the outflow, water spill,
to the water supply for irrigation and evaporation over
the entire study period.

The euphotic zone (z.,) depth was estimated by
multiplying the Secchi depth with a factor 2.7 (Cole
1994). The temperature profile was used to determine
the mixing and stratification of the water column using
a minimum difference of 0.5 °C for the thermal
gradient (Dantas et al. 2012). The euphotic zone and
maximum depth ratio (Zeu/Zmax) Were used to assess the
availability of light (Jensen et al. 1994).
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Data analysis

As a first approach, we performed an exploratory
analysis as a descriptive statistic by Statistica®. For a
description of the relationships between the dominant
cyanobacteria species and the environmental variables
investigated, a redundancy analysis (RDA) was per-
formed. The data on the species’ abundances were
previously analyzed by correspondence analysis and are
not biased by detrended correspondence analysis
(DCA), indicating that a linear ordering model would
be more appropriate. These ordinations were performed
using the software PC-ORD version 6.0 (McCune and
Mefford 2011). The significance of the variables was
analyzed using the Monte Carlo permutation test.

Results
Meteorological and hydrological scenario
During the study (July 2010-June 2012), three distinct

periods were identified, defined by rainfall (Fig. 2) and
water level fluctuations (Fig. 3): (/) normal dry season
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Fig. 2 Monthly rainfall accumulated between July 2010 and June 2012, and the rainfall historical average for the period between 1921

and 2009 for the region (Source: EMPARN)

Fig. 3 Water balance of the
Cruzeta reservoir during the
period July 2010 to June
2012 showing the variation
of the volume stored (%) 90 1
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and low water level (months from July 2010 to January
2011) with an atypical rainfall of approximately 90 mm
during October; (II) heavy rainy season with a higher
rainfall above the historical average and high water level
with overflow (from February to August 2011); and (ZI])
severe drought and low water level (from September
2011 to July 2012). This period was considered an
extended dry season, because the months that should
rain (from January to May) had rainfall below to
historical average (Fig. 2).
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At the beginning of the rainy season (January 2011),
Cruzeta reservoir was only 35 % of the total storage
capacity. Due to heavy rains in the Period /I, with records
above the historical average (Fig. 2) and consequently
the high flushing (water input), the reservoir rapidly filled
up reaching its maximum capacity in May 2011. The
reservoir remained completely filled until August 2011,
and all surplus water from additional rain resulted in an
overflow (Fig. 3). From September 2011 (Period III)
onward, there was a progressive decrease in volume
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caused by the drought, reaching its lowest accumulation
capacity, approximately 30 % of the total storage
capacity (Fig. 3). The hydraulic retention time was
164 days for the period of study.

Limnological scenario

The temperature profile at sample station P1 (near to
the dam) indicates that the system was mixed for most
of the study period and that it could be classified as
warm polymictic with some episodes of stratification
(Fig. 4). During the end of the period I (normal dry
season) and the beginning of the period /I (heavy rainy
season 2011), as well as late in period III (severe
drought), the surface water temperature exceeded
30 °C (Fig. 4).

The reservoir showed low average depths
throughout the study and during all periods, with
the greatest depth observed at a sampling station
near the dam (P1) at the period II (rainy season) and
the lowest recorded depth at a sampling station near
the river tributary (P2) during the periods I and II1
(dry seasons) (Table 1).

The Cruzeta reservoir is a turbid environment, with
low light availability (low values of the ratio zey/Zmax)
during both dry and wet periods (Fig. 5). Temporal
variation of the photic zone behaved similarly at both
sampling stations (Table 1). The lowest light avail-
ability occurred during the 2010 drought (z., = 0.6 m)
in the deepest part of the reservoir (P1) with 9 % of
the incident light availability. The low light availabil-
ity in Cruzeta was due to different sources of turbidity
during the study period. In period I, light extinction
was mainly caused by the high phytoplankton
biomass, which is reflected in high values of volatile

suspended solids (Table 1), whereas in period III—
mainly at the end of the study—high levels of
inorganic particles (fixed suspended solids) caused
high turbidity (Fig. 5).

The reservoir could be classified as eutrophic based
on the total nitrogen and total phosphorus concentra-
tions measured in all hydrological periods (Table 1).
During the dry season of 2010 (period I), volatile
suspended solids, total phosphorus, soluble reactive
phosphorus and total nitrogen showed higher median
values compared to the other periods (Table 1).
During period III (severe drought), lower values of
soluble reactive phosphorus (Fig. 6) and total phos-
phorus were measured at both sampling stations
(Table 1).

