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Abstract  Droughts are large-scale perturbations
that affect freshwater ecosystems worldwide. A water
level reduction caused by drought is an important
driving factor of phytoplankton dynamics. It has been
suggested that a water level reduction alters the light
and mixing regime and increases nutrient concentra-
tions and phytoplankton biomass favoring cyanobac-
terial blooms. We took advantage of two exceptionally
dry years in the Brazilian semi-arid region to inves-
tigate the effects of the water level reduction on the
water quality and phytoplankton communities of two
shallow man-made lakes. In both lakes, the water level
was reduced by half, while the water turbidity,
conductivity, and nutrient concentrations increased.
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In the deeper lake, the phytoplankton biomass
increased and was dominated by a cyanobacteria
group as expected, but it decreased in the shallower
lake and was dominated by mixotrophic flagellate
groups. This was because of sediment resuspension by
wind and fish facilitated by a water level reduction and
increased the water turbidity more strongly in the
shallower than in the deeper lake. Therefore, a water
level reduction caused by a drought may either
increase or decrease the phytoplankton biomass and
cyanobacteria dominance in tropical shallow lakes
depending on the lake depth and the concentration of
inorganic suspended sediments.
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Introduction

Droughts are generally recognized as an ecological
perturbation in ecosystems and are strongly related to
reduced precipitation (Lake, 2003; Mishra & Singh,
2010). Climate changes are expected to increase the
frequency and intensity of droughts in semi-arid
regions (IPCC, 2007; Marengo et al., 2010). Large-
scale intensive droughts have been observed in all
continents around the world (Ross & Lott, 2003; Bates
et al.,, 2008). The negative water balance (i.e.,
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evaporation higher than precipitation) during drought
periods usually reduces the water level of lakes,
increasing nutrient concentrations and enhancing the
proliferation and dominance of cyanobacteria
(Naselli-Flores et al., 2007, Paerl & Huisman, 2009).
On the other hand, the water level reduction may also
increase sediment resuspension and therefore inor-
ganic turbidity, decreasing light availability and the
phytoplankton biomass (Jeppesen et al., 2015) and
changing the phytoplankton community structure
(Allende et al., 2008).

Phytoplankton species have different strategies to
survive under different trophic conditions. The inves-
tigation of environmental conditions (e.g., light and
nutrient availability, mixing regime, and hydrological
events) and biological factors (e.g., herbivory) are
important to understand phytoplankton ecology,
including relevant processes in species replacement
and habitat selection (Reynolds, 2006; Zohary et al.,
2010). In eutrophic systems, high nutrient concentra-
tions and low light availability are the main factors
related to species selection (Reynolds, 1998). Many
genera of cyanobacteria have adaptive advantages to
survive under these conditions, enabling them to
dominate phytoplankton in eutrophic systems, such as
the ability to fix atmospheric nitrogen (N,) and to
stock phosphorous and maintain high rates of photo-
synthesis under low light conditions (Bonilla et al.,
2012; Paerl & Otten, 2013). Previous studies on
phytoplankton dynamics in semi-arid regions have
shown cyanobacterial blooms during most of the year
as a consequence of droughts (Bouvy et al., 1999;
Naselli-Flores et al., 2007; Dantas et al., 2012).

Ecologists often group organisms with similar traits
and function to simplify the complexity of the
ecosystem. Phytoplankton communities can be char-
acterized either by their taxonomic or functional group
composition (Salmaso et al., 2014). Reynolds et al.
(2002) proposed a functional classification of fresh-
water phytoplankton using morphological, physiolog-
ical, and ecological traits. The phytoplankton
functional groups approach currently identifies 40
assemblages by alpha-numeric codes according to
their sensitivities and tolerances to environmental
variability (Padisak et al., 2009). This approach allows
us to classify the species into groups directly related to
ecosystem function and supplies important knowledge
about the dynamics of the species and habitat
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selection; it is currently being widely employed
around the world ( Kruk et al., 2002; Huszar et al.,
2003; Becker et al., 2010; Crossetti et al., 2013).

Our study aims to evaluate the effects of droughts
on the dynamics of the phytoplankton biomass and
functional groups composition. We took advantage of
two exceptionally dry years in the semi-arid region of
Northeastern Brazil to investigate the effects of a
water level reduction on the water quality and
phytoplankton communities of two shallow man-made
lakes. We aimed to investigate whether water level
reduction cause increase or decrease of the phyto-
plankton biomass and cyanobacteria dominance
depending on the lake depth and inorganic turbidity.

