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Abstract We aimed to identify the driver/s of
phytoplankton diversity (gamma, beta, alpha) and
community composition in a Pampean floodplain
wetland (Otamendi), using species and functional
groups. We performed a seasonal regional survey
(2004-2006, phytoplankton regime) across the differ-
ent aquatic systems in the wetland. Gamma diversity
was 254 species. Beta diversity was 2.53 in late spring,
2.49 in winter, and was lowest in summer (2.05) when
the wetland was over flooded. Alpha diversity (mean
richness) ranged between 29 and 50 species. Multiple
regressions showed that phytoplankton alpha diversity
(richness, Shannon—Wiener, evenness, and Simpson
diversity index) responded to dissolved inorganic
nitrogen, suspended solids, light attenuation, and pH.
Nutrients also explained well the distribution of
phytoplankton functional groups. Dissolved inorganic
nitrogen concentrations were usually limiting in the
shallow lakes, whereas phosphate concentration was
always high. Light attenuation was mostly caused by
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high suspended solids and high humic substances. We
also re-analyzed data from a survey performed during
a free-floating plant regime (1998-2000); the dense
macrophyte cover attenuates most incoming light into
the water column. Compared with the phytoplankton
regime, the free-floating plant regime had markedly
lower chlorophyll, lower alpha, higher beta (high
heterogeneity among habitats with and without mac-
rophytes), and similar gamma diversity.

Keywords Phytoplankton - Diversity - Functional
groups - Wetland - Free-floating plants

Introduction

Wetlands of the Pampa region were included in
different zones by Gémez & Toresani (1998), mainly
according to the basins they belong. Considering this
characterization, the Otamendi floodplain wetland is
located in the Parano-Platense zone. The Otamendi
wetland is a RAMSAR site (Convention on Wetlands
of International Importance), which includes very
productive systems characterized by high aquatic and
terrestrial diversity (Revenga & Mock, 2000).

In floodplain wetland ecosystems, the hydrological
pulse is usually a major shaping axis, including floods
seasonality and water level variability (Junk et al.,
1989). The Otamendi wetland has a complex hydro-
logical regime, its aquatic systems are affected by
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rains, sudestadas (strong southern winds typical in the
region), the tides of the estuary of the Rio de la Plata,
and by sub-superficial connection with the Lujan and
Parana rivers (Atlas Ambiental de Buenos Aires,
2010). Strong hydrological changes have occurred in
the last decade in this wetland, related to cyclic
climatologic phenomena (O’Farrell et al., 2011).

Water bodies in this wetland shift between a free-
floating plant and a phytoplankton regime sensu
Scheffer (2009), both in time (O’Farrell et al., 2011)
and space (O’Farrell et al., 2003; Izaguirre et al., 2004;
Chaparro et al., 2014). Field experiments show that
dense free-floating plants mats (>75% cover) generate
a strong decrease in light penetration (>90% attenu-
ation), low oxygen levels, and affect phytoplankton
composition (de Tezanos Pinto et al., 2007). Also,
field experiments mimicking the shading caused by
free-floating plants showed that phytoplankton diver-
sity decreased because of persistent low light (O’Far-
rell et al., 2009).

The Otamendi wetland is characterized by colored
waters, because of a high humic content (Rodriguez &
Pizarro, 2007). This causes strong attenuation of the
incoming light (ca. 60-70% attenuation, de Tezanos
Pinto et al. (2007)), and the prevalence of red
wavelengths (Kirk, 1994). Hence, light availability
in the Otamendi wetland is markedly affected by
patchiness of free-floating plants mats and/or by a high
humic content (Izaguirre et al., 2004). Also nitrogen
may be a limiting nutrient for phytoplankton devel-
opment in this wetland (Unrein, 2001), whereas
phosphorus levels are usually high. Phytoplankton
diversity and composition in this wetland may be
either affected by water level fluctuations, light, and/or
nitrogen availability.

Diversity measures are informative and easy to
interpret when comparing similar environments, and
when applied to a well-defined taxonomical group
(Magurran, 2008). Diversity can be measured at
different scales, providing information at a local scale
(alpha diversity), across communities (beta diversity),
and at regional scale (gamma diversity). Alpha
diversity focuses either on rare species (e g. richness
and Shannon—Wiener diversity index) or on abundant
species (e.g. Simpson index) (Magurran, 2008). Beta
diversity measures how different or similar commu-
nities are along a gradient or between habitats. The
fewer the species shared among communities, the
higher the beta diversity (Wilson & Mohler, 1983).
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Finally, gamma diversity includes all species encoun-
tered in a region (Magurran, 2008).

The assessment of phytoplankton diversity is
usually based on the number of species (e.g., richness)
(e.g., Vyverman, 1996; Garcia de Emiliani, 1997;
Rodrigues Ibafiez, 1998) and abundance (e.g., Shan-
non—Wiener and Simpson) (e.g., Zalocar de Domitro-
vic, 1990; de Melo & Huszar, 2000; Devercelli et al.,
2014). Phytoplankton diversity can also be calculated
in terms of species biomass (Garcia de Emiliani, 1997,
Huszar & Reynolds, 1997; Paidere et al., 2007; Borics
et al., 2012). Very few studies have calculated
diversity using both density and biomass (O’Farrell
et al., 2009). It is unclear if calculating alpha diversity
based on species abundance or biomass results in
similar outcomes.