Phytoplankton dynamics

A total of 62 phytoplankton taxa were identified during
the study. Green algae (Chlorophyceae) contributed
most to all taxa (24), followed by cyanobacteria (23),
diatoms (Bacillariophyceae) (7), Cryptophyceae (5)
and Euglenophyceae (2). However, the density and
phytoplankton biomass were dominated by cyanobac-
teria during all periods studied (99 % of the total
biomass).

The cyanobacteria species Cylindrospermopsis
raciborskii (Woloszyska) Seenayya et Subba Raju,
Microcystis panniformis Komarek et al. and Sphaero-
cavum brasiliensis Azevedo and Sant’ Anna together
contributed 97.8 % to the total biomass in P1 and P2
and 90.4 % throughout the study. Other taxa of
cyanobacteria were considered dominants, such as
Planktothrix isothrix (Skuja) Komarek and Komar-
kova and Aphanizomenon gracile Lemmerrmann.

o

Fig. 4 Vertical profile of I
the temperature (°C) in the 0
sampling point 1 (near to the -1 4
dam) in Cruzeta reservoir, 2
during the period July 2010
to June 2012 € 37
= 41
o8
g 5
6
iy g8
-8

2010
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The phytoplankton biomass was highest during
period I (dry season of 2010), decreasing during
subsequent periods (Fig. 6), with the lowest mean
value at both sampling stations found during the
severe drought (Period /1) (Table 1). Phytoplankton
biomass at sampling station 1 (P1) was higher than at
P2 (Table 1).

3Seasonal composition of phytoplankton was driven by
hydrological scenario and seasonal conditions (Fig. 7):

Period I: Normal dry season with low water level:
Dominance of colonial cyanobacteria species M.
panniformis and Sphaerocavum brasiliensis (Fig. 7).
The highest phytoplankton biomass values (median
value = 1334.6 mg L") were found in this period
(Fig. 6), while species richness and diversity were
very low (Table 1). Nutrient concentrations were
higher compared to the other periods (Table 1),
especially SRP (Fig. 6).
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Period II: Rainy season (heavy rains) with higher
water level and overflow: Dominance of filamentous
cyanobacteria species C. raciborskii, A. gracile and P.
isothrix (Fig. 7), mainly in the mixing period (before
the overflow) at the sampling station 1 (P1). Phyto-
plankton diversity was consistently low; however,
species richness was somewhat higher than in the
previous period (Table 1). The biomass declined
(Fig. 6). The high water volume with overflow
(May—August 2011) resulted in more light in the
reservoir in this period compared to period I.

Period III: Severe drought with low water level—in
the beginning of the period, there was dominance of
the heterocystous species C. raciborskii (cyanobacte-
ria), during a mixing thermal profile (Fig. 7). M.
panniformis, S. brasiliensis and C. raciborskii were
coexisting during the following period with a thermal
stratification. In the end of the studied period, lower
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Fig. 7 Relative biomass of the phytoplankton dominant species
of the Cruzeta reservoir during the period from July 2010 to June
2012: a P1—sampling station near the dam; b P2—sampling

dominance of cyanobacteria and higher incidence of
cryptomonads (Cryptomonas spp.) and diatoms (Au-
lacoseira granulata, Cyclotella striata and Nitzschia
palea) were observed at both sampling stations
(Fig. 7). The lowest phytoplankton biomass and SRP
occurred in this period of severe drought (Fig. 6).

The samples were distributed in the RDA according
to the main features of the periods and sampling
stations. Axis 1 of the RDA accounted for explaining
17.6 % of the relationship between the phytoplankton
species and environmental variables and Axis 2
10.9 % (Fig. 8). The Monte Carlo test showed that
the canonical axes were significant (Axis 1,
P < 0.001; permutation 1999).