Materials and methods
Study site

The man-made Lakes Pocinhos (6°34'42"S;
37°19'47"W) and ESEC (6°34'49"S; 37°1520"W)
are located in Serra Negra do Norte, RN, Brazil and
inserted in the same watershed of Espinharas River
(Fig. 1). Lake Pocinhos is located in a private farm
called Solidao, while Lake ESEC is partly located
inside this farm and partly located at the Ecological
Station of Seridd, a conservation unit of the Caatinga
Biome. These lakes, as all lakes in the region, were
constructed to provide a water supply. Both lakes are
small and shallow. At the beginning of this study, Lake
Pocinhos had an area of ~17 ha and a maximum
depth of 6.4 m, while Lake ESEC had an area
of ~12 ha and maximum depth of 4.5 m. The lakes
have a poorly developed littoral zone and a homoge-
neous thermal and chemical regime. Lake Pocinhos is
characterized by a litholic neossolo, comprised
organic matter with a loam texture, and Lake ESEC
is characterized by a chromic luvisol soil, a mineral
soil with the presence of clay (EMBRAPA, 1971).

The regional climate is tropical and semi-arid
(BS’h’, Kottek et al., 2006), characterized by irregular
rainfall, high evapotranspiration rates, and negative
water balance during most of the year. The mean
annual precipitation is 733 mm and the rainy season is
concentrated in 5 months, generally from January to
May (data from 1992 to 2014 provided by EMPARN,
the Local Agriculture Company).
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Fig. 1 Map of Lake ESEC s
and Lake Pocinhos, showing

the ecological station in

darker gray
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Fish removal

In Lake ESEC, the shallower one, the water level and
the oxygen concentrations were drastically reduced
after the 2012 drought. Therefore, fish removal was
employed as a management action to avoid massive
fish mortality and further degradation of water quality.
A total of 5.80 tons of fish was removed from this lake
in March 2013. The most abundant species removed
were the benthivorous Prochilodus brevis (Stein-
dachner) and the filter-feeding Oreochromis niloticus
(Linnaeus), which accounted for 87 and 8% of the total
fish biomass removed, respectively.

Sampling and analysis

Water samples were taken at monthly intervals from
May 2012 to May 2014, at eight randomly sampled
sites of each lake. Due the lakes being small and
spatially homogeneous, samples were integrated in one
composite sample for nutrient, chlorophyll-a, and
phytoplankton community analysis. Water temperature
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and dissolved oxygen were measured at each 0.5 meter
from the surface to the bottom, using an oxygen probe
(Instrutherm MO-900). Electric conductivity and tur-
bidity were measured by specific portable equipment
(AP2000, HPH 1002, respectively) at each sampling
point. Phytoplankton samples were fixed with acetic
solution of lugol.

Total nitrogen (TN) and dissolved inorganic nitro-
gen (DIN) were analyzed by the combustion of
unfiltered and filtered water samples, respectively,
using a carbon analyzer TOC-V Shimadzu with a TN
analyzer attached. Total phosphorus (TP) was ana-
lyzed by the ascorbic acid method after oxidation with
potassium persulfate (Valderrama, 1981). Water sam-
ples were filtered through glass fiber filters (VWR),
and the filters were used for the analysis of chloro-
phyll-a and suspended solids. Chlorophyll-a was
extracted with ethanol 95% and measured by spec-
trophotometry (Jespersen & Christoffersen, 1987).
Total and inorganic suspended solids were determined
by gravimetry after drying the filters overnight at
100 °C and the ignition of filters at 500 °C for 3 h
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(APHA, 2005). The organic suspended solids were
measured by the difference between total suspended
solids and inorganic suspended solids (APHA, 2005).
The inorganic suspended solids (ISS) were used as a
proxy of inorganic turbidity and the organic suspended
solids (OSS) as a proxy of organic turbidity.