Another approach to study phytoplankton diversity
is to classify phytoplankton into functional groups
sensu Reynolds et al. (2002), pooling taxa which
respond in similar way to a suite of ecological
conditions into up to 40 groups (coda) (updated by
Padisdk et al., 2009). Functional approaches reduce
system complexity by aggregating species with some
shared role they play in a particular ecosystem
(Simberloff & Dayan, 1991). The functional group
approach sensu Reynolds et al. (2002) has been widely
used as a tool for studying phytoplankton ecology in
lakes, reservoirs, and rivers in multiple geographical
regions (Huszar et al., 2003; Devercelli, 2006;
Sarmento et al., 2006; Abonyi et al., 2012; Izaguirre
et al., 2012).

Although the functional approach has become
popular in phytoplankton ecology, the diversity of
functional groups is rarely analyzed (e.g., Borics et al.,
2012; Palffy et al., 2013). There is increasing evidence
that using diversity measures based on the role of
species in a community can yield a better understand-
ing of community patterns than traditional taxonomic
analyses (Palffy et al., 2013 and cites therein). The
relationship between species richness and functional
group richness can be linear or logarithmic. The latter
would indicate that there is redundancy in function at
high species richness. As the complementarity of the
species increases, the value of functional diversity
becomes more strongly associated with species rich-
ness (Magurran, 2008).

The aim of this study is to identify, in the Otamendi
floodplain wetland, the driver/s of phytoplankton
diversity (alpha, beta, and gamma) and community
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composition of species and functional groups, at spatial

and temporal scales. We also aimed to study the

relationship between (a) species and functional group

richness, (b) each diversity index calculated using

density or biovolume, and species or functional groups.
Our hypothesis and predictions are:

(i) Extreme environmental conditions result in
a decline of species and functional diversi-
ties. We expect lower alpha species and
functional diversities associated with the
free-floating plant regime or very low water
levels.

(i1) A high connectivity among aquatic systems
constrains diversity by flood washing. We
expect lower beta diversities during over-
flow periods.

Materials and methods
Study site

The Natural Reserve of Otamendi (34°10'-34°17’S;
58°48'-58°53’0) is a RAMSAR site (Convention on
Wetlands of International Importance), located in the
Province of Buenos Aires, Argentina. It is delimited by
the rivers Parana de las Palmas and Lujan. The climate
in the region is humid temperate (Juliarena de Moretti,
1982). Winter and summer mean temperatures are 9.5
and 22°C, respectively (Chichizola, 1993). Precipita-
tion occurs throughout the year, with annual means of
950 nm. The aquatic environments in this wetland
include two shallow lakes (Laguna and Pescado), two
relictual oxbow lakes, and a canal. The shallow Lake
Grande is the largest water body (ca. 156 hectares,
average depth is usually <1 m), the shallow Lake
Pescado has a surface of about 39 ha, and the largest
relictual oxbow lake has ca. 17 ha, with average depth
of 0.3-1 m.

The development of free-floating plants can be very
dense, mostly by duckweeds (Lemma L., Azolla Lam.,
Wolfiella Horkerl ex Schleid, Salvinia Seguier and
Ricciocarpus natans L.) and occasionally by water
lettuce (Pistia stratiotes L.). The free-floating plant
cover is variable, as these can be moved by wind
action or killed by freezing temperatures in winter.
Also emergent plants (Schoenoplectus californicus
(C.A. Mey.) Palla, Typha latifolia L., Scirpus

giganteus Kunth, Sagitaria montividensis Cham. &
Schltdl. and Zizaniopsis bonariensis (Balansa &
Poitr.) Speg.) grow in patches. In accordance to the
descriptions of Williamson et al. (1999), the Otamendi
floodplain wetland is an ecosystem of mixotrophic
shallow lakes, characterized by high dissolved organic
carbon and high total phosphorus concentrations.

Field sampling

We performed three regional surveys encompassing
periods with different water levels: late spring (6
December 2004), winter (13 July 2005) and summer
(24 January 2006) in 12 sites across the five aquatic
environments in the wetland (Fig. 1). The sites chosen
were RE in the small relictual oxbow lake (ROL I); RC,
RS and RF in the big oxbow lake (ROL II); S1, S2, S3 in
the shallow Lake Grande (SG); S4 and S5 in the canal
(C) that connects the two shallow lakes in the wetland;
and S6, S7, S8 in the shallow Lake Pescado (SP). Sites
had different dominant vegetations. Throughout the
surveys, RE was completely covered by emergent
plants (S. californicus) while S1, S2, S5, S6, and S8 had
few emergent plants. At the onset of the study, RC and
RS had duckweed cover (Lemna spp.) of 100% and
50%, respectively, whereas in the following samplings
duckweed became scarce or disappeared. Sites S3, S4,
and S7 lacked macrophytes (emergent and free-float-
ing plants) throughout the survey.

