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Abstract In floodplains located in temperate regions,
seasonal variations in temperature affect biological com-
munities and these effects may overlap with those of the
flood regime. In this study we explored if and how timing
(with regard to temperature seasonality) influences the
responses of planktonic and free-floating plants communities
to floods in a warm temperate floodplain lake and assessed its
relevance for determining state shifts. We took samples of
zooplankton, phytoplankton, picoplankton, heterotrophic
nanoflagellates and free-floating macrophytes at four sites of
the lake characterized by the presence-absence of emergent
or free-floating macrophytes along a 2-year period with
marked hydrological fluctuations associated to river flood
dynamics. We performed ANOVA tests to compare the
responses of these communities to floods in cold and warm
seasons and among sites. Planktonic communities developed
high abundances in response to floods that occurred in the
cold season, while the growth of free-floating macrophytes
was impaired by low winter temperatures. Spring and sum-
mer floods favored profuse colonization by free-floating
plants and limited the development of planktonic commu-
nities. The prolonged absence of floods during warm periods
caused environmental conditions that favored Cyanobacteria
growth, leading to a “low turbid waters” regime. The
occurrence of floods early in the warm season caused phy-
toplankton dilution and promoted free-floating plant
colonization and a shift towards a “high clear waters” state.
Zooplankton:phytoplankton biomass ratio was very low
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during floods in warm seasons, thus zooplankton grazing on
phytoplankton seemed to play a minor role in the mainte-
nance of the clear regime.
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Introduction

Knowledge on riverine floodplain ecosystems has
increasingly improved since the formulation of the Flood
Pulse Concept (Junk et al. 1989), which states that the
pulsing of river discharge is the major driving force
responsible for the existence, productivity and interactions
of biota in river floodplain systems. The Flood Pulse
Concept is derived mainly from research carried out in
tropical river floodplains with a predictable flood pulse
(Junk 1997; Junk et al. 1989). At those latitudes, charac-
terized by minor seasonal temperature variations, the
regular occurrence of flood pulses is the main factor that
determines the development of biological rhythms (Tock-
ner et al. 2000). However, in temperate regions, seasonal
variations in temperature and photoperiod are major factors
affecting biological communities and their effects may
overlap with those of the flood regime (Junk et al. 1989;
Junk and Wantzen 2004). At these latitudes, organisms
developed adaptations to seasonal variations, which
determine the existence of “physiological and phenological
windows of susceptibility” to the benefits and disturbances
of flooding, thus timing (with regard to temperature sea-
sonality) conditions whether an organism can profit from
flood—borne resources or apply survival strategies (Junk
et al. 1989; Junk and Wantzen 2004; Wantzen et al. 2008).
Decomposition rates of organic matter and nutrient uptake
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also depend on the timing of inundation, usually being
reduced during winter and accelerated in summer (Tockner
et al. 2000). In this way, the amount of nutrients and
organic carbon released to the aquatic environment, as well
as their consumption rates and growth of biological com-
munities, depend on the time of year when the flood occurs.
In cold temperate regions, early spring floods stimulate
phytoplankton development, but those occurring in late
spring or summer have negative effects (Mihaljevi¢ et al.
2010). In floodplains located in warm temperate regions,
periphyton and macrophyte growth rates are higher during
spring floods than during summer ones (Robertson et al.
2001). Zooplankton abundance was similar irrespective of
the season of flooding in experimental billabongs (Nielsen
et al. 2002). However, another study suggested that suitable
temperatures above 12 °C need to coincide with floods to
boost zooplankton production (Goérski et al. 2013).
Although the Flood Pulse Concept has originally drawn
attention to the importance of the time of year when flood
pulses occur and the stage of the life cycle of organisms,
comparative studies and data for detailed predictions are
still insufficient (Junk and Wantzen 2004; Wantzen et al.
2008).

In floodplain environments, zooplankton abundance is
regulated by the hydrological regime through dilution,
washing-out or concentration processes (José de Paggi
1981, 1993; Baranyi et al. 2002; Lansac-T6ha et al. 2009;
Chaparro et al. 2011). Zooplankton response to flushing
effects differs among main groups, depending on their
growth rates. Rotifers have short development times and
show fast population recovery from flushing effects,
whereas microcrustaceans with longer growth rates, are
more negatively affected by floods (Baranyi et al. 2002;
Costa Bonecker et al. 2005; Paidere 2009). Moreover,
hydrology regulates their food availability and quality by
affecting the abundance and composition of planktonic
organisms that constitute their food resource. For example,
high abundance of phytoplankton and bacteria are usually
encountered at low waters (Castillo 2000; Casatti et al.
2003; Izaguirre et al. 2010); however, the dominance of
large cyanobacteria during these periods (Bouvy et al.
2003; Paerl and Huisman 2009; Unrein et al. 2010;
O’Farrell et al. 2011) may determine a low quality food
resource (Deng et al. 2010; Laurén-Maittd et al. 1997).
Flooding regime also affects macrophyte assemblages
(Boschilia et al. 2008), which may change environmental
conditions and affect the abundance and structure of zoo-
plankton communities (Scheffer et al. 1993, 2003; Burks
et al. 2006).

Besides the main effects of flood seasonality on plank-
tonic communities (mainly related to processes of dilution/
concentration or washing-out of organisms), hydrological
fluctuations caused by the flood regime may have strong
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implications at the ecosystem level as drivers of shifts
between “alternative stable states” originally described by
Scheffer et al. (1993, 2003). Lakes can flip into another
stable regime by occasional disturbances such as extremes
in water level (Scheffer 2009). Large water level increases
can provoke a shift from a turbid state with phytoplankton
dominance towards a clear state dominated by submerged
plants in tropical floodplain lakes (Loverde-Oliveira et al.
2009; Mihaljevi¢ et al. 2010). The supply of plant propa-
gules by river flooding waters and the subsequent
desiccation and decomposition of macrophytes during
falling waters were some mechanisms suggested to explain
the observed shift (Loverde-Oliveira et al. 2009). Flood
dynamics controlled the migration of benthic fish, driving
state shifts in a tropical floodplain pond (Mormul et al.
2012). Increased turbidity during low waters was caused by
sediment resuspension by fish and water clarity was
enhanced at high waters, when fish migrated and sub-
merged macrophytes expanded (Mormul et al. 2012).
Besides, extreme water level variations can trigger the
change from free-floating plant (FFP) dominance at high
waters to a turbid regime with cyanobacteria dominance at
low waters (O’Farrell et al. 2011). The alternative stable
regimes show self-stabilizing mechanisms, which are
determined by the interactions of prevailing primary pro-
ducers (phytoplankton, submerged or free-floating
macrophytes) with other communities and by their effects
on water quality (Jeppesen et al. 1997; Scheffer et al. 1993,
2003; Meerhoff et al. 2003). In cold temperate regions,
submerged macrophytes exert negative effects on phyto-
plankton by shading, consumption of nutrients and release
of allelopathic substances, as well as by providing refuge to
grazers such as zooplankton (Jeppesen et al. 1997). In
warm temperate or subtropical regions, dense mats of free-
floating plants control phytoplankton and picoplankton
biomass because of shading (de Tezanos et al. 2007;
O’Farrell et al. 2011; Izaguirre et al. 2012). However, as
free-floating plants constitute a poor refuge for large zoo-
plankton (Meerhoff et al. 2003, 2006, 2007a), these would
be scarce and would exert a weak effect on the self-sta-
bilization of the FFP regime in warm regions (Iglesias et al.
2007; Meerhoff et al. 2007b). Knowledge on the role of
zooplankton for maintaining the FFP regime comes from
studies performed in shallow lakes not regulated by the
flood regime and investigations on floodplain lakes remain
scarce.

The objectives of this study were: (1) to explore if and
how timing influences the responses of biological com-
munities to floods in a warm temperate floodplain lake,
including zooplankton, planktonic communities that con-
stitute their food resource (phytoplankton, picoplankton
and heterotrophic nanoflagellates) and free-floating mac-
rophytes; (2) to compare the abundance of planktonic
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communities among habitats characterized by the presence
or absence of macrophytes of different life forms; (3) to
compare the structure and function of zooplankton between
two contrasting warm periods: “low turbid waters” and
“high clear waters”. The hypotheses addressed were: (1)
the responses of planktonic communities and macrophytes
to flood pulses are different depending on the time of year
when the flood occurs; (2) planktonic communities will be
more abundant in open waters habitats than in vegetated
ones, (3) large herbivore biomass is higher at “low turbid
waters” than at “high clear waters”.

