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Abstract Macrophytes and phytoplankton are rec-
ognized as having roles in determining alternative
stable states in shallow lakes and reservoirs, while the
role of periphyton has been poorly investigated.
Temporal and spatial variation of phytoplankton,
epipelon and epiphyton was examined in a shallow
reservoir with high abundance of aquatic macro-
phytes. The relationships between algae communities
and abiotic factors, macrophyte coverage and zoo-
plankton density were also analyzed. Monthly sam-
pling was performed in three zones of the depth
gradient of the reservoir. Two phases of algal dom-
inance were found: a phytoplankton phase and
epipelon phase. The phase of phytoplankton domi-
nance was characterized by high macrophyte cover-
age. Rotifera was the dominant zooplankton group in
all the zones. Flagellate algae were dominant in
phytoplankton, epipelon and epiphyton. Macrophyte
coverage was found to be a predictor for algal
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biomass. Changes in biomass and species composition
were associated with macrophyte cover variation,
mainly the Nymphaea. In addition to the abiotic
factors, the macrophyte coverage was a determining
factor for changes to the algal community, contribut-
ing to the alternation between dominance phases of
phytoplankton and epipelon. The macrophyte—phyto-
plankton—periphyton relationship needs to be further
known in shallow reservoirs, especially the role of
epipelon as an alternate stable state.

Keywords Autotroph interactions - Algal
communities - Macrophyte coverage - Pelagic and
littoral zones - Zooplankton

Introduction

Numerous studies have discussed alternate stable states
in shallow lakes and reservoirs throughout the world
(e.g., Bicudo et al., 2007; Scheffer & van Nes, 2007;
O’Farrell et al., 2011; Tezanos-Pinto & O’Farrell,
2014), including tropical ecosystems (Bicudo et al.,
2007; Kosten et al., 2009). According to Beisner et al.
(2003), the identification of alternate stable states allows
a better understanding of the mechanisms associated
with ecosystem stability and, from a practical point of
view, assists in the elaboration of plans for the
conservation or recovery of shallow lakes. Submersed
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and floating macrophytes and phytoplankton are the
autotrophs most directly associated with alternate
stable states in shallow lakes (Scheffer & van Nes,
2007). Most studies report that macrophytes are the
dominant biomass in the clear water state and phyto-
plankton in the turbid water state, and that the dominant
community has mechanisms to maintain the equilibrium
state (e.g., Sayer et al.,, 2010; Hobbs et al., 2012).
Although macrophytes and phytoplankton play impor-
tant roles in determining alternative stable states, peri-
phytic communities may also make an important
contribution in the functioning of shallow lakes and
reservoirs (Vadeboncoeur & Steinman, 2002; Vadebon-
coeur & Power, 2017). As a component of the food web,
periphyton communities (epiphyton, epipelon) can play
a significant role in primary production in shallow lakes.
Among these, the epipelon seems to contribute signif-
icantly to primary productivity and total biomass
(Vadeboncoeur et al., 2001; Libouriussen & Jeppesen,
2003; Casco et al., 2009). Research has shown that
phototrophic epipelon maintain oligotrophic conditions
due to their capacity for nutrient retention, particularly
of phosphorus, in restored ecosystems (Genkai-Kato
etal., 2012). Other studies have reported that submerged
macrophytes can be shaded by epiphyton, which may
anticipate the beginning of the turbid state in shallow
lakes (Olsen et al., 2015). Thus, the roles of periphytic
communities in the context of alternative equilibrium
states are still relatively unknown, particularly in
tropical reservoirs and lakes.

Regardless of habitat type, algae have different
competitive abilities, which depending on environ-
mental conditions, can result in the coexistence or
competitive exclusion of species in communities
(Passarge et al., 2006). The main relationships between
benthic and pelagic systems involve the deposition of
planktonic material on sediment, resuspension of
epipelic algae and the interception of light and
nutrients in the water column before reaching epipelic
organisms (Schindler & Scheuerell, 2002; Yang et al.,
2009). Studies have shown that phototrophic epipelon
can control the release of phosphorus from sediment to
the water column, which can control phytoplankton
biomass (Liboriussen & Jeppesen, 2003; Genkai-Kato
et al., 2012). Autotrophs have close habitats and can
often overlap, which can increase competition for
resources, especially light and nutrients (Sand-Jensen
& Borum, 1991). Thus, changes in associations
between autotrophs may have consequences for
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ecosystem functioning since it directly affects primary
productivity, nutrient cycling and the web food
(Libouriussen & Jeppesen, 2003; Vadeboncouer
et al., 2003). However, the relationships between
macrophytes, phytoplankton and periphyton (epiphy-
ton, epipelon) are still poorly understood in tropical
lakes/reservoirs, especially when considering pho-
totrophic epipelon (Thomas et al., 2000).