In the field we measured, conductivity, pH, and
temperature (HI 991301 Hanna), dissolved oxygen
concentration (HI 9143 Hanna) and photosynthetic
active radiation (LI-193SA, Li-Cor, Lincoln, Neb.,
USA). We also collected samples for assessing
nutrients, suspended solids and humic substances,
and for quantifying phytoplankton chlorophyll a,
density and biomass. In the laboratory, we analyzed
reactive soluble phosphorus following Mackereth
et al. (1978) and ammonium following APHA
(2005). Nitrate concentrations were analzsed with
HACH® reagents using the cadmium reduction
method. For suspended solids, we first filtered the
sample through dried and pre-weighted Whatman GF/
C filter, then dried sediments until constant weight,
and estimated its concentration by subtracting the
weight of the filter with material to the filter without
material. We quantified humic substances from the
absorbance of the sample at 250 nm (Williamsom
et al., 1999).
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For phytoplankton chlorophyll assessment, we first
filtered the samples through fiberglass filters (What-
man GF/F) and stored them in the freezer. Next, we
extracted pigments using hot ethanol (60-70°C) and
measured chlorophyll with a spectrophotometer fol-
lowing Marker et al. (1980). We assessed phytoplank-
ton density using an inverted microscope, following
Utermohl (1958), and then estimated biovolume using
the formulas of Hillebrand et al. (1999) and Jun &
Dongyan (2003). Phytoplankton species were identi-
fied to species and then sorted into functional groups
sensu Reynolds et al. (2002).

We calculated phytoplankton gamma diversity as
the total amount of species encountered in all surveys,
following Magurran (2008) and beta diversity (f5)
following ~ Whittaker  (1960) (B, = (S/a) — 1,
S = total number of the species in the system,
o = average species richness). We measured alpha
diversity («) as richness, Shannon—Wiener index
(H= -=>_ pi ln pi, pi is the relative abundance of
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the species i = ni/N), Evenness (Shannon—Wiener/log
(richness)), and reciprocal Simpson diversity index
(1/D=1/{>"(ni*(ni —1))/(N(N — 1))}, ni is the
density of the species i, N is the total number of
organisms. A high reciprocal Simpson diversity index
value reflects a higher diversity. We calculated all
alpha diversity metrics for species and for functional
groups, in density and biovolume.

We compared the data obtained in the current survey
(2004-2006) with data from a period where the
Otamendi wetland was characterized by a free-floating
plant regime (1998-2000) (Izaguirre et al., 2001; OFar-
rell et al., 2003; Izaguirre et al., 2004). The sites
compared were RT, RC, S1, and S3 (Fig. 1), which in
1998-2000 formed an ecotone from dense free-floating
plants mats (100% cover) to complete absence of
macrophytes. In 2004-2006, however, these four sites
generally remained without free-floating plant cover. The
seasons compared were late spring (18 December 1998),
summer (22 January 1999), and winter (23 July 1999).
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Statistical analyses
Phytoplankton regime (2004—2006)

We used analysis of variance to test for differences in the
alpha diversity indexes among sites (Magurran, 2008)
and the Tukey test for multiple pairwise comparisons. We
tested normality and homoscedasticity. In cases of
heteroscedasticity, we used the tests of Welch, Brown—
Forsythe, and Games—Howell. Bootstrap re-sampling
was also performed. We used the Pearson’s correlation
coefficient (r) to estimate the correlation between
phytoplankton richness of species and of functional
groups (n = 12 sites * 3 samplings = 36). We assessed
bivariate normality using the Shapiro—Wilk test. We
applied model II regression to estimate linear and
nonlinear relationships—Ilog, exponential, potential—
(Sokal & Rohlf, 1995). We also used the Pearson’s
correlation coefficient to estimate the correlation between
diversity indexes calculated: (i) on densities and biovo-
lume and (ii) on species and functional group basis.

We run multiple regression models to assess the
relationships between the different alpha diversity indi-
ces and the environmental variables. For this, we
performed stepwise forward selection, and the signifi-
cantly important predictor variables were only incorpo-
rated in the model. A linear response model was selected
analyzing the length of gradient in a detrended corre-
spondence analysis (DCA) (ter Braak & Smilauer, 2002).
Hence, we used Redundancy analysis (RDA) to find the
relationships between functional groups composition and
the environmental variables. The effects of water level
(high/low) and of floating plants (presence/absence)
were introduced into the models as additional dummy
variables (Zar, 2010). We performed forward selection of
the environmental variables to extract synthetic gradients
that explain the variation in functional group composi-
tion. Significance of the canonical axes was tested using
Monte Carlo permutation of samples (Leps & Smilauer,
2003). For the multivariate analyses, rare functional
groups occurring in less than 5% in all samples were
removed without much influence in the analysis.