Materials and methods
Study area

The Lower Parand River basin comprises a complex wet-
land system of 17,500 km? along the 300-km terminal
portion of the river to its mouth in the Rio de La Plata
Estuary. The hydrological regime of the area is mainly
determined by the dynamics of the Upper and Middle Pa-
rand and influenced by the estuary tidal regime (Baigin
et al. 2008). River regulation in the upper stretches pro-
vokes less intense water cycles among and within years and
decreased amplitude of the flood pulse in the Lower basin
when compared to historical unregulated periods (Quirés
2003). However, the Lower and Middle Parana still offer
mostly undisturbed floodplains with no regulations by
dams and provide unique opportunities for examining how
natural functional processes drive large river functioning
(Nestler et al. 2007). The study was conducted in the
Otamendi Natural Reserve, a RAMSAR floodplain wetland
of 3,000 hectares delimited by the Parana de las Palmas
and Lujan Rivers, Buenos Aires Province, Argentina
(34°10/-34°17'S; 58°48'-58°53'W) (Fig. 1). The area is
influenced by a high and fluctuating water table and peri-
odically flooded by rainfall (Chichizola 1993). In periods
of high waters, the river pulse contributes to the hydro-
metric levels of the water bodies within the wetland, since
they are connected underground with adjacent rivers (Auge
2004; Silva Busso and Santa Cruz 2005); no over-bank
connection exists between rivers and wetland environ-
ments. The main lake, Laguna Grande (~ 156 ha, mean
depth <1 m), is eutrophic and exhibits profuse aquatic
vegetation; rooted emergent and free-floating macrophytes
are frequently found but submerged plants are generally
absent. The bathymetric profile of Laguna Grande is rather
flat, but a slightly deeper section exists towards its con-
nection with “El Pescado” lake (Fig. 1). The region has a
temperate climate, with hot summers and without dry
season, according to the updated Koppen—Geiger classifi-
cation (Peel et al. 2007). The mean monthly temperature
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Fig. 1 Geographic location of the study area. Black dots indicate the
sampling points. PLef Pelagic-littoral edge with emergent macro-
phytes and temporary cover by free-floating plants, Pow pelagic open
waters, Lef littoral with emergent macrophytes and temporary cover
by free-floating plants, Lf littoral temporarily covered with free-
floating macrophytes

ranges between 10 and 24 °C in July and January,
respectively; precipitation occurs during the whole year
with a mean annual value of 950 mm. During the study
period, a marked drought affected the region from 2008
until March 2009.

Sampling and physico-chemical analyses
Samples were taken monthly in Laguna Grande from

September 2008 to February 2010 (except November 2008
and 2009) and then bimonthly until August 2010,
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comprising a total of 19 campaigns during a period with
marked hydrological fluctuations. Four fixed sampling sites
were established along a transect of 300 m perpendicular to
the shoreline: pelagic open waters (Pow), pelagic-littoral
edge with emergent macrophytes and temporarily covered
by free-floating plants (PLef), littoral with emergent mac-
rophytes and temporarily covered by free-floating plants
(Lef) and littoral temporarily covered by free-floating
macrophytes (Lf) (Fig. 1). Temperature, pH, conductivity
and dissolved oxygen were measured in situ using HI
991301 Hanna® and HI 9143 Hanna® (oxygen) portable
instruments and water depth with a portable meter. Dis-
solved nutrients were analysed after sample filtration
through fiberglass filters (0.7 pm pore): phosphate with the
stannous chloride method, nitrate with the cadmium
reduction method using Hach® reagents and ammonium
with the phenate method (American Public Health Asso-
ciation 2005). Samples for chlorophyll-a were filtered
through fibreglass filters (0.7 pm pore) and stored at
—20 °C. After 24 h, pigments were extracted with ethanol
(60-70 °C), measured with a spectrophotometer and cal-
culated following Marker et al. (1980). Suspended solids
were determined drying the non-filterable residue at
103-105 °C until constant weight (American Public Health
Association) 2005. Daily rainfall and minimum and max-
imum temperature data were provided by the Servicio
Meteoroldgico Nacional (Argentina) and water levels of
the Parand de las Palmas River in relation to the Reduction
of Soundings to Chart Datum by the Subsecretaria de
Puertos y Vias Navegables, measured at the nearest station
(Zarate, Parana de las Palmas River).

Zooplankton

Samples for zooplankton were taken in duplicate at each
sampling site with a transparent acrylic bottle adequate for
both vegetated and open water areas (Paggi et al. 2001).
Twelve to 24 L of integrated water (from surface to near
bottom) were collected for each replicate, filtered through a
40-um mesh sieve and preserved with 4 % formaldehyde.
Microzooplankton (nauplii and rotifers) was counted in a
I-mL Sedgwick-Rafter counting cell using an optical
microscope; subsamples were taken with a Hensen-Stem-
pel pipette. Mesozooplankton (copepodites, adult copepods
and cladocerans) was examined and enumerated in a 5-mL
Bogorov chamber under a stereomicroscope and subsam-
pled with a Russell device. The counting error was below
10 %. Rotifer biovolume was estimated from geometric
formule (Ruttner-Kolisko 1977) based on body measure-
ments (length and width) and transformed into wet weight
as follows: 10° um? equals 1 pg (Bottrell et al. 1976). Dry
weight (DW) was determined as 10 % of wet weight. The
dry weight of copepods and cladocerans was estimated
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from body length-dry weight relationships according to
Bottrell et al. (1976) and Dumont et al. (1975). We mea-
sured 20-40 individuals from each species on every
sampling date and site. For comparisons between the two
contrasting warm periods, zooplankton species were clas-
sified into functional groups: rotifers and nauplii as small
herbivores, copepodites, adult calanoid copepods and cla-
docerans as large herbivores and adult cyclopoid copepods
as predators.

Phytoplankton (>2 pm), picoplankton (<2 pm)
and heterotrophic nanoflagellates

One water sample for phytoplankton was taken at each
sampling site and date and preserved with 1 % Lugol’s
iodine solution. Counts were performed according to
Utermohl (1958). Phytoplankton was classified in two size
categories according to its palatability to zooplankton
herbivores (<30 pm, edible algae; >30 pum, inedible algae)
following Sinistro et al. (2007). Phytoplankton biovolumes
were calculated according to Hillebrand et al. (1999) and
Jun and Dongyan (2003). Samples for picoplankton and
heterotrophic nanoflagellates were taken at PLef, Pow and
Lef at each date and preserved with ice-cold glutaraldehyde
2 %. A volume of 0.5-2 mL was filtered for picoplankton
enumeration and of 5-10 mL for heterotrophic nanofla-
gellates; 0.2 and 0.6 um pore-size black polycarbonate
filters were used for picoplankton and heterotrophic
nanoflagellates, respectively. The material was stained with
DAPI (Porter and Feig 1980) and filters were mounted on a
microscope slide with a drop of immersion oil for fluo-
rescence. Using epifluorescence microscopy, autotrophic
picoplankton were counted under blue and green light
excitation (Callieri and Pinolini 1995) and hetetrotrophic
picoplankton (bacteria) and heterotrophic nanoflagellates
were counted under UV excitation.

Free-floating plants

Free-floating plants cover was estimated using a 0.25 m>
quadrant placed at random three times within each sam-
pling point area. Plants enclosed in the quadrants were
transported to the laboratory, identified taxonomically and
dried at 70 °C until constant weight to estimate their bio-
mass per area unit (dry weight, g/m?).