Samples were distributed in RDA triplot according
to the main characteristics of the three periods, and the
first axis was supported by the hydrological regime of

2012

station near the tributary river. Descriptor diatoms: Aulacoseira
granulate, Cyclotella striata, Nitzschia palea

the semi-arid region (Fig. 8). Clearly, three distinct
clusters appeared: (1) one characteristic for the normal
dry season, (2) one characteristic for the rainy season
and (3) one characteristic for the extreme drought. The
positive side identified the sampling units of the period
I (dry season of 2010), characterized by lower volumes
and light, and higher values of volatile suspended
solids (r = 0.41), fixed suspended solids (r = 0.82),
soluble reactive phosphorus (r = 0.63) and phyto-
plankton biomass (r = 0.61), contributing to a better
performance of the colonial cyanobacteria M. panni-
formis and S. brasiliensis. On the negative side, the
sampling units were found that predominantly could
be characterized by a higher water volume
(r = —0.86), higher euphotic zone (r = —0.68) in
the period II, consequence of higher rainfall, condi-
tions that contributed to the dominance of C.
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Fig. 8 Redundancy analysis (RDA) ordination diagram of the
Cruzeta reservoir, including abiotic variables, dominant species
and periods. Vol volume of the reservoir, DO dissolved oxygen,
F'S fixed suspended solids, VS volatile suspended solids, SRP
soluble reactive phosphorus, z., euphotic zone, Biom phyto-
plankton biomass. Aph gra = Aphanizomenon gracile;

raciborskii, P. isothrix, A. gracile species. Cryp-
tomonas spp. and diatoms occurred in the end of the
period, with the severe drought (period /II) with lower
values of soluble reactive phosphorus and phytoplank-
ton biomass.

Discussion

Arid and semi-arid regions are characterized by
seasonal fluctuations in the level of the water supply
due to long drought periods and short rainy periods.
The absence of rainfall during the dry season affects
the water consumption rate, reduces the volume of the
reservoirs and increases the water retention time,

@ Springer

Cylindr = Cylindrospermopsis raciborskii; Crypto ac = Cryp-
tomonas acuta; Crypto er = Cryptomonas erosa; Crypto
py = Cryptomonas pyrenoidifera;, Crypt sp = Cryptomonas
sp.; Micro pan = Microcystis panniformis; Plankt s = Plank-
tothrix sp.; Sph bras = Sphaerocavum brasiliensis

while the rivers and streams dry up. The water level in
reservoirs is determined by rainfall in the drainage
basin and water use, so that rainfall and anthropogenic
uses influence the light regime (Xiao et al. 2011).
Hence, such water level changes can modify the
trophic state of the systems and, consequently, influ-
ence the dynamics of the phytoplankton (Bouvy et al.
2003; Barbosa et al. 2012).

The results indicated that the water quality and the
phytoplankton composition were driven by extreme
events, torrential rains and severe drought, character-
istic of the hydrological regime of a semi-arid region,
changing the fluctuation of the volume of the reservoir.

The results of this study showed that normally
Cruzeta man-made lake is a shallow eutrophic
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ecosystem dominated by cyanobacteria, reinforcing
the results found in other recent studies in the same
system (Freitas et al. 2011; Bezerra 2011). Eutrophic
conditions, characterized by high concentrations of
nutrients, particularly phosphorus, are strongly related
to the dominance of cyanobacteria in water bodies
(Padisak and Reynolds 1998; Haande et al. 2011).

The dynamics of the phytoplankton displayed a
difference in seasonality ruled by fluctuations in rainfall
and the water level of the water supply reservoir.
Naselli-Flores (2000) demonstrated that water level
fluctuations influence the composition of phytoplankton
in reservoirs of different trophic states. The volume
reduction (90 %) in the semi-arid Mediterranean reser-
voirs over a period of extremely high demand and water
use interferes with the stability of the water column, with
consequences on the dynamics of phytoplankton and
nutrients from those reservoirs, leading to eutrophica-
tion and an increased incidence of potentially toxic
cyanobacteria species such as Microcystis (Naselli-
Flores 2003). Studies of phytoplankton composition in
the Brazilian semi-arid tropical reservoirs have also
shown the same pattern of influence of volume changes
in the temporal distribution of phytoplankton biomass
(Costa et al. 2009; Dantas et al. 2012).

In general, the phytoplankton biomass in Cruzeta
man-made lake was dominated by cyanobacteria, but
due to the water level fluctuation and availability of
the resources, the cyanobacteria composition changed
between colonial and filamentous morphotypes as a
result of different adaptive strategies. During the dry
season of 2010 (period I), low water volume, thermal
stratification, increased availability of phosphorus and
a lower light availability favored colonial cyanobac-
teria M. panniformis and S. brasiliensis. The high
biomass of these species did not hold up with the
washout due to the high rainfall, and biomass rapidly
declined, which is in line with general predictions (De
Senerpont Domis et al. 2013a). In the subsequent
period II, turbulent mixing favored filamentous
species, as C. raciborskii and Planktothrix isothrix.
These species have similar ecological traits, share
some dimensions of the ecological niche (Bonilla et al.
2012) and are known to be tolerant to turbulent
conditions (mixed water column), buoyancy regula-
tion and shade tolerance (Reynolds 1993; Padisak and
Reynolds 1998; Mischke 2003; Bonilla et al. 2012).