Free-floating plant regime (1998-2000)

We re-analyzed the phytoplankton data of a survey run
during 1998-2000 when the wetland was dominated by
free-floating plants. We sorted species into functional
groups, and calculated gamma, beta and alpha (richness,

Shannon—Wiener, Evenness and Simpson) for species
and functional group diversity. We run one-way
ANOVA to compare the mean of the variables between
the free-floating plant and the phytoplankton regimes.

Results
Phytoplankton regime (2004—2006)
Environmental variables

The accumulated rains of the month previous to each
sampling date were 66 mm in late spring, 108 mm in
winter, and 255 mm in summer. In summer the water
level was about 10 cm higher than in all other periods,
and the aquatic systems in the floodplain were
connected by superficial water (flood). The shallowest
environments were the relictual oxbow lakes I and II,
and the shallow Lake Pescado; the deepest sites were
the shallow Lake Grande and the canal (Table 1). The
water temperature was above 22°C in both warm
periods and was approximately 10°C lower in winter.
Mean pH ranged from neutral to basic, and was similar
across environments and sampling periods (Table 1).

Conductivity was high (means between 2347 and
4,297 uS cm™') and markedly changed across sam-
pling periods; the relictual oxbow lake IT had the highest
conductivities (Table 1). Dissolved oxygenranged from
suboxic to anoxic in both relictual oxbow lakes, and the
shallow Lake Grande, but was higher in the canal and
shallow Lake Pescado (Table 1). The concentration of
humic substances was approximately twice higher in the
relictual oxbow lakes than in the shallow lakes system
(Table 1); humic substances were positively correlated
with conductivity (r = 0.86, P = 0.0001). Suspended
solids were about twice higher in the relictual oxbow
lake II and shallow Lake Grande, than in the other
systems (Table 1).

The attenuation of incoming light was higher in the
relictual oxbow lakes than in the shallow lakes system
and markedly changed across samplings (Table 1). In
the relictual oxbow lake I, which was completely and
persistently covered with emergent plants, the sub-
superficial light was at least ten times lower than in the
other environments (mean 37.14 pmol photon
m~> s7") (Table 1).

Phosphate concentrations were always very high
(mean range 864-3,857 pgl1™') and markedly
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Table 1 Main environmental characteristics in the five environments studied in the Otamendi floodplain wetland (sorted by spatial

distribution)

Variables ROL I ROL IT SL Grande Canal SL Pescado
Depth (cm) 245 + 0.7 30.7 + 8.6 50.3 + 21 64.0 + 13.8 316 £ 7.5
pH 7.8 +0.8 8.1 £0.6 83 +0.3 82 £+ 0.1 82 +0.2
Conductivity (uS cm™") 2,803 £ 2,511 4,297 £ 2,106 2,347 £+ 1,164 2,468 + 1,224 2,500 £ 1,216
Dissolved oxygen (mg 17" 35+34 6.0 + 4.5 48 £ 32 7.2+ 0.6 64 +22
Humic substances (Abs.) 31+ 1.8 33+ 14 1.7+ 04 1.5+ 0.3 1.5+ 0.3
Suspended solids (mg 17" 38.3 + 16.8 62.4 + 37.7 69.2 + 105.1 38.8 + 21.8 39.8 + 29.1
Light attenuation (%) 62 + 68 76 + 89 59 £ 77 50 + 86 55 + 81
Phosphate (ug 17") 3,857 £+ 4,431 1,031 £ 1,148 1,107 £ 1,276 694 + 170 864 + 757
Dissolved inorganic N (ng 171 242 £+ 132 246 £+ 174 162 £+ 142 296 + 364 202 £+ 223
Chlorophyll a (pug 1 94.0 + 81.1 89.3 4+ 38.1 72.2 + 46.5 36.1 + 33 36.3 + 28.1

Values represent the mean and standard deviation for the studied period, in each environment. Sites within each system: ROL
I = RE, ROL II = RC, RS and RF, SL Grande = S1, S2, S3, Canal = S4 and S5, SL Pescado = S6, S7, S8

ROL relictual oxbow lake, SL shallow lake

300

250 coooe
2 ‘00000
2 200 PR &
= X
S oot
150 £XY
g .00
g 100 oo’
S *
@ *
50 ¢
*
1 6 11 16 21 26 31 36

number of sites sampled

Fig. 2 Cumulative gamma diversity in the Otamendi wetland
during the phytoplankton regime (2004—2006)

changed across samplings (Table 1). Dissolved inor-
ganic nitrogen (ammonium -+ nitrate) was usually
low, particularly in the shallow lakes system (mean
of 162-296 ug 17"), and markedly changed across
samplings (Table 1). Mean phytoplankton chlorophyll
a ranged between 36 and 94 pg 17" its concentration
markedly changed across samplings (Table 1). Free-
floating plants occurred only in late spring (RC, S1 and
S8 >75% cover, and RS <50% cover) and winter (S1
>75% cover, and RC, S5 and S7 <50% cover),
accounting for 8 of the 36 sampled sites.