Satellite imagery

Two Landsat-5 TM images of the study area (Path 225,
Row 84) representing the contrasting warm periods com-
prised in the study, “low turbid waters” and “high clear
waters”, were analyzed (19 Jan 2009 and 22 Jan 2010,
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Table 1 Description of the classes of environments present in
Laguna Grande obtained by classification of Landsat 5 TM images
from the warm periods compared in this study (modified from
Chaparro et al. 2013)

Class of environment Description

Pelagic clear waters Open waters with low phytoplankton
chlorophyll a concentration

(mean < 14 ng L™

Pelagic turbid waters Open waters with high phytoplankton
chlorophyll a concentration

(mean > 300 pg LY

Areas with emergent macrophytes
(plant cover ~ 100 %)

Littoral with emergent
macrophytes

Areas with free-floating macrophytes
in homogeneous stands or
accompanied by emergent plants
(total plant cover ~ 100 %)

Littoral with free-floating
macrophytes

Areas in the transition from littoral to
pelagic with partial cover of
emergent or free-floating plants
(plant cover <50 %)

Pelafic-littoral edge

Areas of the lake with exposed
sediments and some terrestrial
vegetation

Dry sediments
+ terrestrial
vegetation

respectively; images dates close to field sampling dates).
After pre-processing, a hybrid classification method
(supervised—unsupervised) was performed on the satellite
data in order to characterize and quantify the area covered
by open waters and/or vegetation at the entire lake scale.
The classification method allowed us to distinguish six
classes of environments present in the lake in the warm
periods compared: (1) pelagic clear waters; (2) pelagic
turbid waters; (3) littoral with emergent macrophytes; (4)
littoral with free-floating macrophytes; (5) pelagic-littoral
edge; (6) dry sediments + terrestrial vegetation; their
characteristics are described in Table 1 (modified from
Chaparro et al. 2013). Image pre-processing and analyses
were performed with ERDAS Imagine 9.1 software. A
detailed description of the methodology used is described
by Chaparro et al. (2013).

Data analyses

The study was divided into hydrological periods delimited
by the joint occurrence of Parand de las Palmas river pulses
(sharp increases of river water levels) and high amounts of
local precipitation. It was required that each delimited
consecutive period verified significant differences
(increase) of water depth to effectively constitute a dif-
ferent hydrological period. In this way, three hydrological
periods were defined: after the inicial low waters, a first
pulse in late summer-early spring 2009 led to the filling
period and the second pulse in early spring 2009 to the

permanence of high waters period; constant water depths
after the third pulse in summer 2010 determined the con-
tinuity of the permanence period but not a new one. The
data collected at each site and sampling date was consid-
ered as independent observations and used for
comparisons. Two-way ANOVA (hydrological period x
site) were conducted to compare the abundance of each
planktonic community (zooplankton, phytoplankton, total
picoplankton and heterotrophic nanoflagellates) and envi-
ronmental variable (water depth, conductivity, pH,
dissolved oxygen and chlorophyll a concentrations). The
littoral sampling sites (Lef and Lf) did not have surface
water during the low waters period and, therefore, no data
was available for these sites during this period; the sam-
pling sites PLef and Pow had surface water in all
hydrological periods and a complete data set was available
for these sites. For this reason, we ran two independent
ANOVA tests with the aim to compare data among all
periods and sites: Two-way ANOVA a to compare data
among the three hydrological periods (defined as low
waters, filling and permanence) and the sampling sites with
water in all of them (Pow and PLef), and Two-way
ANOVA b to compare data among two hydrologic periods
(filling and permanence) and all four sampling sites (Pow,
PLef, Lef and Lf). Tukey—Kramer post hoc comparisons
were performed, which are adequate for non-balanced
designs (Zar 1999). One-way ANOVA was conducted
between the contrasting warm periods comprised in this
survey, “low turbid waters” and “high clear waters”, to
compare the biomass of phytoplankton, zooplankton and
the ratios between them. Data on the abundance of
planktonic communities, phytoplankton and zooplankton
biomass and chlorophyll a concentrations were trans-
formed with a natural logarithm function to satisfy the
assumptions. Normality was checked by the Shapiro—Wilk
test and homocedasticity by the Levene test.

Results
Environmental variables

During spring-summer 2008-2009, a period of low waters
was registered at Laguna Grande, associated to the low
hydrometric levels of the Parana de las Palmas River and
scarce precipitations (Fig. 2a) caused by the extreme
hydro-meteorological event ENSO (“El Nifio Southern
Oscillation™) (http://www.cpc.ncep.noaa.gov). During this
period, lake water depth was very low (<0.3 m) and the
littoral areas comprised in the sampled transect were dry;
only the sites Pow and PLef had water, except in February
2009 when most of the lake surface dried. Abundant
rainfall during February—March 2009 followed by a strong
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Fig. 2 a Water level variations a Low waters

High waters

of Laguna Grande (zero filling

permanence

corresponds to the sediments
level at a fixed point) and
Parand de las Palmas River and
monthly accumulated
precipitation in the study area. 15
River water levels correspond to
values in relation to the
reduction of soundings to chart
datum (=18 m at Zarate). White
arrows indicate the occurrence
of river pulses; larger arrows
indicate higher pulse intensity.
b Water temperature variations
at each sampling site (PLef
Pelagic-littoral edge with
emergent macrophytes and
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river flood pulse (a 2.3 fold increase in water level of the
river in March—April) determined the beginning of the
filling phase, during which the whole lake area was re-
flooded and water depth increased significantly (p < 0.05)
to near 0.4 and 0.6 meters at littoral and pelagic sites,
respectively (Table 2). Following this pulse, a marked
decrease in water temperature was registered at all sam-
pling sites in accordance to autumn and winter seasons
(Fig. 2b). Abundant local precipitation during October—
November 2009 and a second strong pulse (a 2.8 fold
increase in water level of the river) determined a new
significant increase in water depth (0.4-0.7 m) and thus,
the beginning of the period referred to as permanence of
high waters, which coincided with the onset of the warm
season, as depicted by increasing temperatures (Fig. 2a, b).
Water depth was always higher at Pow and PLef than at Lef
and Lf (p < 0.05) (Table 2). Mean values of conductivity,
pH and dissolved oxygen, chlorophyll a and suspended
solids concentrations were extremely high during low
waters but decreased in the subsequent filling and perma-
nence periods (p < 0.05); no significant differences were
detected among sampling sites (p > 0.05) (Table 2). Dis-
solved nutrient concentrations were scarce during low
waters and markedly increased after the onset of the filling
(first flood pulse), especially phosphate and ammonium,
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but dropped after flood pulses 2 and 3 up to values similar
to those of the beginning of the low waters (Fig. 3).

Biological communities

The abundance of edible phytoplankton (<30 pm) was
extremely high and variable during low waters; at the
beginning of the filling phase high densities were regis-
tered, which diminished markedly towards its end. Edible
phytoplankton abundances were similar between low
waters and filling periods (p > 0.05) (Table 3). This frac-
tion remained scarce during the permanence of high
waters, no increases were associated to the second or third
flood pulses and the lowest values occurred during this
period (p < 0.05). Inedible phytoplankton (>30 pum) was
very abundant during low waters and it decreased markedly
in each subsequent hydrological period (p < 0.05). Het-
erotrophic nanoflagellates abundance was maximal during
low waters and values decreased significantly in high
waters (p < 0.05). Although abundances were slightly
higher in the filling phase, no significant differences were
detected when compared with the permanence phase
(p > 0.05). The abundance of total picoplankton (auto-
trophic picoplankton + bacteria) was highest in low
waters, decreased markedly in the filling phase (p < 0.05)
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and increased in the permanence of high waters (p < 0.05).
Bacteria comprised near 80 % of total picoplankton
abundance. The abundances of phytoplankton, picoplank-
ton and heterotrophic nanoflagellates were similar among
sampling sites (p > 0.05) (Table 3).

Microzooplankton was largely dominated by rotifers
and its abundance was extremely high during low waters,
ranging from ~ 2,000 to 25,000 ind L™" (Fig. 4a). During
the filling phase, this group fluctuated markedly with high
values at the beginning (~10,000 ind L™') and then
decreased strongly (~ 1,000 ind Lfl); values were similar
to those of low waters (p > 0.05). During the permanence
period, microzooplankton abundance was low and a slight
increase coincided with the occurrence of the third flood
pulse; the values were lowest during this hydrological
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phase (p < 0.05). Macrozooplankton abundance was very
high at low waters (Fig. 4b), with cyclopoid copepods and
small cladocerans prevailing in the assemblage. The values
decreased sharply in the filling phase (p < 0.05), when
large cladocerans were registered, and were lowest in the
permanence period (p < 0.05). Both micro and macro-
zooplankton abundances were similar among the sampling
sites (p > 0.05).