Phytoplankton composition was characterized at
species level whenever possible and counted accord-
ing to Utermohl (1958) using an inverted microscope
at x400 magnification. Settling units (cells, colonies,
and filaments) were enumerated in random fields
(Uehlinger, 1964) and at least 100 specimens of the
most frequent species were counted (Lund et al.,
1958). Algal biovolume (mm3 17]) was calculated
using formulae for geometric shapes (Hillebrand et al.,
1999), and 20 and 30 specimens or colonies on the
average of each taxon were measured and expressed
the fresh-weight unit in mass, where 1 mm> 17! = 1
mg 17! (Wetzel & Likens, 2000). Descriptor species
were defined as those whose contribution was >5% of
total algal biomass and then classified into functional
groups using the criteria of Reynolds et al. (2002) and
Padisdk et al. (2009). Species diversity was estimated
using the Shannon and Wiener index (Shannon &
Wiener, 1963) based on biomass and expressed by bits
per milligrams. The Shannon and Wiener index and
species richness were calculated using the PC-ORD®
v.6 program.

The drought was classified based on the standard-
ized precipitation index (SPI) (McKee et al., 1993)
using data from 1962 to 2014 provided by INMET
(National Institute of Meteorology) at the time scale of
12 months (SPI12). The index is based on the
cumulative probability of a given rainfall event
occurring at a station and determines the degree of a
drought at a given time scale. Temperature and
dissolved oxygen depth-lines were plotted using data
triangulation with linear interpolation method. The
euphotic depth (z.,) was calculated as 2.7 times the
Secchi depth (Cole, 1994), and the ratio euphotic
depth/maximum depth (Z.y/Zn,ax) Was used as a proxy
of light availability in the water column (Jensen et al.,
1994).

Statistical analysis
In order to explain the sources of turbidity in the

studied lakes, a multiple linear regression was used to
relate the inverse of the Secchi depth (1/Sd), used here
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as a measure of turbidity, to the concentrations of
chlorophyll-a, detritus, and inorganic suspended
solids (Scheffer, 1998). To estimate the concentration
of detritus, we assumed that the fraction of organic
suspended solids comprised by algal biomass was 70
times de concentration of chlorophyll-a and the
remained fraction was assumed to be detritus (Schef-
fer, 1998). A non-parametric correlation (Spearman)
was used with the intent to observe differences
between Sy group and the environmental variables
in both lakes. Multiple linear regression and correla-
tional analyses were performed in Statistica 7
software.

A detrended correspondence analysis (DCA) with
biological data was used to determine the best
constrained ordination method for our data (Ter Braak
& Prentice, 1988). Redundancy analysis (RDA) was
then used to examine the relationships between the
environmental variables of the man-made lakes and
phytoplankton functional groups and to select the
variables that best described the distribution of groups.
The significance of the ordination axes was tested with
a Monte Carlo test using 999 permutations (Mc Cune
& Mefford, 2011). For the ordination analysis, data
were transformed to log;o (x 4+ 1). The environmental
variables included in the RDA were euphotic and
maximum depth, inorganic and organic suspended
solids, total phosphorous, total nitrogen, dissolved
inorganic nitrogen, and phytoplankton biomass. The
program used for DCA and RDA was PC-ORD® v.6.
The variance inflation factor (VIF) was used for
detecting the presence of multicollinearity among the
predictor variables in the RDA; VIF > 10 indicates
multicollinearity (Kutner et al., 2004). Multicollinear-
ity analysis was performed in R software (R Devel-
opment Core Team).

Results
Physical and chemical conditions

The Brazilian semi-arid region was marked by a
severe to extreme drought from April 2012 to Febru-
ary 2014, according to the standardized precipitation
index (Fig. 2). During the study period, the water level
dropped by half in both systems, ranging from 6 to 3
meters in Lake Pocinhos (Fig. 3a), and from 4 to 2 m
in Lake ESEC (Fig. 3b), reducing both the euphotic
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Fig. 2 Monthly
precipitation (dark bars) and
standardized precipitation
index (SPI) (dark dashed
line) in the study area from
January 2012 to May 2014.
The months with the SPI
below the gray dashed line
are considered severe to
extreme droughts (May/12—
Feb/14) and above is a
normal drought to humid.
The gray box indicates the
studied period and the arrow
indicates fish removal
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depth and the z.,/z,.x ratio. With the drop in water
level, the euphotic depth decreased from 40% to less
than 20% the maximum depth in Lake Pocinhos
(Fig. 3a). On the other hand, the euphotic depth of
Lake ESEC first decreased from 30 to 10%, and then
increased from 10 to 70%, following the fish removal
in March 2013, and finally decreased from 70% back
to 30% the maximum depth (Fig. 3b).