Based on functioning wetland ecosystems, Golds-
borough & Robinson (1996) reported the dominance
and persistence of an algal community in different
equilibrium states. This conceptual model was analyzed
in subtropical lakes of a floodplain, where an algal
community was associated with a limnological state,
such as open and lake states (Cano et al., 2008).
Determining the pattern of alternation between domi-
nance of algal communities may be hampered by the
lack of knowledge about the dynamics of the pho-
totrophic epipelon in shallow lakes (e.g., Liboriussen &
Jeppesen, 2003; Casco et al., 2009). Considering
alteration in algal community dominance due to change
in the equilibrium state (Scheffer, 1993; Goldsborough
& Robinson, 1996), we investigated temporal and
spatial variation in biomass of phytoplankton, epipelon
and epiphyton in a shallow reservoir with high abun-
dance of aquatic macrophytes. We also investigated
abiotic factors, changes in macrophyte coverage and
zooplankton density as factors that could influence
changes in the algal community. Specifically, we
intended to answer the following questions: (i) Can
the biomass of phytoplankton, epipelon and epiphyton
characterize limnological phases in a shallow reservoir?
(ii) Is there the alternation between dominance phases
of phytoplankton and epipelon among limnological
phases? (iii) Are changes in algal communities related
to macrophyte coverage and zooplankton density? The
present study contributes to a better understanding of
competitive interactions among autotrophs, including
phototrophic epipelon, which is among the least
investigated algal communities of lakes and reservoirs.

Materials and methods
Study area
Ninfeias Reservoir is located in the Parque Estadual das

Fontes do Ipiranga (23°38'18.95” S and 46°37'16.3” W)
in the Municipality of Sdo Paulo, State of Sdo Paulo,
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Brazil. The reservoir is a shallow mesotrophic and
polymictic system with a surface area of 5,433 m% a
volume of 7,170 m3, a mean depth of 132 m, a
maximum depth of 3.6 m, and a mean theoretical
residence time of 7 days (Fig. 1, Bicudo et al., 2002).
The reservoir has an extensive littoral region with high
coverage of two macrophytes, a rooted Nymphaea spp.
and a free Utricularia foliosa Linnaeus (Souza et al.,
2015). The dry season is characterized by low air
temperatures and rainfall during the autumn and winter
(April-September), while the rainy season is character-
ized by higher temperatures and rainfall during spring
and summer (October—February). For the rainy and dry
seasons during the study period, the mean monthly air
temperature was 22.3°C and 17.8°C and the accumu-
lated precipitation 894.8 mm and 322.0 mm, in rainy
and dry seasons, respectively (http://estacao.iag.usp.br).

Sampling design

Monthly sampling of water, macrophytes and algae
and zooplankton communities was performed in three
zones of the depth gradient of the reservoir from
January to December 2014: pelagic (2.5-3.5 m deep),

deep littoral (1 to 2 m deep) and shallow littoral
(< 1 m deep). Three samples from each zone, includ-
ing the benthic environment, were collected monthly,
for a total of 108 water samples, 108 sediment samples
and 72 Nymphaea petioles samples. Water samples for
chemical analysis and phytoplankton were collected
with a Van Dorn bottle at three different depths:
subsurface, 1 m (middle) and 3 m (bottom). Water
samples were manually integrated for evaluation of
the whole water column. Sediment sampling of the
first centimeter of sediment (Eaton & Moss, 1966) was
performed using a manual corer sampler (Kajak
collector; acrylic tube with a 7 cm diameter). The
water present in the tube was removed with a hose to
minimize inclusion of planktonic algae in the
epipelon. Surface sediment samples were adjusted to
a constant volume with distilled water. Petioles of
Nymphaea spp. were randomly collected at sampling
sites. The epiphyton was removed from 30 cm length
of the petiole, cut at approximately 5 cm below the
leaf for standardization. We sampled petioles with
leaves of similar size and did not collect young or
senescent plants. Nymphaea petioles were randomly
collected at sampling sites. Epiphyton on U. foliosa