Free-floating plants were absent during low waters
(Fig. 5). During the filling phase, these colonised littoral
sampling sites and were represented by the species Pistia
stratiotes that reached a percent of cover ~80 % (Fig. 5a).
The scarce plant biomass registered during this phase
shows their very small size (Fig. 5b). By the end of the
filling period, after the occurrence of minimum winter air
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Table 3 Mean values of the abundance of planktonic organisms for
each sampling site (PLef: pelagic-littoral edge with emergent
macrophytes and temporary cover by free-floating plants; Pow:
pelagic open waters; Lef: littoral with emergent macrophytes and

temporary cover by free-floating plants; Lf: littoral temporarily
covered with free-floating macrophytes) and hydrological period and
results of Two-way ANOVA tests and Tukey—Kramer post hoc
comparisons

Hydrological period Site Phytoplankton Phytoplankton HNF (cell mL™") Total picoplankton
<30 pm (ind mL™") >30 pm (ind mL™") (cell mL™h
Low waters PLef 1.2 x 10° (1.8 x 10°;3) 2.8 x 10° (1.5 x 10%;3) 9.0 x 10 (4.7 x 10%3) 4.4 x 10" (1.9 x 107;3)
Pow 1.0 x 10° (1.8 x 10°;4) 3.3 x 10° (2.6 x 10°;4) 5.2 x 10> (3.3 x 10%:4) 3.7 x 10" 2.8 x 10";4)
Lef ND ND ND ND
Lf ND ND ND ND
Filling PLef 7.1 x 10% (7.6 x 10%7) 2.6 x 10* (2.8 x 10%7) 1.9 x 10* (1.2 x 10%7) 2.0 x 10° (1.4 x 105 7)
Pow 32 x 10 (3.1 x 104 7) 1.4 x 10* (1.2 x 104 7) 1.7 x 10° (1.4 x 10%7) 2.2 x 10°(1.6 x 10% 7)
Lef 43 x 10* (6.7 x 10%7) 3.6 x 10° (4.6 x 10°;7) 1.4 x 10> (8.1 x 10%:7) 2.9 x 10° (2.5 x 10% 7)
Lf 6.9 x 10* (9.5 x 10, 7) 2.8 x 10° (2.5 x 10>,7) ND ND
Permanence PLef 5.4 x 10° (3.5 x 10%7) 4.8 x 10*(2.6 x 10%,7) 1.0 x 10° (3.0 x 10%7) 1.2 x 107 (5.3 x 10% 7)
Pow 9.6 x 10°(8.3 x 10%7) 1.8 x 10° (1.1 x 10*,7) 1.1 x 10° (9.5 x 10%7) 5.8 x 10° (2.0 x 10% 7)
Lef 72 x 10° (6.3 x 10%7) 7.8 x 10° 4.3 x 10°;7) 1.0 x 10° (5.1 x 10%;7) 6.9 x 10°(3.0 x 10% 7)
Lf 8.6 x 10° (7.7 x 10%7) 1.5 x 10* (1.4 x 10*,7) ND ND
Two-way Anova a Site p > 0.05 p > 0.05 p > 0.05 p > 0.05
Period p <0.05 p <0.05 p <0.05 p <0.05
Low = Fill > Per Low > Fill > Per Low > Fill = Per Low > Fill > Per
Site x period p > 0.05 p > 0.05 p>0.05 p > 0.05
Two-way Anova b  Site p > 0.05 p > 0.05 p > 0.05 p > 0.05
Period p <0.05 p <0.05 p > 0.05 p <0.05
Fill > Per Fill > Per Fill > Per
Site x period p > 0.05 p > 0.05 p > 0.05 p > 0.05

Standard deviations and number of observations are presented in parentheses

ND no data available, HNF heterotrophic nanoflagellates

temperatures (Fig. 2a), no free-floating plants were regis-
tered. During spring-summer time in the permanence
phase, P. stratiotes gradually re-colonised the lake. By late
summer, all sampling sites were profusely covered (near
100 % of cover, Fig. 5a) with large plants, as reflected by
their elevated biomass (Fig. 5b).

Contrasting warm periods: “low turbid waters”
and “high clear waters”

The described changes in environmental conditions and
biological communities associated to the flood regime refer
to a regime shift in Laguna Grande, from a furbid phyto-
plankton dominated regime in low waters, towards a clear
regime in high waters with emergent and free-floating
plants as dominant primary producers. These marked
changes determined that the warm periods comprised in
this study portrayed contrasting scenarios in the lake
(Fig. 6a), according to the categories shown in Table 1.
The warm period called “low turbid waters” extended
from September 2008 to January 2009 and “high clear
waters” lasted from October 2009 to February 2010 when
considering air temperatures, hydrometric levels and

phytoplankton chlorophyll a concentrations. In the “low
turbid waters” period, the lake turbidity was a consequence
of the extremely high concentrations of phytoplankton
chlorophyll a (mean ~370 pg L™"). A very small portion
of the lake (<1 % of total area) close to its connection with
“El Pescado” lake (Fig. 1) and with deeper waters pre-
sented clear waters. During this period, areas totally or
partially covered with emergent macrophytes were regis-
tered (many of these comprised areas without water in the
surface), free-floating plants were absent and some dry
areas where sediments were exposed or presented terres-
trial vegetation, were also detected (Fig. 6a). In the period
of “high clear waters”, phytoplankton chlorophyll a con-
centration was much lower (mean ~22 pg L™") and both
emergent and free-floating macrophytes with total or par-
tial cover were registered in homogeneous or mixed stands
(Fig. 6a).

The “low turbid waters” period was characterized by
elevated algae biomass, mainly represented by inedible
phytoplankton (>30 um, most colony-forming and fila-
mentous cyanobacteria) (Fig. 6b). In “high clear waters”,
mean phytoplankton biomass was two orders of magnitude
lower (p < 0.05) and, while still dominated by the inedible
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fraction, a slight increase in the proportion of edible algac ~ Discussion

was registered. Mean total zooplankton biomass was one
order of magnitude higher in “low turbid waters” than in
“high clear waters” (p < 0.05) (Fig. 6¢). Microcrustacean
biomass was higher in “low turbid waters” than in “high
clear waters” and a shift from predators dominance (mainly
composed of the cyclopoid copepod Metacyclops mendoci-
nus) to large herbivores dominance (represented by the
calanoid copepod Notodiaptomus incompositus and cladoc-
erans of the genera Acroperus and Ceriodaphnia) was
registered between these periods. The mean biomass of large
herbivores in “low turbid waters” doubled that from “high
clear waters”, but no significant difference was detected
(p > 0.05) (Fig. 6¢c). The ratio between herbivore zoo-
plankton biomass and total phytoplankton biovolume was
very low in both periods (Fig. 6d); the mean value was
smaller in “low turbid waters” than in “high clear waters”,
but no significant difference was detected (p > 0.05). The
same trend was observed when considering only the biovo-
lume of edible phytoplankton for the calculation of this ratio.
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Flood regime and temperature are the principal drivers of
ecosystem processes and dynamics of biological commu-
nities in floodplain environments (Junk et al. 1989;
Tockner et al. 2000). Our results highlight the major
influence of the interaction between these main factors in
determining both the responses of biological communities
and the regime shifts in a warm temperate floodplain lake.

Laguna Grande experienced a marked drought provoked
by scarce precipitation and low discharge of the Parand de
las Palmas River at the initial warm period in 2008-2009,
which coincided with “El Nifio” hydrometeorological
event (Camilloni and Barros 2003). In the absence of flood
pulses, elevated salinity, high temperatures and scarce
nitrogen availability were favorable for the development of
phytoplankton and especially for N-fixing cyanobacteria
(O’Farrell et al. 2011). The concentration of organisms in
the short water column determined extremely high zoo-
plankton abundance, as found in similar environments and
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conditions (Alves et al. 2005; Frutos et al. 2006; Fantin-
Cruz et al. 2011).

The first flood pulse in late summer initiated the filling
of the wetland with flooding of littoral dry areas. Probably,
the high amount of organic matter stored during the
drought period contributed to the release of nutrients to the
water column during the first water pulse. The subsequent
increase in the abundance of most planktonic communities
and the development of free-floating macrophytes showed
the stimulant effect of the flood pulse. Low temperatures
and reduced photoperiod are known to impair the growth of
Pistia stratiotes (Cancian et al. 2009), thus explaining their
limited cover and biomass during this period. The sub-
freezing daily temperatures as those registered from June to
August have harmful effects on these macrophytes
(Dewald and Lounibos 1990) and surely determined their
drop by late winter.