Isothermal conditions for Pocinhos and ESEC were
observed during most of the study period (Fig. 4a, b)
with micro-stratifications in ESEC during Nov/12,
Apr/13, Dec/13, and May/14 (Fig. 4b). However,
oxygen stratification occurred during almost the whole
period in Lake Pocinhos (Fig. 4c). Lake ESEC showed
a homogeneous condition for oxygen, except for the
hypoxic conditions observed from March to May 2013
(Fig. 4d), when the 5.8 tons of fish was removed.

Conductivity increased during the study period,
except for a quick reduction after the 150 mm
precipitation in April 2013 (Fig. 5a). A similar pattern
was observed for turbidity, but the drop in turbidity
after the above mentioned precipitation event, was
stronger in ESEC than in Lake Pocinhos (Fig. 5b). The
source of turbidity was also different in the two lakes,
being mostly organic in Lake Pocinhos (Fig. 5c) and
inorganic in Lake ESEC (Fig. 5d). The multiple linear
regression relating the inverse of Secchi depth to
chlorophyll-a, detritus and inorganic suspended solids
showed a high correlation, R?> = 0.84 and R? = 0.60
for Pocinhos and ESEC Lakes, respectively. In Lake
Pocinhos, the concentrations of chlorophyll-a and
inorganic suspended solids (ISS) were significantly
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related to the inverse of Secchi depth, while in Lake
ESEC the only significant source of turbidity was ISS
(Table 1).

The concentration of TP did not show any trend
with the water level reduction for Lake ESEC.
However, for Lake Pocinhos a tendency to increase
during the study period was observed (Fig. 5e). TN
(Fig. 5f) and data not shown (DIN) exhibited an
increasing trend with decreasing water level.

Phytoplankton dynamic

The phytoplankton biomass, measured either as the
chlorophyll-a concentration (Fig. 6a) or estimated
from the total biovolume (Fig. 6b) increased in Lake
Pocinhos but decreased in Lake ESEC with a water
level reduction. This reduction in the phytoplankton
biomass and chlorophyll-a concentration in Lake
ESEC occurred few months before the fish removal.
The Shannon and Wiener index (H') (Fig. 6¢) and
phytoplankton richness (Fig. 6d) decreased during the
studied period in Lake Pocinhos and increased in Lake
ESEC.

In Lake Pocinhos, a total of 44 species were
identified and distributed into 20 functional groups.
Among these species only four species were descrip-
tors of the lake (>5% of the total biomass), represent-
ing four functional groups by Reynolds (C, F, Sy, Sy).
On the other hand, Lake ESEC had a total of 58 species
identified and distributed in 14 functional groups.
Twenty descriptor species were members of 11
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Fig. 3 Maximum depth,
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functional groups (Sn;, S1, Lo, X1, X5, C,F, J, Y, Wy,
W2) (Table 2).

The pattern of phytoplankton functional group
replacement differed in the two lakes (Fig. 7). In
Lake Pocinhos, phytoplankton composition shifted
from a co-dominance of F, C, and S; groups (Fig. 7a),
represented by the colonial green algae species
Botryococcus braunii (Kiitzing), the small diatom
Cyclotella striata (Kiitzing), and the cyanobacterium

@ Springer

Planktolyngbya limnetica (Lemmermann), respec-
tively, to a dominance of the Sy group, represented
by the N-fixing cyanobacterium Cylindrospermopsis
raciborskii (Woloszynska).

In Lake ESEC, we observed a shift in the phyto-
plankton composition from a dominance of the Sy
group, represented by the N-fixing cyanobacteria C.
raciborskii, to a co-dominance of W;, W,, and Y,
represented by the mixotrophic species Euglena spp.,
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Fig. 4 Depth-time isopleths for water temperature (°C) and for dissolved oxygen (mg/l) in Pocinhos (a, ¢) and ESEC (b, d). The white

area is the bottom of the lake

Trachelomonas spp., and Cryptomonas spp. Just after
the fish removal, there was a recruitment of green
algae groups, F and J, which were mostly represented
by the colonial species B. braunii, Crucigenia
quadrata (Morren), and Qocystis lacustris (Chodat)
(Fig. 7b).

The correlation analysis for the Sy group with
environmental variables showed a negative correla-
tion with maximum depth (r = —0.92) and euphotic
zone (r = —0.91) and a positive correlation with OSS
(r = 0.94) and DIN (r = 0.90) in Lake Pocinhos. For
Lake ESEC, the Sy group was positively related to
maximum depth (r = 0.75) and euphotic zone
(r =0.49) and negatively correlated to ISS
(r = —0.96) and DIN (r = —0.56).