Phytoplankton diversity
Gamma diversity for the whole study was 254

phytoplankton species (in 20 functional groups). It
increased with the area and samplings up to sampling
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number 33, after which it leveled off (Fig. 2). Green
algae presented the highest species richness (63),
followed by diatoms (42), cyanobacteria (34), and
euglenoids (22); chrysophytes, cryptophytes, and
xantophytes had 4 species each, and dinoflagellates
only one species.

Beta diversity was similar in late spring and winter
(2.53 and 2.49, respectively), but was lower in summer
when the wetland was flooded (2.05). Regarding alpha
diversity, mean richness ranged between 29-50 spe-
cies and 13-15 functional groups (Table 2). The
average Shannon—Wiener and Simpson indexes cal-
culated on species—in density and biovolume—were
similar; values were lower when calculated using
functional groups (Table 2). Evenness, however, was
similar for species and functional groups, both in
density and biovolume (Table 2). We found absence
of correlation between diversity indexes calculated on
density and biovolume basis (e.g., Shannon—Wiener
index calculated on species densities and biovolume),
but positive and significant correlations for all indexes
calculated on species and functional groups (either on
density or biovolume basis) (r = 0.76-0.86,
P < 0.0001), except for Shannon—Wiener index based
on density (r = 0.34). The shallow lakes system
(Grande, Canal, and Pescado) had higher Shannon—
Wiener index (in density of species) than both relictual
oxbow lakes (P = 0.022).

The linear model was the best fit to the relationship
between phytoplankton species and functional group
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Table 2 Range of phytoplankton mean alpha diversity in the
five aquatic systems of the Otamendi floodplain wetland
measured in species and functional group basis

Diversity

Species

Functional group

Richness

Shannon—Wiener

Evenness

Simpson

29-50

Density: 2.0-3.8
Biovolume: 2.8-3.6
Density: 0.6-0.7
Biovolume: 0.5-0.7
Density: 5.3-8.1
Biovolume: 5.5-7.7

13-15

Density: 2.1-2.5
Biovolume: 2.2-2.7
Density: 0.6-0.6
Biovolume: 0.6-0.7
Density: 3.1-4.2
Biovolume: 3.4-5.3

Table 3 Results of the stepwise multiple regression analysis
for the phytoplankton alpha diversity indexes, in terms of
species and functional groups

Diversity Species Functional
group
Richness (S) S = —NO; + SS (0.55) S = —NO;
(0.34)
Shannon— H density = pH (0.42) H density =
Wiener (H) —NO; (0.42)
H biovolume = H biovolume =
—SS — light —SS — pH
attenuation (0.50) (0.50)
Evenness (J) J = DIN (0.38)
J = —SS — light J = =SS (0.39)
attenuation (0.47)
Simpson (D) D = —NO3;
0.41)
D = —SS (0.41)

Only significant (P < 0.05) predictor variables are included.
Pearson correlation coefficients (r) are given in brackets.
Evenness is calculated using the Shannon—Wiener index

SS suspended solids, DIN dissolved inorganic nitrogen

richness (the greatest r = 0.58 and lowest ANOVAs
residual mean square, P = 0.0001); the slope of the
functional regression was b = 0.11 (95% confidence
limits: 0.05-0.16). The multiple regression analysis
shows that the drivers shaping phytoplankton func-
tional group alpha diversity were dissolved inorgani
nitrogen (DIN), suspended solids, and pH (Table 3).
For phytoplankton species, also light attenuation
drove the diversity response (Table 3). The drivers
shaping phytoplankton diversity (either species or
functional groups) differed depending if phytoplank-
ton was estimated by density or by biovolume
(Table 3). For example, when functional groups were

35
g 30 X1
g 25
e
-‘5 20 X2
S 15
2 Lo
% 10 % S1
© 5 T C
2G1\}éIP KF WAl J MP
10 20 30 40 50

Species richness

Fig. 3 Phytoplankton functional group richness and relative
cumulative abundance (36 samplings) of the 20 functional
groups recorded in the Otamendi wetland during the phyto-
plankton regime (2004-2006). Note that S2 = SN and
E=H=W2

quantified on density, low nitrate was the main driver
for richness, Shannon—Wiener, Evenness, and Simp-
son indexes. Conversely, when functional groups were
quantified on biovolume, the main drivers of Shan-
non—Wiener, evenness and Simpson indexes was
(generally) decreased suspended solids (and pH to a
lesser extent) (Table 3).

Phytoplankton composition

Functional groups with intermediate species richness
displayed higher relative accumulated density
(throughout the study period, 36 samples) than func-
tional groups with or low or high species richness
(Fig. 3). The most important variables explaining the
distribution of the dominant phytoplankton functional
groups densities were related to nutrient (DIN and
phosphate) or light availability (% attenuation of
incoming light, concentration of humic substances and
of suspended solids) (Fig. 4a, b). The functional
group—environment correlation—with the first axis
was 0.8. A high percentage of the functional
group environment relation (66.4%), was explained
by the first two canonical axes. Monte Carlo permu-
tation tests on the first eigenvalue indicated significant
(P = 0.006) relations between the species and the
environmental variables included in the model by
forward selection (Fig. 4a, b).