Phytoplankton developed high abundances with a
greater proportion of the edible fraction composed of
smaller algae. This pattern is consistent with previous

investigations in similar systems and it is proposed that the
rapid growth rate of small algae allows them to compensate
dilution and wash-out effects in a more effective way than
larger algae (Garcia de Emiliani 1997; Mihaljevic et al.
2010; Stevi¢ et al. 2013). As free-floating plants exert
negative effects on phytoplankton by shading (de Tezanos
et al. 2007; O’Farrell et al. 2009), their scarcity during this
phase would determine a higher availability of resources
for algae, thus benefiting their growth.

Picoplankton (dominated by bacteria) scarcity during
the filling phase agrees with previous investigations
regarding flooding periods in this and other lakes (de
Huszar and Reynolds 1997; Izaguirre et al. 2010). Bacterial
growth was found to be highly dependent on the avail-
ability of autochthonous organic material (Peduzzi et al.
2008). In this sense, it is likely that a higher contribution of
allochthonous organic matter prevailed during the filling
phase (as a result of decomposing terrestrial material
accumulated during drought), explaining their low abun-
dances. Moreover, as temperature limits the growth of
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bacteria (White et al. 1991), it is plausible that low autumn
and winter temperatures limited their growth during this
period.

Microzooplankton abundance was as high as in the
previous low waters phase, which reflects their ability to
recover from the disturbance caused by floods (Baranyi
et al. 2002; Paidere 2009). Macrozooplankton developed
high abundances during the first months of the filling per-
iod, but the marked decrease compared to the previous
phase reflects their susceptibility to flood conditions (Bar-
anyi et al. 2002; Rennella and Quirds 2006). The increase
in planktonic abundances at early successional stages and
its posterior decline was described in the PEG Model
during colonization and succession in response to the initial
resources availability and its subsequent depletion, as these
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High clear waters

are consumed and incorporated as biomass (Sommer et al.
1986; Lampert and Sommer 1997).

The second and third flood pulses in early spring and
summer, respectively, led to the permanence of high
waters. The onset of this period coincided with the growing
season of free-floating macrophytes. Decreased salinity,
relatively deep waters and sufficient nutrient availability
are required for free-floating plant development (Haller
et al. 1974; Junk and Piedade 1997; den Hollander et al.
1999; O’Farrell et al. 2011), which together with warm
temperatures (near 25 °C) (Cancian et al. 2009), stimulated
their profuse colonization. In contrast, phytoplankton was
very scarce, in accordance with dilution and washing-out
effects provoked by flood pulses (Garcia de Emiliani 1997,
Zalocar de Domitrovic 2003; Mihaljevi¢ and Stevi¢ 2011;
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Stevic et al. 2013) and shading by free-floating plants (de
Tezanos et al. 2007). During this phase, several factors—
driven by floods—accounted for the zooplankton decline:
dilution effects (Baranyi et al. 2002; Rennella and Quirds
2006; José de Paggi and Paggi 2008), decreased food
availability (mainly phytoplankton) (Costa Bonecker et al.
2005) and scarce oxygen concentrations under large free-
floating mats (Fontanarrosa et al. 2010).

Our results show similar findings across sampling sites,
regardless of the macrophyte life forms (without vegeta-
tion, with emergent and/or free-floating macrophytes).
Nevertheless, dissolved oxygen concentrations were low
beneath dense free-floating mats and zooplankton abun-
dances were sometimes enhanced in pelagic non-vegetated
sites. The strong temporal variations associated to the
hydrological fluctuations registered during this study
seemed to be more important in driving environmental and
biological parameters.

Hydrometric variations may determine regime shifts in
floodplain lakes; increased water levels drive shifts from
turbid to clear water conditions (Van Geest et al. 2007,
Loverde-Oliveira et al. 2009; Mihaljevi¢ et al. 2010;
O’Farrell et al. 2011; Mormul et al. 2012). Results from a
10-year study performed in Laguna Grande suggested that
extreme hydrological variations associated to ENSO phe-
nomenon drove the ecosystem shift from a clear regime
with FFP dominance at high waters, towards a turbid one
dominated by phytoplankton at low waters (O’Farrell et al.
2011). Here we report the inverse trajectory determined by
hydrology-driven changes on dominant primary producers.
Warm periods of low waters characterized by enhanced
salinity, depleted nutrients and poor underwater light
caused by high turbidity favored cyanobacteria and
impaired free-floating plants. In this scenario, the domi-
nance of small herbivores (mainly rotifers) and predators
(cyclopoid copepods) (Chaparro et al. 2011) gave a low
grazing pressure on cyanobacteria, as reflected by the low
zooplankton:phytoplankton biomass ratios. In this way,
inefficient grazing by zooplankton and the competitive
advantage of cyanobacteria over other algae and macro-
phytes favored the stability of the “low turbid waters”
regime, provided that environmental conditions do not
change (Scheffer 1998). A different scenario was encoun-
tered in the warm period of high waters, where prevailing
environmental conditions determined that free-floating
plants were at advantage over algae and led to the “high
clear waters” regime. As expected, large herbivore zoo-
plankton were scarce at high warm waters as a
consequence of both dilution and enhanced predation
pressure by planktivorous fishes usually reported for these
seasons (Iglesias et al. 2008, 2011; Havens et al. 2009;
Havens and Beaver 2012). Then, the low ratio zooplank-
ton:phytoplankton biomass reflected a poor ability of

zooplankton to control algae. Under this scenario, the
dilution and washing-out effects determined by flooding, as
well as shading by free-floating plants (de Tezanos et al.
2007) contributed to the maintenance of the “high clear
waters” regime.

Understanding the effects of hydrological fluctuations
on aquatic communities and ecosystem functioning of
shallow lakes is a major and urgent issue (Wantzen et al.
2008; Scheffer and Van Ness 2007), especially under the
current scenario of climate change where prolonged
droughts and floods are predicted (Jentsch et al. 2007,
Williamson et al. 2009). Changes in climate could increase
the risk of abrupt and non-linear changes in many eco-
systems, which would affect their function, biodiversity
and productivity (Tockner and Standford 2002). This is the
case of the community changes described for Laguna
Grande, where a shift from a turbid to a clear regime was
produced as a consequence of a marked water level
increase after a severe drought.

It has been stated that hydrological fluctuations have
major effects on small than in large lakes (Rennella and
Quirds 2006; Wantzen et al. 2008); therefore, it would be
expected that even minor fluctuations may produce
remarkable effects on small lakes. However, it was found
that small lakes are more frequently in the clear vegetated
regime than in the turbid one (Scheffer and Van Ness 2007;
Van Geest et al. 2003), probably due to time required for
macrophyte colonization across a large lake. In this sense,
it was not until summer 2010 (more than a year after the
filling of the lake) that floating macrophytes achieved a
high cover percentage in the analysed sites (Fig. 5) and
chlorophyll a consequently diminished to values in corre-
spondence to clear waters (Tables 2, 3). Our results are
especially relevant for nutrient rich shallow lakes from
warm to warm-temperate climates, where cyanobacteria or
free-floating plants become very abundant (Rodriguez-
Gallego et al. 2004; Bicudo et al. 2007; O’Farrell et al.
2011; Giblin et al. 2014). Notwithstanding, the dominance
by either free-floating plants or cyanobacteria is predicted
to expand even to cooler regions because of climate
warming (Paerl and Huisman 2009; Kosten et al. 2011;
Scheffer et al. 2003; Netten et al. 2011), which is an
undesirable scenario due to their known harmful effects on
water quality, ecosystem functioning and biodiversity,
among others (Paerl et al. 2001; de Tezanos et al. 2007,
Ibelings and Havens 2008; O’Farrell et al. 2009; Fontan-
arrosa et al. 2010). Knowledge on the factors that drive
ecosystems from one regime to another in natural ecosys-
tems, where these communities are native constitutes the
basis for planning successful ecosystems management
(Schooler et al. 2011).