Redundancy analysis

The variance inflation factor (VIF) was less than 10 for
all variables included in the RDA (Zmax = 3.78,
Zeu = 2.93, 1SS = 3.36, OSS = 8.82, TP = 1.56,
DIN = 3.71, TN = 1.57, Biomass = 7.40).

The first axis of RDA accounted for 41%, while the
second axis accounted for just 6.1% of the species-

environmental variables’ relations. The Monte Carlo
test indicated that the eigenvalue of the first axis was
significant (P < 0.001). This axis was positively
correlated to ISS (0.40) and negatively correlated to
biomass (—0.80), z., (—0.67), z.x (—0.60), OSS
(—0.40), DIN (—0.31), and TN (—0.24). The second
axis was mainly positively correlated to z., (0.67) and
negatively correlated to OSS (—0.38) and TP (—0.28).
Variables from Lake ESEC were positively correlated
to the first axis and were mostly related to Wy, Wy, Y,
and X, functional groups. On the other hand, variables
from Lake Pocinhos were negatively correlated with
the first axis and were mostly related to Sy and Sy
groups (Fig. 8).

Discussion

The study describes contrasting dynamics of phyto-
plankton functional groups in two rather similar lakes
during an extreme drought period. Our results show
that a water level reduction may either increase or
decrease the phytoplankton biomass and favor
cyanobacteria or mixotrophic flagellates’ dominance

@ Springer
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sediment resuspension and increased inorganic tur-

in semi-arid shallow lakes depending on the water
depth. In Lake Pocinhos, the negative water balance

bidity, decreasing light availability and the phyto-
plankton biomass, shifting the dominance from

reduced the lake depth and increased the nutrient

cyanobacteria bloom forming groups (Sn) to mixo-
trophic flagellate functional groups (Wy, W5, Y).

concentration and phytoplankton biomass, leading to

the dominance of cyanobacteria bloom forming
groups as expected (Naselli-Flores et al., 2007;

The role of water level fluctuations in shallow lakes
is not completely known, since they do not respond
linearly to such disturbances (Coops et al., 2003).

Jeppesen et al., 2015). However, in the shallower

Lake ESEC, the water level reduction promoted

pringer
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Table 1 Parameter values for the multiple regression model
1/S = 6y + oChl + oDet + clss relating inverse Secchi
depth, 1/8d (m™"), to the concentrations of chlorophyll-a, Chl
(mg 17", Detritus, Det (mg 17"), and inorganic suspended
solids, Iss (mg )

1/Sd  Chl Det Iss R? n

Lake Pocinhos  0.49 8.52  0.00 0.16 0.84 25
P values 042 <0.01 020 <0.01 <0.01
Lake ESEC 120 —4.45 0.00 0.12 0.60 25
P values 0.39 086 0.63 <0.01 <0.01

However, water level reductions have strong implica-
tions for water quality and phytoplankton community
structure (Noges & Noges, 1999; Bouvy et al., 2003;
Naselli-Flores & Barone, 2005, Medeiros et al., 2015).
Water level reductions can affect the availability of
light and nutrients for phytoplankton. Nutrients
became more available in both lakes as they were
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concentrated in a smaller water volume, but in Lake
Pocinhos, light became less available due to phyto-
plankton self-shading and due to inorganic matter
resuspension in Lake ESEC. Due to its shallower
depth, sediment resuspension by wind and fish facil-
itated turbidity more in ESEC than in Pocinhos.
Underwater light availability is a key factor regu-
lating phytoplankton dynamics (Zohary et al., 2010).
The privation of light could be lethal to a single-celled
autotroph (Reynolds, 1990). The euphotic depth to
maximum depth ratio was low in both lakes, except for
a brief increase in Lake ESEC just after the fish
removal. This may indicate that light was limiting
phytoplankton growth in most of the water column of
both lakes during the study period despite the high
nutrient concentrations. C. raciborskii, included in the
Sn group is characteristic of warm, mixed, phospho-
rous-enriched waters, and they are tolerant to low light
conditions (Reynolds et al., 2002). C. raciborskii
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Fig. 6 Chlorophyll-a (a) and total phytoplankton biomass (b), Shannon’s diversity index (c), and phytoplankton richness (d). The
values of chlorophyll-a and total biomass are in log scale. The dashed line indicates the period of fish removal
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Table 2 Phytoplankton