Functional groups S1 (filamentous non-fixing cya-
nobacteria with thin diameter), SN (filamentous fixing
and non-fixing cyanobacteria with thin diameter), X,
(chrysophytes, small sized, flagellated mixotrophs), and
Y (cryptophytes, unicellular-flagellated mixotrophs)
were related to high phosphate and low DIN

@ Springer
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Fig. 4 Ordination biplot based on redundancy analysis (RDA)
of the dominant phytoplankton functional groups density during
the phytoplankton regime (2004-2006). a Functional groups
ordination. Quantitative environmental variables are indicated
by arrows. High waters, low waters, and free-floating plants

concentrations (Fig. 4a). Conversely, functional groups
C (planktonic diatoms) and MP (benthic diatoms found
in the plankton) were related to high suspended solids
and high DIN, but low phosphate concentrations.
Functional groups M (large cyanobacteria colonies
with gas vesicles), L, (small cyanobacteria colonies
without gas vesicles), Xy (unicellular and small organ-
isms, without flagella), and T (unicellular and elongated
organisms) were related to high humic substances
concentrations and high attenuation of the incoming
light, while F (colonial green algae) showed the
opposite pattern. Light attenuation in the water column
seemed mostly caused by high suspended solids and
high humic substances concentrations (Fig. 4a).

The centroids of high and low water level separate
well the samplings, but not the centroid of free-floating
plants (Fig. 4b). At low water levels (sampling 1) sites
were related to DIN, suspended solids, and humic
substances content. Also, spatial heterogeneity was
high, with the relictual oxbow lakes separated from the
shallow lakes system (Grande, Canal and Pescado)
mostly because of high humic substances concentra-
tion. At higher waters, (samplings 2 and 3) phosphate
characterized the studied sites. During the summer
with high waters—flood—(sampling 3), sites were
similar across the wetland, characterized by high
phosphate and low humic substances concentration. In
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represent the centroid of the points for sites in which they occur.
b Samples ordination. RE = Relictual oxbow lake I; RC, RS,
and RF = Relictual oxbow lake II; S1, S2, S3 = Shallow Lake
Laguna Grande; S4 and S5 = Canal; S6, S7, S8 = Shallow lake
Pescado; de December, jl July, ja January

winter (sampling 2), despite high waters, there was
high spatial heterogeneity, which reflected the actual
spatial ordination of the aquatic ecosystems in the
wetland. The relictual oxbow lakes (in samplings 1 and
2) separated from the shallow lakes system mostly
because of humic substances content and attenuation of
incoming light (Fig. 4b).

Comparison between free-floating plant
(1998-2000) and phytoplankton (2004—-2006)
regimes

Gamma diversity in the free-floating plant
(1998-2000) and phytoplankton (2004—2006) regimes
was similar (Table 4), but the free-floating plant
regime was characterized by more diatoms and less
green algae species (72 diatoms, 36 green algae) than
the phytoplankton regime (36 diatoms, 63 green
algae). All other groups of phytoplankton had similar
contributions among regimes. Beta diversity was
higher in the free-floating plant regime than in the
phytoplankton regime (Table 4), and the opposite
happened for alpha diversity (which was 12-29%
lower for species, and 6-32% lower for functional
groups) (Table 4).

During the free-floating plant regime, mean phyto-
plankton functional group composition markedly
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Table 4 Comparison of phytoplankton gamma, beta, and
mean alpha diversity between the free-floating plant
(1998-2000) and a phytoplankton regime (2004-2006) in the
Otamendi floodplain wetland

Free-floating plant Phytoplankton
Gamma 166 174
Beta
Late spring 1.9 1.2
Winter 1.6 1.3
Summer 1.5 1.1
Alpha
Late spring 31 (12) 35 (13)
Winter 34 (12) 47 (14)
Summer 38 (12) 49 (16)

The sites compared (which coincide in both surveys) are RT,
RC, S1, and S3. During the free-floating plant regime, sites RT
and RC were covered with 100% free-floating plants during the
whole sampling period, whereas S1 was sometimes covered
and S3 never had free-floating plants. All indexes were
calculated using species richness. For alpha diversity, we
also provide—in brackets—the functional group richness

differed in sites with contrasting free-floating plants
cover (Fig. 5). The relictual oxbow lakes (RT and RC),
which were completely covered by free-floating plants,
were dominated by cyanobacteria functional groups, S,
(thin filaments of non-fixing cyanobacteria), Z (pro-
karyotic picoplankton), and K (small cell-sized cyano-
bacteria colonies, and co-dominated by diatoms in
functional group C (plankton diatoms). The shallow
lake Grande (sites S1 and S3), which generally
remained without free-floating plants, was dominated
by X; (small non-flagellated green algae) and sub-
dominated by Y (cryptophytes). During the phyto-
plankton regime functional group composition was
similar in all sampled sites, with dominance of func-
tional groups containing green algae (X1 and X2) and
sub-dominated by functional groups containing cyano-
bacteria (S1 and Lo). Comparing among regimes, the
functional composition in the phytoplankton regime
was rather similar to the composition found in the
shallow Lake Grande (usually without free-floating
plants) during the free-floating regime (Fig. 5).