This study highlights the relevance of timing in deter-
mining the responses of biological communities to the
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flood pulses in systems from warm temperate climates.
Floods occurring during colder seasons may constitute an
initial stimulus for both phytoplankton and free-floating
macrophyte growth; however, the latter are impaired by
low sub-freezing temperatures. Nutrient input allows the
development of large phytoplankton populations, which in
turn promote zooplankton growth. Spring and early sum-
mer floods determine optimal conditions for free-floating
plant growth, which expand through the lake and out-
compete phytoplankton. On an inter-annual scale, water
level fluctuations associated to flood dynamics determine
regime shifts at the ecosystem level. The prolonged
absence of floods during warm periods causes environ-
mental conditions favoring phytoplankton leading to the
“low turbid waters” regime. The occurrence of floods early
in the warm season promotes macrophyte growth and the
shift towards a free-floating plant clear regime. Large
herbivores are scarce during floods at warm seasons and
thus, zooplankton grazing on phytoplankton seems to play
a minor role for the maintenance of the “high clear waters”
regime.

Acknowledgments We thank the staff of the Limnology Laboratory
(UBA) and the Reserva Natural Otamendi for their field assistance.
We thank the Servicio Meteorolégico Nacional and the Subsecretaria
de Puertos y Vias Navegables for the meteorological and hydrological
data, and the Comision Nacional de Actividades Espaciales (Argen-
tina) for satellite data. We thank the corrections and suggestions made
by anonymous reviewers and the editor. This study was supported by
subsidies from Agencia Nacional de Promocion Cientifica y Tec-
nolégica (PICT 536) and Consejo Nacional de Investigaciones
Cientificas y Técnicas (PIP 5355), Argentina.

References

Alves GM, Velho LFM, Lansac-T6ha FA, Robertson B, Bonecker CC
(2005) Effect of the connectivity on the diversity and abundance
of cladoceran assemblages in lagoons of the upper Parana river
floodplain. Acta Limnol Bras 17:317-327

APHA (American Public Health Association) (2005) Standard
Methods for the examination of waters and wastewater, 21st
edn. APHA, Washington

Auge M (2004) Vulnerabilidad de acuiferos. Rev Latinoam Hidrogeol
4:85-103

Baigiin CRM, Puig A, Minotti PG, Kandus P, Quintana R, Vicari R,
Bo R, Oldani NO, Nestler JA (2008) Resource use in the Parana
River Delta (Argentina): moving away from an ecohydrological
approach? Ecohydrol Hydrobiol 8:245-262

Baranyi C, Hein T, Holarek C, Keckeis S, Schiemer F (2002)
Zooplankton biomass and community structure in a Danube
River floodplain system: effects of hydrology. Freshwater Biol
47:473-482

Bicudo DDC, Fonseca BM, Bini LM, Crossetti LO, Bicudo CEDM,
Aratjo-Jesus T (2007) Undesirable side-effects of water hya-
cinth control in a shallow tropical reservoir. Freshwater Biol
52:1120-1133

Boschilia SM, Oliveira EF, Thomaz SM (2008) Do aquatic macro-
phytes co-occur randomly? An analysis of null models in a
tropical floodplain. Oecologia 156:203-214

@ Springer

Bottrell HH, Duncan A, Gliwicz ZM, Grygierek E, Herzig A,
Hillbricht-Ilkowska A, Kurasawa H, Larsson P, Weglenska T
(1976) A review of some problems in zooplankton production
studies. Norw J Zool 24:419-456

Bouvy M, Nascimento SM, Molica RJR, Ferreira A, Huszar V,
Azevedo SMFO (2003) Limnological features in Tapacura
Reservoir (Northeast Brazil) during a severe drought. Hydrobi-
ologia 493:115-130

Burks RL, Mulderij G, Gross E, Jones I (2006) Center stage: the crucial
role of macrophytes in regulating trophic interactions in shallow
lake wetlands. In: Bobbink R, Beltman B, Verhoeven JTA,
Whigham DF (eds) Wetlands: functioning, biodiversity conser-
vation and restoration. Springer, Berlin, Heidelberg, pp 37-59

Callieri C, Pinolini M (1995) Photosynthetic efficiency and season-
ality of autotrophic picoplankton in Lago Maggiore after its
recovery. Freshwater Biol 47:941-956

Camilloni IA, Barros VR (2003) Extreme discharge events in the
Parand River and their climate forcing. J Hydrol 278:94—-106

Cancian LF, Monteiro Camargo AF, Gonzaga Silva GH (2009)
Crescimento de Pistia stratiotes em diferentes condicdes de
temperatura e fotoperiodo. Acta Bot Bras 23:552-557

Casatti L, Mendes HF, Ferreira KM (2003) Aquatic macrophytes as
feeding site for small fishes in the Rosana Reservoir, Paranap-
anema River, Southeastern Brazil. Braz J Biol 63:213-222

Castillo MM (2000) Influence of hydrological seasonality on
bacterioplankton in two neotropical floodplain lakes. Hydrobi-
ologia 437:57-69

Chaparro G, Marinone MC, Lombardo R, Schiaffino MR, Guimaraes
A, O’Farrell 1 (2011) Zooplankton succession during extraordi-
nary drought—flood cycles: a case study in a South American
floodplain lake. Limnologica 4:371-381

Chaparro G, Kandus P, O’Farrell I (2013) Effect of spatial
heterogeneity on zooplankton diversity: a multiscale habitat
approximation in a floodplain lake. Riv Res Appl. doi:10.1002/
rra.2711

Chichizola SE (1993) Las comunidades vegetales de la Reserva
Natural Estricta Otamendi y sus relaciones con el ambiente.
Parodiana 8:227-263

Costa Bonecker C, Da Costa CL, Machado Velho LF, Lansac-T6ha
FA (2005) Diversity and abundance of the planktonic rotifers in
different environments of the Upper Parand River floodplain
(Parana State-Mato Grosso do Sul State, Brazil). Hydrobiologia
2005:405-414

de Huszar VLM, Reynolds CS (1997) Phytoplankton periodicity and
sequence of dominance in an Amazonian flood-plain lake (Lago
Batata, Pard, Brazil): Response to gradual environmental change.
Hydrobiologia 346:169-181

de Tezanos Pinto P, Allende L, O’Farrell I (2007) Influence of free-
floating plants on the structure of a natural phytoplankton
assemblage: an experimental approach. J Plankton Res 29:47-56

den Hollander NG, Schenk WI, Diouf S, Kropff MJ, Pieterse AH
(1999) Survival strategy of Pistia Stratiotes in the Djoudj
National Park in Senegal. Hydrobiologia 415:21-27

Deng D, Zhang S, Li Y, Meng X, Wei Y, Yan L, Xiuxiu L (2010)
Effects of Microcystis aeruginosa on population dynamics and
sexual reproduction in two Daphnia species. J Plankton Res
32:1385-1392

Dewald LB, Lounibos LP (1990) Seasonal growth of Pistia stratiotes
L. in South Florida. Aquat Bot 36:263-275

Dumont HJ, van de Velde I, Dumont S (1975) The dry weight
estimate of biomass in a selection of Cladocera, Copepoda and
Rotifera from the plankton, periphyton and benthos of conti-
nental waters. Oecologia 19:79-97

Fantin-Cruz I, Loverde-Oliveira SM, Costa Bonecker C, Girad P, da
Motta-Marque D (2011) Relationship between the structure of
zooplankton community and the water level in a floodplain lake


http://dx.doi.org/10.1002/rra.2711
http://dx.doi.org/10.1002/rra.2711

Response of biological communities to floods in floodplain lakes

from the Pantanal, Mato Grosso State, Brazil. Acta Sci Biol Sci
33:271-279

Fontanarrosa MS, Chaparro G, de Tezanos Pinto P, Rodriguez P,
O’Farrell I (2010) Zooplankton response to shading effects of
free-floating plants in shallow warm temperate lakes: a field
mesocosm experiment. Hydrobiologia 646:231-242

Frutos SM, Poi de Neiff ASG, Neiff JJ (2006) Zooplankton of the
Paraguay River: a comparison between sections and hydrological
phases. Ann Limnol Int J Limnol 42:277-288

Garcia de Emiliani MO (1997) Effects of water level fluctuations on
phytoplankton in a riverfloodplain lake system (Parand River,
Argentina). Hydrobiologia 357:1-15

Giblin SM, Houser JN, Sullivan JF, Langrehr HA, Rogala JT,
Campbell BD (2014) Thresholds in the response of free-floating
plant abundance to variation in hydraulic connectivity, nutrients,
and macrophyte abundance in a large floodplain river. Wetlands.
doi:10.1007/s13157-013-0508-8