Colonial cyanobacteria reappeared and co-existed
with C. raciborskii in the reservoir during the

beginning of the period /71, despite the lower biomass,
when the reservoir displayed a decreasing water
volume. Cyanobacteria further declined with ongoing
lowering in water volume and eventually were
replaced by diatoms and cryptophytes. Inasmuch as
strongly reduced rainfall also implies less nutrient
input in the system, this decrease in nutrient avail-
ability could have been one of the underlying mech-
anisms as reflected in low concentrations of available
phosphorus. Diatoms can be potent competitors for
nutrients, especially phosphorus, (Sommer 1988) and
also thrive well under relatively low light (Reynolds
2006). Low light requirement seems to be a key factor
in the success of cryptomonads species (Klaveness
1988). Indeed, cryptomonads flourished in high turbid,
shallow drying up pond (Barone and Naselli-Flores
2003). Hence, the high inorganic turbidity in Cruzeta
might have been in favor of these species. The lower
water table makes sediment ressuspension more
probable that could either negatively affect phyto-
plankton through turbidity (inorganic particles), and
also promote settling of cells when water column is
stable, or promote phytoplankton through release of
nutrients. The latter is not expected in Cruzeta
reservoir with iron-rich soils and clay (Red Yellow
Latosol Soil; Embrapa 1971) and favorable redox
conditions in the water column and near the sediment
(Chellappa et al. 2008).

Cylindrospermopsis and Microcystis are common
genera in tropical waters (Huszar and Silva 1999;
Hoeger et al. 2004; Soares et al. 2009). Sphaerocavum
is typically found in eutrophic waters and co-occurs
with Microcystis species, as they are genera that
inhabit similar environmental conditions (Fonseca and
Bicudo 2008; Carvalho et al. 2008). The success of
these populations has often been associated with a
high tolerance to high insolation and stratified condi-
tions (Reynolds 2006; Romo et al. 2013), corroborat-
ing their dominance during the summer and autumn
months in tropical reservoirs (Soares et al. 2009) or
during late summer months in temperate systems
(Reynolds 2006) when most of the deep systems are
stratified. However, in semi-arid tropical reservoirs,
cyanobacteria of genus Microcystis have been
reported during periods of transition and during the
rainy season (Costa et al. 2009), while in the semi-arid
Mediterranean reservoirs, blooms of Microcystis
species occur during the summer with high stability
of the water column (Naselli-Flores 2003). Our results
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also report the dominance of Microcystis and Sphae-
rocavum in dry periods during a reduced water level
with stratified water column and high phosphorus. But,
during the rainy season with torrential rains, the
reservoir was quickly filled with water outflow,
resulting in the disappearing of the biomass of these
species, highlighting the importance of the hydrolog-
ical regime.

Cylindrospermopsis raciborskii was present during
almost the entire study period, except during periods
of lower reservoir volume when there was a total
dominance of colonial cyanobacteria (normal dry
season) or diatoms and cryptomonads (extreme
drought). The presence of this nitrogen-fixing species
has been associated with a greater plasticity of
adaptations to environmental variables (Bonilla et al.
2012; Bittencourt-Oliveira et al. 2011). The main
factors affecting C. raciborskii blooms are related to
advantages over other phytoplankton species, such as
the ability to tolerate high water temperatures, low
nutrient concentrations, low water clarity and high
salinities and pH (Briand et al. 2002; Bouvy et al.
2003; Bonilla et al. 2012; Bittencourt-Oliveira et al.
2011). Based on a dataset analysis performed by
Soares et al. (2013), cyanobacterial blooms of Cylin-
drospermopsis were found at lower latitudes in Brazil,
being most commonly reported during dry periods and
in mixed systems, or forming a perennial dominance
under high phosphorus concentrations. Additionally,
the success of C. raciborskii is also described to their
ability to store phosphorus and to use the low light
under conditions of destratification or mixing (Burford
et al. 2006). Cylindrospermopsis can be considered
well adapted to both stratified (Berger et al. 2006) and
mixing periods (Burford et al. 2006), and periods of its
dominance are commonly reported during mixed
conditions, which underpin the wide tolerance of
Cylindrospermopsis to mixing (Bonilla et al. 2012).
This pattern was observed in the Cruzeta, where the
dominance of C. raciborskii species occurred during
the rainy season with larger volumes of water and also
during the following dry seasons with mixing of the
water column.