The one-way ANOVA showed that nitrate was
higher (P = 0.001) and chlorophyll a lower
(P = 0.037) in the free-floating plant regime (means:
304 pg 17" N and 40.9 pg 17! chlorophyll @) than in
the phytoplankton regime (means: 114 pg 17! N and
85 ug 17! chlorophyll a).

Discussion
Phytoplankton regime (2004—2006)

Compared to other similar floodplain ecosystems, the
phytoplankton gamma diversity in the Otamendi
wetland was relatively high (254 species in 36
samples). In the River Parand floodplain (shallow
Lake El Tigre, Argentina), Garcia de Emiliani (1997)
found similar high gamma diversity (218 taxa in 36
samplings). In the Upper Parand River floodplain
(Brazil), Borges & Train (2009) found a gamma
diversity of 366 taxa (112 more species than in our
study), but they sampled more habitats (33 instead of
12 habitats) with a higher sampling frequency (132
instead of 36 samplings). In an Amazonian floodplain
lake (Lake Camaledo, Brazil), Rodrigues Ibafiez
(1998) found a similar gamma diversity (262 taxa)
but in 84 samples. In three floodplain lakes from the
Rivers Parana and Paraguay, Zalocar de Domitrovic
(1990) found much lower gamma diversity than in our
study (88 in Los Pajaros, 78 in Turbia, and 136 in
Catay lakes, in 48 samplings). Finally, in the Sepik-
Ramu floodplain, in Papua New Guinea, the phyto-
plankton gamma diversity was 296 taxa across 26
lakes (Vyverman, 1996) while in our study we found a
comparable diversity in 5 aquatic ecosystems. The
relatively high diversity found in Otamendi floodplain
wetland probably results from a high regional species
“pool,” high disturbance (e.g., changes in nutrient and
light availability and water level fluctuations) and a
high habitat heterogeneity, including connected and
disconnected aquatic environments, and vegetated
(free-floating and emergent) and open water
environments.

Our seasonal surveys captured the regional diver-
sity pool during the studied period. Phytoplankton
species gamma diversity resulted in 20 functional
groups. This value represents 50% of all the phyto-
plankton functional groups (reviewed by Padisdk
et al., 2009). Functional groups, by definition, contain
different numbers of species; for example, codon J can
encompass 100 species while codon SN has a max-
imum of two species (Borics et al., 2012). In our study,
functional groups with very high and low richness
(>30 species in W1, J, and MP or <3 species in SN
and H1) contributed little to the cumulative relative
density. In particular, the high richness in group MP—
benthic species found in the plankton—may occur due
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Free-floating plant regime (1998-2000)
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Fig. 5 Comparison of the mean phytoplankton functional
groups relative abundance during the free-floating plant
(1998-2000) versus the phytoplankton regime (2004-2006).
RT and RC = relictual oxbow lakes, S1 and S3 = shallow Lake

to the frequent sediment re-suspension in the shallow
Otamendi wetland. Group J frequently dominates
phytoplankton in enriched ponds (Reynolds et al.,
2002), but in our study it achieved low relative
densities despite having a high number of species.
Functional groups X1 and X2 were the most dominant,
with 25 and 12 species, respectively. The high
diversity of green algae (sorted in groups X1, X2, J,
F, or G) compared to other phytoplankton groups
probably responds to good light and high nutrient
availabilities in the Otamendi wetland.

The changes in the water level in the wetland were
mostly explained by the accumulated rains (in the
30 days previous to sampling). The period of low
waters evidenced the isolation of habitats across the
wetland (high suspended solids, high dissolved inor-
ganic nitrogen, and high humic substances) and
heterogeneity in the phytoplankton assemblages (high
beta diversity). Conversely, in summer the overflow
caused high connectivity across the wetland’s envi-
ronments. Waters were characterized by high phos-
phate (suggesting its input from land runoff), dilution
(low suspended solids, low dissolved inorganic nitro-
gen, and low humic substances), and similar phyto-
plankton assemblages (lower beta diversity). Our
results agree with those obtained by Borges & Train
(2009) who found the highest values of phytoplankton
beta diversity (higher heterogeneity) in floodplain
lakes of the Upper-Parand during a dry period (La
Nifa), coinciding with low hydrometric levels which
isolated the aquatic environments. The events of high
connectivity—which cause a decrease in beta
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Grande. We only depict functional groups with at least >10%
relative abundance in one (out of 12) sample. The percentages
on the x axis represent the free-floating plant cover during
samplings

diversity (‘‘homogenization effect’”)—are key to keep
long-term high species richness of floodplains (gamma
diversity) (Thomaz et al., 2007).