Fig. 1 Sampling sites location on bathymetric map of Ninfeias Reservoir (black squares pelagic zone, gray squares deep littoral zone;
light gray squares shallow littoral zone). Modified from Bicudo et al. (2007)
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stem was sampled when present at sampling sites. In
both macrophytes, epiphyton was carefully removed
by scraping and the use water jets. Total macrophyte
coverage was estimated monthly at sampling sites
using a 1 x 1 m PVC frame containing 100 smaller
squares made with nylon thread (Thomaz et al., 2004).
A single observer performed all macrophyte counts to
standardize quantification. Quantitative analysis of the
zooplankton involved subjecting the samples to nar-
cotization to avoid contraction of the organisms, by
adding carbonated water to saturate the sample with
CO, (Fernando, 2002). The samples were stored in
glass flasks and fixed with 4% formalin. Samples for
quantitative and qualitative analysis of planktonic,
epipelic and epiphytic algae community were col-
lected only bi-monthly at all sampling sites (February,
April, June, August, October and December 2014).
Water transparency (Secchi disc depth), subaquatic
radiation (PAR, photosynthetically active radiation; Li-
Cor LI-250A luximeter), electric conductivity and pH
(Horiba W-23 XD) were measured in field. The
concentration of dissolved oxygen (azide-modification
method), alkalinity (titration method), free CO,, HCO;
(calculated from alkalinity and pH), nitrate (cadmium-
reduction method), nitrite (diazotization method),
ammonium (phenate method), orthophosphate (ascor-
bic acid method), total nitrogen (TN) and total phos-
phorus (TP) (alkaline persulfate method) were
determined according to APHA (2005). The concen-
tration of dissolved nitrogen forms was summed to
determine dissolved inorganic nitrogen (DIN). The
attenuation light coefficient (k) was determined by the
expression k = (Ln(ly)) — Ln(/))/z, where I, is the
radiation at the surface, / is the radiation at a given
depth, z is the depth in meters and Ln is the Neperian
logarithm (Kirk, 1994 apud Padial & Thomaz, 2008).
Chlorophyll-a (corrected for pheophytin) concen-
trations for phytoplankton, epipelon and epiphyton
were determined from subsamples filtered through
glass-fiber filters (GF/F Whatman, Maidstone, UK),
following 24-h extraction with 90% ethanol in the dark
(Sartory & Grobbelaar, 1984). Chlorophyll-a concen-
trations, expressed in mg m 2, of phytoplankton,
epipelon and epiphyton were used to determine the
dominant community (> 50%) in the reservoir. Phy-
toplankton chlorophyll-a (mg Chl-a m™?) was multi-
plied by depth to express area biomass (mg Chl-a m—2),
according to Robinson et al. (1997). Algal counts were
performed under an inverted microscope (Zeiss Axio
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Observer D1 with Axiovision 4.7 software) according
to Utermohl method. Biovolume data of most algae
species were obtained from Fonseca et al. (2014).
Biovolume for the other species was determined using
the geometric shapes described by Hillebrand et al.
(1999). The algae were classified into five groups
according to growth form and the presence/absence of
motility: colonial, flagellated, filamentous, motile
unicellular and non-motility unicellular.

Quantitative analysis of zooplankton was per-
formed in acrylic plate observed under a microscope
with x 50 magnification for Cladocera and Cope-
poda. Counts of Rotifera and Copepoda nauplii were
performed in a Sedgewick-Rafter chamber under an
optical microscope with a magnification of x 100.
The count limit was determined by the rarefaction
curve for the species.

Statistical analysis

Environmental conditions were evaluated using princi-
pal components analysis (PCA) with a covariance
matrix and log-transformed data (x + 1). A PCA was
performed for each of three sampled zones of the depth
gradient of the reservoir (pelagic, deep and shallow
littoral) using PC-ORD 6.0 (McCune & Mefford, 2011).
Pearson correlations between variables and PCA scores
(axis 1 and 2) were obtained (« < 0.5). Autocorrelation
among sampling units and the possible violation of the
assumption of their independence was checked by
analyzing a correlogram generated by the Moran index
with the respective significance of the spatial autocor-
relation index (Legendre & Legendre, 2012). The
analysis was performed in Past 3.20 (Hammer et al.,
2001). Two-way RM-ANOVA was used to detect
significant differences in chlorophyll-a concentrations
of phytoplankton, epipelon and epiphyton among depth
zones and seasons, as well as interactions among factors
(o < 0.05; SigmaPlot 11.0). Permutational multivariate
analysis of variance (two-way PERMANOVA) was
applied to determine the significance of differences in
the taxonomic structure of algal communities
(o = 0.05). This analysis was performed using Bray—
Curtis similarity and 4,999 permutations in PAST 3.01
(Hammer et al., 2001).

The univariate generalized linear model (GLM)
was used to examine the relationships between
chlorophyll-a concentrations of phytoplankton, epi-
pelon and epiphyton and abiotic variables
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(temperature, TN, TP, conductivity, pH, suspended
particulate matter, water-column depth) and two biotic
variables (macrophyte coverage, zooplankton total
density). The variables most associated with variation
in biomass of the algal communities were identified
using GLM (MINITAB Release 14.12.0).