- ) " ) Functional group
descriptor species with their

Phytoplankton species

Taxonomic group

taxonomic and functional
groups

Lake Pocinhos
C
F
Sy
Sx
Lake ESEC
C
F
J

L,
)

Sx
Y

Wi
W,

X
X5

Cyclotella striata
Botryococcus braunii
Planktolyngbya limnetica

Cylindrospermopsis raciborskii

Cyclotella striata
Botryococcus braunii
Crucigenia quadrata
Pediastrum sp.
Merismopedia punctata
Merismopedia tenuissima
Planktolyngbya limnetica
Cylindrospermopsis raciborskii
Cryptomonas obovata
Cryptomonas spp.
Cryptomonas marsonii
Gymnodinium sp.

Euglena sp.
Trachelomonas volvocina
Trachelomonas spl
Trachelomonas sp2
Synechocystis aquatilis
Cryptomonas pyrenoidifera
Chroomonas acuta

Rhodomonas minuta

Bacillariophyceae
Chlorophyceae
Cyanobacteria

Cyanobacteria

Bacillariophyceae
Chlorophyceae
Chlorophyceae

Cyanobacteria

Cyanobacteria
Cyanobacteria
Cryptophyceae

Dinophyceae
Euglenophyceae
Euglenophyceae

Cyanobacteria
Cryptophyceae

traits, such as shape and pigment composition, are
shown to enhance their ability to increase their light-
harvesting capacity due a high phenotypic plasticity in
response to key environmental factors (Bonilla et al.,
2012). However, studies showing the importance of
light on phytoplankton growth and dominance argue
that representatives of group Sy may not be compet-
itively favored under lower light intensity, as in the
case of Lake ESEC (Kokocinski et al., 2010, Bonilla
et al., 2012). Therefore, other functional groups more
tolerant to this light-limiting condition should be
favored. The reduced underwater light availability and
the relatively high dissolved organic carbon (DOC) in
the system should be an advantage for mixotrophic
algae over autotrophic ones (Jones, 2000).

During the period with more light availability and
less nutrients in Lake Pocinhos, group F had a

@ Springer

considerable proportion of total phytoplankton bio-
mass. This group represented by large colonies of
green algae requires high light availability for better
cell functioning and is tolerant to low nutrients
(Reynolds et al., 2002). Water bodies less eutrophic,
generally have large colonies and large rounded
unicellular organisms of green algae (Naselli-Flores
& Barone, 2000); and the presence of groups C and S;
during this period can be explained by their geometric
forms; the small cylinder shape of Cyclotella striata
(GALD < 10 pum) and the elongated and filamentous
shape of Planktolyngbya limnetica can reduce signif-
icantly their sinking rate (Reynolds, 2006). However,
the effect of droughts provided an ideal habitat for the
dominance of the N-fixing cyanobacteria bloom
forming group Sy, in Lake Pocinhos. Light and
temperature seem to be the most important factors
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Fig. 7 Relative biomass of
the phytoplankton
functional groups in
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related to the appearance and development of C.
raciborskii, the representative species of group S.
In contrast, Lake ESEC had an opposite pattern of
total biomass and groups’ replacement. Total phyto-
plankton biomass declined before the fish removal,
indicating that the phytoplankton biomass change was
independent of the fish biomass reduction. Phyto-
plankton functional groups shifted from a dominance
of Sy to a co-dominance of mixotrophic flagellate
groups Wy, W5, and Y. This can be explained by the
water level reduction that affected the volume of the
shallower man-made lake, magnifying the sediment—
water interaction. Sediment resuspension by wind and
benthivorous fish increased the inorganic suspended
solids (ISS) more in ESEC than in Pocinhos and
altered the light availability for phytoplankton func-
tional groups. Mixotrophic species can compensate
light or nutrient deficiency altering the nutrition
pathway from autotrophy to heterotrophy (Katechakis
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et al., 2005). The flagellate groups have been found in
the water layer near the bottom in different shallow
lakes (Ibanez, 1998; Reynolds et al., 2002). When the
water level decreased, it affected the volume and
sediment—water interaction, explaining the appear-
ance of groups W; and W,. Also, the potentially high
organic matter is an important factor for the bottom-
dweller groups once they adapt to mixotrophic con-
ditions (Reynolds et al., 2002). Some representatives
of the functional group Y, such as small cryptomonas,
are capable of persisting under extremely poor light
conditions (Sinistro et al., 2006). Medeiros et al.
(2015) also found that cryptomonas favored in low
waters with high inorganic turbidity during a drought
period in a semi-arid region. Our results suggest that
high inorganic turbidity and critical light availability
are the main factors affecting the replacement of C.
raciborskii (Sy) to the cryptomonas (Y), which are
more competitive in these conditions.
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Fig. 8 RDA ordination of the phytoplankton functional groups
and environmental variables for ESEC (dark squares) and
Pocinhos (white squares). 1SS inorganic turbidity, OSS organic
turbidity, Zeu euphotic zone, Zmax maximum depth, 7P total
phosphorous, DIN dissolved inorganic nitrogen, 7N total
nitrogen