In a recent discussion about the plankton dynamics
in a fast-changing world (De Senerpont Domis et al.
2013a, b; Sarmento et al. 2013), it was postulated that
in tropical systems, temporal variability in precipita-
tion, and consequently hydrological cycle, can be an
important driver of the seasonal dynamics of plankton
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communities. The intensification of rainfall in tropical
areas, defended by De Senerpont Domis et al. (2013a,
b), will have stronger consequences for hydrology-
driven systems, where increasing the incidence of high
flushing events will lead to increase washout. With
anticipated higher precipitation intensities in these
systems, higher flushing rates may result in a stronger
reset of the biomass build-up as well as a community
dominated by species more closely adapted to variable
environments (De Senerpont Domis et al. 2013a, b).
But, as argued by Sarmento et al. (2013), the events of
drought, as predicted by regional climate models for
South America (Marengo et al. 2010), have to be
considered too. Semi-arid watersheds of northeast
Brazil are more sensitive to reduced rainfall and water
flow, so this region will tend to be more severely
affected by climate change compared to the humid
tropical systems (Roland et al. 2012). Indeed, our
results indicated that a high biomass with cyanobac-
teria dominance can be found in a dry season, but that
extreme events (both torrential rains with overflow
and severe drought) can change the hydrological
scenario of the semi-arid systems, resulting in a
washout during the rainy season, and an unexpected
response during severe drought. The severe drought
event in 2012 is the worst drought in the last 30 years
according to the Brazilian National Water Agency
(ANA). Projection models claim with confidence that
arid and semi-arid areas are more susceptible to
climate changes (IPCC 2013). Vulnerability to climate
variability in these regions is characterized mainly by
an increase in the frequency of prolonged drought and
decrease water flow, causing the deterioration of water
quality (IPCC 2007; Marengo 2011).

The unusual behavior of phytoplankton community
contradicted the predictions about the climatic change
scenario, which is cyanobacterial dominance, espe-
cially in shallow lakes (Moss et al. 2011). Instead of an
expected increase in eutrophication leading to
cyanobacterial blooms (Marengo et al. 2010; Moss
et al. 2011; Roland et al. 2012), the lowering water
table resulted in less biomass and resources, promot-
ing diatoms and cryptomonads due low light by
inorganic particles. This example underscores the
importance of the call for more data from tropical
systems, as this sole example already refutes the
hypothesis that under severe drought, the water will
ultimately turn blue-green. The climate pressures on
the tropical semi-arid/arid systems are likely strong
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(e.g., salinization and high water residence times), and
the need for more data on these understudied systems
is therefore urgent, as suggested by De Senerpont
Domis et al. (2013a, b) and Sarmento et al. (2013).

Understanding processes and their relationships
with the hydrological regime will enable more accu-
rate predictions on plankton response and possible
cyanobacterial blooms in semi-arid reservoirs in
regions experiencing more extreme events.

In summary, extreme events such as torrential rains
and severe droughts, which are controlled by the
hydrological cycle of semiarid regions, determine the
availability of resources in the watershed, influencing
the changing composition of dominant cyanobacteria
species. The inflow of water from the tributaries and
overflow reservoir contributed to the lower phyto-
plankton biomass and modified the populations of
cyanobacteria, favoring the dominance of filamentous
species with mixing tolerance, such as C. raciborskii.
The lower water volume and high residence water in
the reservoir were favorable for the growth of colonial
cyanobacteria species, such as M. panniformis and S.
brasiliensis, which contributed to the higher phyto-
plankton biomass values. But during a severe drought,
the low water level can favor the adaptive phyto-
plankton species with requirement for low resources
by inorganic particles, as diatoms and cryptomonads,
an unusual behavior of phytoplankton community
contradicted the expectations about the climatic
change scenario. This behavior indicates that predic-
tions should take into account the regional climate,
lake type (size, depth) and watershed size, beyond
expected changes in rainfall and temperature from the
IPCC scenarios according to the region.
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