Alpha diversity was higher in the shallow lakes
system than in the relictual oxbow lakes, likely
because the latter have higher light attenuation (mostly
due to high humic substances content). Alpha diversity
indexes calculated in terms of species or functional
groups rendered high and positive correlations, prob-
ably because there was a linear fit among these
richness classifications. The linear relationship among
these phytoplankton richness classifications suggests
lack of redundancy in the species function for the
Otamendi wetland. The positive relationship between
ecosystem functioning and species richness is often
attributed to the greater number of functional groups
found in richer assemblages (Magurran, 2008). Also,
we found an absence of correlation between diversity
indexes calculated in terms of density or biovolume,
suggesting that species size may play an important role
in the diversity assessment.

The multiple regressions showed in most cases that
low nitrate availability alone, or in combination with
high suspended solid concentration, resulted in higher
phytoplankton functional group diversity. Dissolved
inorganic nitrogen was usually sufficient in the oxbow
lakes, but was potentially limiting phytoplankton
growth in both the shallow lakes (<100 pg1™"' N,
Reynolds, 2006). Phosphate concentration was always
within the range of hypereutrophic systems (OECD,
1982) and showed an inverse relationship with nitrate
concentration. This may explain why low dissolved
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inorganic nitrogen (but no phosphate) enhanced
phytoplankton diversity in this wetland. Attenuation
of the incoming light, which occurred mostly due to
high suspended solids and humic substances concen-
trations, also affected phytoplankton diversity in this
wetland. Because free-floating plant development was
scarce during the phytoplankton regime, they contrib-
uted little to light attenuation.

Comparison between the free-floating plant
and phytoplankton regime

In the free-floating plant regime we found more
diatoms (30 more) and less green algae species (23
less) than in the phytoplankton regime. Schwaderer
etal. (2011) showed that diatoms are low light adapted
organisms while green algae are high light adapted.
Hence, low light availability during the free-floating
plant regime may explain the prevalence of diatoms
over green algae. Despite differences in taxonomic
composition across regimes, the gamma diversity was
surprisingly similar. Beta diversity, however, was
higher in the free-floating plant regime than in the
phytoplankton regime. The higher spatial heterogene-
ity was probably caused by differences in free-floating
plant cover (e.g., differences in light and dissolved
nutrient availability).

Though phytoplankton diversity at regional scale
(gamma diversity) was similar across regimes, local
phytoplankton richness (alpha diversity) was mark-
edly lower in the free-floating plant than in the
phytoplankton regime. The lower alpha diversity
probably reflects the negative effect of the extreme
low light engineered by dense free-floating plant
cover. Indeed, O’Farrell et al. (2009) recorded, in a
field experiment run in the Otamendi wetland, the loss
of 30 phytoplankton species in mesocosms exposed to
permanently low irradiances, compared to better
illuminated mesocosms. In cold temperate ecosys-
tems, Pasztaleniec & Poniewozik (2013) also found
lower alpha diversity (richness and Shannon—Wiener)
in lakes dominated by free-floating plant compared to
lakes without these macrophytes.

During the free-floating plant regime, phytoplank-
ton chlorophyll a was significantly lower than in the
phytoplankton regime. Also, in the free-floating
regime, phytoplankton community composition in
the oxbow lakes (covered by dense mats of free-
floating plants) was characterized by cyanobacteria

and diatoms, which are well adapted to low light
(Schwaderer et al., 2011). Phytoplankton community
composition in the shallow Lake Grande (without
free-floating plants) was mostly composed by green
algae and cryptophytes, and by cyanobacteria of large
dimensions including colonial and filamentous forms.
Green algae show good performance at high light
(Schwaderer et al., 2011) and cryptophytes are capable
of persisting in a wide range of scenarios (Naselli-
Flores & Barone, 2000).

Meerhoff (2006) and Abdel-Tawwab (2006) sug-
gested that the effect caused by free-floating plants on
the ecosystem depends upon the proportion of the
water body covered by them. The free-floating plant
regime was linked to high water levels whereas
phytoplankton dominated in low waters (O’Farrell
et al., 2011) with a poor ability of zooplankton to
control phytoplankton abundance (Chaparro et al.,
2014). Free-floating plant dominance exerts strong
controls on phytoplankton ecology, including bio-
mass, decreases in alpha diversity, prevalence of low
light adapted species within cyanobacteria and dia-
toms, and lower zooplankton biomass (de Tezanos
Pinto & éFarrell, 2014). Global climate change
scenarios predict extreme droughts and rain events,
which would increase the frequency of regime shifts
between phytoplankton and free-floating plants in this
wetland. Such regime shifts would promote changes in
phytoplankton alpha and beta diversity, with less
influence on gamma diversity.

Concluding remarks

Phytoplankton gamma, beta, and alpha diversity were
relatively high in the Otamendi wetland throughout
the studied period. In the absence of free-floating
plants, enhanced phytoplankton diversity occurred at
low nitrate availability; water connectivity also
enhanced beta diversity. In the free-floating plants
regime, alpha diversity was lower and beta diversity
higher than the phytoplankton regime (probably
because of the extreme environment engineered by
plants), though gamma diversity was similar in both
periods.
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