Benthivorous fish can resuspend sediments and
translocate nutrients and detritus from the bottom to
the water column (Schindler et al., 1996; Vanni,
1996), affecting the biogeochemical process and
trophic interactions in freshwater ecosystems (Persson
& Svensson, 2006). The removal of 5.8 tons of
benthivorous fish from Lake ESEC reduced the water
turbidity and sediment bioturbation by the fish,
increasing light availability and favoring the recruit-
ment of green algae groups (F and J) that demand
additional light and are bioindicators of improved
water quality. However, groups F and J did not persist
in the system, probably because of the prolonged
effect of the drought or maybe because the effect of
fish removal was not strong enough. Whatever the
reason for the transient dominance of F and J, Wy, W,
Y, and Lo were the groups with greater importance in
the biomass in Lake ESEC during the end of the
studied period. Although the fish removal showed a
tendency to improve the water quality, its effects could
not persist with the extension of the extreme drought
period. Experimental studies are needed to investigate
the combined and isolated effects of fish removal and
water level reductions on the structure and dynamics
of phytoplankton communities of shallow lakes. The
correlation analysis confirmed that the recruitment of

@ Springer

the Sy group in Lake Pocinhos was strongly related to
the reduced water level and water transparency (Zax
and Z.,), changing phytoplankton resources and
increasing the biomass and organic matter. On the
other hand, in Lake ESEC, the reduced water level and
water transparency leads to the collapse of the Sy
group, strongly related to inorganic suspended solids
in the system.

The increase in phytoplankton diversity and rich-
ness in Lake ESEC was attributed to a shift in
dominance from the Sy (C. raciborskii) to the Y, Wy,
and W, groups, due water depth and turbidity change
caused by drought, enhancing the number of co-
dominant species and functional groups. Different
behaviors were observed in Lake Pocinhos, attributed
to the shift from the co-dominance of the C, S1, and
F groups to the dominance of Sy, decreasing the
phytoplankton richness and diversity.

The response of phytoplankton organisms to envi-
ronmental alterations depends on the time scale of
their frequency and duration. The time scale relevant
for the phytoplankton replication time varies between
hours to a week (Reynolds, 1990). Several months in
plankton succession correspond to decades in grass-
land or centuries in forest succession (Padisak, 1992).
Therefore, our study comprises several generations of
phytoplankton, and 2 years is an appropriate time
scale to investigate the effects of a drought on
phytoplankton communities. It is well documented
that the association of physical, chemical, and biolog-
ical factors is recognized in determining the structure
of a phytoplankton community (Reynolds, 1989,
Soares et al.,, 2009). However, studies show that
physical factors, such as light and climate, may
contribute to a crucial understanding of phytoplankton
dynamics and species composition (Zohary et al.,
2010).

Our study shows the effects of an extreme drought
on the water quality and phytoplankton dynamic of
two tropical shallow lakes. Contradicting the expec-
tations that in future warmer climates, a reduction in
water level would lead to cyanobacterial blooms
(Marengo et al., 2010; Moss et al., 2011; Roland et al.,
2012), our results shows that water level reductions
induced by droughts may either increase or decrease
the phytoplankton biomass and cyanobacterial blooms
and demonstrate the importance of mixotrophic flag-
ellate algae in low light conditions. The pressures on
water resources of dry regions are strong, and the need
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for more ecological studies in these systems is
therefore urgent (de Senerpont Domis et al., 2013;
Sarmento et al., 2013).
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