Gorski K, Collier KJ, Duggan IC, Taylor CM, Hamilton DP (2013)
Connectivity and complexity of floodplain habitats govern
zooplankton dynamics in a large temperate river system.
Freshwater Biol 58:1458-1470

Haller WT, Sutton DL, Barlowe WC (1974) Effects of salinity on
growth of several aquatic macrophytes. Ecology 55:891-894

Havens KE, Beaver JR (2012) Zooplankton to phytoplankton biomass
ratios in shallow Florida Lakes: an evaluation of seasonality and
hypotheses about factors controlling variability. Hydrobiologia.
doi:10.1007/s10750-012-1357-9

Havens KE, Elia AC, Taticchi MI, Fulton RS (2009) Zooplankton—
phytoplankton relationships in shallow subtropical versus tem-
perate lakes Apopka (Florida, USA) and Trasimeno (Umbria,
Italy). Hydrobiologia 628:165-175

Hillebrand H, Durselen CD, Kirshtel D, Pollingher U, Zohary T
(1999) Biovolume calculation for pelagic and benthic microal-
gae. J Phycol 35:403-424

Ibelings BW, Havens KH (2008) Cyanobacterial toxins: a qualitative
meta-analysis of concentrations, dosage and effects in freshwa-
ter, estuarine and marine biota. In: Hudnell KH (ed) Proceedings
of the interagency, international symposium on cyanobacteria
harmful algal blooms. Advances in Experimental Medicine and
Biology. Springer, New York, pp 675-732

Iglesias C, Goyenola G, Jeppesen E (2007) Horizontal dynamics of
zooplankton in subtropical Lake Blanca (Uruguay) hosting
multiple zooplankton predators and aquatic plant refuges.
Hydrobiologia 584:179-189

Iglesias C, Mazzeo N, Goyenola G, Fosalba C, Teixeira de Mello F,
Garcia S, Jeppesen E (2008) Field and experimental evidence of
the effect of Jenynsia multidentata, a small omnivorous-plank-
tivorous fish, on the size distribution of zooplankton in
subtropical lakes. Freshwater Biol 53:1797-1807

Iglesias C, Mazzeo N, Meerhoff M, Lacerot G, Clemente JM, Flavio
S, Kruk C, Goyenola G, Garcia-Alonso J, Amsinck SL, Paggi
JC, José de Paggi S, Jeppesen E (2011) High predation is of key
importance for dominance of small bodied zooplankton in warm
shallow lakes: evidence from lakes, fish exclosures and surface
sediments. Hydrobiologia 667:133-147

Izaguirre I, Pizarro H, de Tezanos Pinto P, Rodriguez P, O’Farrell I,
Unrein F, Gasol JM (2010) Macrophyte influence on the
structure and productivity of photosynthetic picoplankton in
wetlands. J Plankton Res 32:221-238

Izaguirre I, Sinistro R, Schiaffino MR, Sanchez ML, Unrein F,
Massana R (2012) Grazing rates of protists in wetlands under
contrasting light conditions due to floating plants. Aquat Microb
Biol 65:221-232

Jentsch AJ, Kreyling J, Beierkuhnlein C (2007) A new generation of
climate-change experiments: events, not trends. Front Ecol
Environ 5:365-374

Jeppesen E, Sondergaard M, Sondergaard M, Christoffersen K (1997)
The structuring role of submerged macrophytes in lakes,
ecological studies. Springer, New York

José de Paggi SB (1981) Variaciones temporales y distribucion
horizontal del zooplancton en algunos cauces secundarios del
Rio Parana medio. Stud Neotrop Fauna E 16:185-199

José de Paggi SB (1993) Composition and seasonality of planktonic
rotifers in limnetic and littoral regions of a floodplain lake
(Parana River system). Rev Hydrobiol Trop 26:53-63

José de Paggi SB, Paggi JC (2008) Hydrological connectivity as a
shaping force in the zooplankton community of two lakes in the
Parana River floodplain. Intern Rev Hydrobiol 93:659-678

Jun S, Dongyan L (2003) Geometric models for calculating cell
biovolume and surface area for phytoplankton. J Plankton Res
25:1331-1346

Junk WJ (1997) The Central Amazon floodplain, ecology of a pulsing
system. Springer, Berlin

Junk WJ, Piedade MTF (1997) Plant life in the floodplain with special
reference to herbaceous plants. In: Junk WJ (ed) The Central
Amazon floodplain: ecology of a pulsing system. Springer,
Berlin, pp 147-185

Junk WJ, Wantzen KM (2004) The Flood Pulse Concept: new aspects,
approaches and applications- an update. Proceedings of the
Second International Symposium on the Management of Large
Rivers for Fisheries. FAO and Mekong River Commission, FAO
Regional Office for Asia and the Pacific, Bangkok, Thailand

Junk WJ, Bayley PB, Sparks RE (1989) The Flood Pulse Concept in
river floodplains systems. Proceedings of the international large
river Symposium. Can Spec Publ Fish Aquat Sci 106:110-127

Kosten S, Huszar VML, Becarés E, Costa LS, van Donk E, Hansson
L-A, Jeppesen E, Kruk C, Lacerot G, Mazzeo N, de Meester L,
Moss B, Liirling M, Noges T, Romo S, Scheffer M (2011)
Warmer climates boost cyanobacterial dominance in shallow
lakes. Glob Change Biol 18:118-126

Lampert W, Sommer U (1997) Limnoecology: the ecology of lakes
and streams. Oxford University Press, Oxford

Lansac-Téha FA, Bonecker CC, Velho LFM, Simdes NR, Dias JD,
Alves GM, Takahashi EM (2009) Biodiversity of zooplankton
communities in the Upper Parana River floodplain: Interannual
variation from long-term studies. Braz J Biol 69:539-549

Laurén-Méittd C, Hietala J, Andwalls M (1997) Responses of
Daphnia pulex populations to toxic cyanobacteria. Freshwater
Biol 37:635-647

Loverde-Oliveira SM, Huszar VLM, Mazzeo N, Scheffer M (2009)
Hydrology-driven regime shifts in a shallow tropical lake.
Ecosystems 12:807-819

Marker AFH, Nusch A, Rai H, Riemann B (1980) The measurement
of photosynthetic pigments in freshwater and standardization of
methods: conclusions and recommendations. Archiv Hydrobiol
Beihandlung Ergebnisse Limnol 14:91-106

Meerhoff M, Mazzeo N, Moss B, Rodriguez-Gallego L (2003) The
structuring role of free-floating versus submerged plants in a
subtropical shallow lake. Aquat Ecol 37:377-391

Meerhoff M, Fosalba C, Bruzzone C, Mazzeo N, Noordoven W,
Jeppesen E (2006) An experimental study of habitat choice by
Daphnia: plants signal danger more than refuge in subtropical
lakes. Freshwater Biol 51:1320-1330

Meerhoff M, Iglesias C, Teixeira de Mello F, Clemente JM, Jensen E,
Lauridsen TL, Jeppesen E (2007a) Effects of habitat complexity
on community structure and predator avoidance behaviour of
littoral zooplankton in temperate versus subtropical shallow
lakes. Freshwater Biol 52:1009-1021

Meerhoff M, Clemente JM, Teixeira de Mello F, Iglesias C, Pedersen
AR, Jeppesen E (2007b) Can warm climate-related structure of
littoral predator assemblies weaken the clear water state in
shallow lakes? Glob Change Biol 13:1888-1897

@ Springer


http://dx.doi.org/10.1007/s13157-013-0508-8
http://dx.doi.org/10.1007/s10750-012-1357-9

G. Chaparro et al.

Mihaljevi¢ M, Stevi¢ F (2011) Cyanobacterial blooms in a temperate
river-floodplain ecosystem: the importance of hydrological
extremes. Aquat Ecol 45:335-349

Mihaljevi¢ M, Spoljari¢ D, Stevi¢ F, Cvijanovi¢ V, Kutuzovi BH
(2010) The influence of extreme floods from the River Danube in
2006 on phytoplankton communities in a floodplain lake: shift to
a clear state. Limnologica 40:260-268

Mormul RP, Thomaz SM, Agostinho AA, Bonecker CC, Mazzeo N
(2012) Migratory benthic fishes may induce regime shifts in a
tropical floodplain pond. Freshwater Biol 57:1592-1602

Nestler JM, Baigun CRM, Larry NO, Weber J (2007) Contrasting the
Middle Parana and Mississippi Rivers to develop a template for
restoring large floodplain river ecosystem. Intl J River Basin
Manag 5:305-319

Netten JJC, Van Zuidam J, Kosten S, Peeters ETHM (201 1) Differential
response to climatic variation of free-floating and submerged
macrophytes in ditches. Freshwater Biol 56:1761-1768

Nielsen DL, Hillman TJ, Smith FJ, Shiel RJ (2002) The influence of
seasonality and duration of flooding on zooplankton in exper-
imental billabongs. River Res Appl 18:227-237

O’Farrell I, de Tezanos Pinto P, Rodriguez P, Chaparro G, Pizarro H
(2009) Experimental evidence of the dynamic effect of free-
floating plants on phytoplankton ecology. Freshwater Biol
54:363-375

O’Farrell I, 1zaguirre I, Chaparro G, Unrein F, Sinistro R, Pizarro H,
Rodriguez P, de Tezanos Pinto P, Lombardo R, Tell G (2011)
Water level as the main driver of the alternation between a free-
floating plant and a phytoplankton dominated state: a long-term
study in a floodplain lake. Aquat Sci 73:275-287

Paerl HW, Huisman J (2009) Climate change: a catalyst for global
expansion of harmful cyanobacterial blooms. Environ Microbiol
Rep 1:27-37

Paerl HW, Fulton RS, Moisander PH, Dyble J (2001) Harmful
freshwater algal blooms, with an emphasis on Cyanobacteria. Sci
World 1:76-113

Paggi JC, Mendoza RO, Debonis CJ, José de Paggi SB (2001) A
simple and inexpensive trap-tube sampler for zooplankton
collection in shallow waters. Hydrobiologia 464:45-49

Paidere J (2009) Influence of flooding frequency on zooplankton in
the floodplains of the Daugava River (Latvia). Acta Zool Lit
19:306-313

Peduzzi P, Aspetsberger F, Hein T, Huber F, Kargl-Wagner S, Luef
B, Tachkova Y (2008) Dissolved organic matter (DOM) and
bacterial growth in floodplains of the Danube River under
varying hydrological connectivity. Fundam Appl Limnol Archiv
Hydrobiol 171:49-61

Peel MC, Finlayson BL, McMahon TA (2007) Updated world map of
the Koppen-Geiger climate classification. Hydrol Earth Sys Sci
11:1633-1644

Porter KG, Feig YS (1980) The use of DAPI for identifying and
counting aquatic microflora. Limnol Oceanogr 25:943-948

Quirés R (2003) The La Plata river basin. International basin
development and riverine fisheries. Second International Sym-
posium on the management of large rivers for fisheries (LARS2).
Phnom Penh, Kingdom of Cambodia, 11-14 February 2003

Rennella AM, Quirés R (2006) The effects of hydrology on plankton
biomass in shallow lakes of the Pampa Plain. Hydrobiologia
556:181-191

Robertson Al, Bacon P, Heagney G (2001) The responses of
floodplain primary production to flood frequency and timing.
J Appl Ecol 38:126-136

Rodriguez-Gallego LR, Mazzeo N, Gorga J, Meerhoff M, Clemente J,
Kruk C, Scasso F, Lacerot G, Garcia J, Quintans F (2004) The
effects of an artificial wetland dominated by free-floating plants
on the restoration of a subtropical, hypertrophic lake. Lakes
Reserv Res Manag 9:203-215

@ Springer

Ruttner-Kolisko A (1977) Suggestions for biomass calculations of
plankton rotifers. Arch Hydrobiol Beih Ergebn Limnol 8:71-76

Scheffer M (1998) Ecology of shallow lakes. Chapman and Hall,
London

Scheffer M (2009) Critical Transitions in nature and Society.
Princeton University Press, Princeton and Oxford

Scheffer M, van Ness EH (2007) Shallow lakes theory revisited:
various alternative regimes driven by climate, nutrients, depth
and lake size. Hydrobiologia 584:455-466

Scheffer M, Hosper SH, Meijer ML, Moss B, Jeppesen E (1993)
Alternative equilibria in shallow lakes. Trends Ecol Evol
8:275-279

Scheffer M, Szab¢ S, Gragnani A, van Nes E, Rinaldi S, Kautsky N,
Norberg J, Roijackers R, Franken R (2003) Floating plant
dominance as a stable state. PNAS 100:4040-4045

Schooler SS, Salau B, Julien MH, Ives AR (2011) Alternative stable
states explain unpredictable biological control of Salvinia
molesta in Kakadu. Nature 470:86-89

Silva Busso A, Santa Cruz J (2005) Distribucion de elementos traza
en las aguas subterraneas del partido de Escobar, Buenos Aires,
Argentina. Ecol Austral 15:31-47

Sinistro R, Sanchez ML, Marinone MC, Izaguirre 1 (2007) Experi-
mental study of the zooplankton impact on the trophic structure
of phytoplankton and the microbial assemblages in a temperate
wetland (Argentina). Limnologica 37:88-99

Sommer U, Gliwicz M, Lampert W, Duncan A (1986) The PEG-
model of seasonal succesion of planktonic events in fresh waters.
Archiv Hydrobiol 106:433—471

Stevi¢ F, Mihaljevi¢ M, Spoljari¢ D (2013) Changes of phytoplankton
functional groups in a floodplain lake associated with hydrolog-
ical perturbations. Hydrobiologia. doi:10.1007/s10750-013-
1444-6

Tockner K, Standford JA (2002) Riverine flood plains: present state
and future trends. Environ Conser 3:308-330

Tockner K, Malard F, Ward JV (2000) An extension of the Flood
Pulse Concept. Hydrol Process 14:2861-2883

Unrein F, O’Farrell I, Izaguirre I, Sinistro R, dos Santos Afonso M,
Tell G (2010) Phytoplankton response to pH rise in a N-limited
floodplain lake: relevance of N2-fixing heterocystous Cyano-
bacteria. Aquat Sci 72:179-190

Utermdhl H (1958) Zur vervollkommnung der quantitativen phyto-
plankton-methodik. Mitteil. Verh Int Ver Theor Angew Limnol
9:1-38

Van Geest GJ, Roozen FCJM, Coops H, Roijackers RMM, Buijse
AD, Peeters ETHM, Scheffer M (2003) Vegetation abundance in
lowland flood plain lakes determined by surface area, age and
connectivity. Freshwater Biol 48:440-454

Van Geest GJ, Coops H, Scheffer M, van Nes EH (2007) Long
transients near the ghost of a stable state in eutrophic shallow
lakes with fluctuating water levels. Ecosystems 10:36—46

Wantzen KM, Junk WJ, Rothhaupt K-O (2008) An extension of the
Flood Pulse Concept (FPC) for lakes. Hydrobiologia 613:151-170

White PA, Kalff J, Rasmussen JB, Gasol JM (1991) The effects of
temperature and algal biomass on bacterial production and
specific growth rate in freshwater and marine habitats. Microb
Ecol 21:99-118

Williamson CE, Saros JE, Vincent WF, Smol JP (2009) Lakes and
reservoirs as sentinels, integrators and regulators of climate
change. Limnol Ocenogr 54:2273-2282

Zalocar de Domitrovic Y (2003) Effect of fluctuations in water level
on phytoplankton development in three lakes of the Parana River
floodplain (Argentina). Hydrobiologia 510:175-193

Zar J (1999) Biostatistical analysis, 4th edn. Prentice Hall, New
Jersey


http://dx.doi.org/10.1007/s10750-013-1444-6
http://dx.doi.org/10.1007/s10750-013-1444-6

	Seasonal-dependence in the responses of biological communities to flood pulses in warm temperate floodplain lakes: implications for the ‘‘alternative stable states’’ model
	Abstract
	Introduction
	Materials and methods
	Study area
	Sampling and physico-chemical analyses
	Zooplankton
	Phytoplankton ( greaterthan 2 microm), picoplankton ( lessthan 2 microm) and heterotrophic nanoflagellates
	Free-floating plants
	Satellite imagery
	Data analyses

	Results
	Environmental variables
	Biological communities
	Contrasting warm periods: ‘‘low turbid waters’’ and ‘‘high clear waters’’

	Discussion
	Acknowledgments
	References