Results
Environmental variables

Limnological conditions in the rainy season were
characterized by the highest values for light at the
subsurface and TN, TP and PO4-P concentrations
(Table 1). The dry season was characterized by the
highest value for light at the bottom, Secchi:Z,,,, ratio
and DIN concentration. The depth of the mixing zone
(Znix) of the pelagic zone varied from 0.5 to 1.5 min the
rainy season and from 1.5 to 3.5 in the dry season. PCA
axis 1 of abiotic variables of the pelagic, deep littoral and
shallow littoral zones explained 71%, 80% and 87.2% of
the total variability of the data, respectively (Fig. 2A—
C). Monte Carlo randomization revealed that the
ordering of axis 1 was significant (P = 0.01). The first
ordination axis of the PCAs of the three depth zones
revealed that most months of the rainy season were
associated with high TN, TP and free CO, concentra-
tions and temperature (Pearson: r > 0.5). In contrast,
the dry season months and some of the late rainy season
were correlated with high pH values (Pearson: » > 0.5).
PCA axis 1 represented seasonal variation in limnolog-
ical conditions in the three studied zones. Temporally,
the highest values for light at the water subsurface were
found in the rainy season in the pelagic and littoral zones
(March and November) (Fig. 2). Light attenuation
varied little in the pelagic zone throughout the year,
which differed from that in the littoral zone, where the
lowest attenuation values were in the dry season (deep
zone: July, shallow zone: May, Fig. 3).

Biological variables

The deep littoral and shallow littoral zones had higher
macrophyte coverage (average 64%) in the rainy
season (Fig. 4A, B). The range of variation in
macrophyte coverage was similar between the deep
and shallow littoral zones (12-81% and 31-86%,
respectively), but average annual coverage was higher

in the shallow zone. Total zooplankton density
exhibited great temporal variation in the three zones
of the reservoir (Fig. SA-C). Higher zooplankton
density was found in June (rainy season) in the pelagic
zone and in January in the deep littoral and shallow
littoral zones. Total density did not differ significantly
among months and zones, but the interaction between
the factors was significant (two-way ANOVA:
P < 0.05). However, there was a significant difference
between the pelagic and shallow littoral zone (Tukey:
P < 0.009) and between the dry and rainy seasons
(Tukey: P < 0.017). Rotifera were the dominant
zooplankton group in the three zones during the study
period (65-97%), with the exception of April, when
Copepoda density increased (46-57%, Fig. SD-F).
Although the densities of the zooplankton groups did
not differ significantly among zones and months, the
interaction between the factors was significant (two-
way PERMANOVA: F = 67.71; P = 0.0001).

In the pelagic zone, the highest phytoplankton
chlorophyll-a was found in the summer (January to
February), while for epipelon chlorophyll-a the high-
est was during the dry season (July) (Fig. 6A). In the
driest and coldest month of the year, the lowest
phytoplankton chlorophyll-a and the highest epipelon
chlorophyll-a were found in the pelagic zone
(Fig. 5A). This condition had no clear effect on the
littoral zone. Phytoplankton and epipelon chlorophyll-
a were higher during the rainy season in both littoral
zones, while epiphyton chlorophyll-a was higher
during the dry season (April) in both zones (Fig. 6C).

The relative contribution of the phytoplankton,
epipelon and epiphyton chlorophyll-a to total photo-
synthetic biomass per area (mg m?) varied seasonally
(Fig. 7A, B). Significant differences were found in the
phytoplankton and epipelon chlorophyll-a between
the dry and rainy seasons and between the pelagic and
littoral zones, while epiphyton chlorophyll-a differed
only difference between seasons (two-way RM-
ANOVA: P < 0.05). The highest relative contribution
of phytoplankton chlorophyll-a for total photosyn-
thetic biomass in the reservoir occurred in the rainy
season (55% to 67%). In contrast, epipelon chloro-
phyll-a had its greatest contribution to the total
photosynthetic biomass in the dry season (55% to
93%). The highest relative contribution of epiphyton
chlorophyll-a was detected in dry season, but this
contribution was always lower than the other
communities.

@ Springer
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Significant relationships between the biomass of
phytoplankton, epipelon and epiphyton and predictor
variables are shown in Table 2. The variables TP, TN
and particulate matter were predictors for phytoplank-
ton chlorophyll-a in the pelagic zone, while water
transparency was the only predictor for epipelon
chlorophyll-a. Phytoplankton chlorophyll-a was sig-
nificantly correlated to macrophyte coverage, TP and
TN concentrations in the deep littoral and shallow
littoral zones. Epipelon chlorophyll-a was better
explained by macrophyte coverage and epiphyton

@ Springer

chlorophyll-a was better explained by macrophyte
coverage and conductivity in the littoral zones.
Considering groups based on growth forms, flagel-
lated algae were dominant (57 to 94%) in phytoplank-
ton in the three zones throughout the study period,
with the exception of June when non-motile unicel-
lular algae dominated (Fig. 8 A). For epipelon, flagel-
lated algae were dominant in pelagic zone in both
seasons. Colonial algae were predominant during the
dry season in deep littoral and shallow littoral, while
the filamentous algae increased during the rainy
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Fig. 5 Zooplankton total density and groups’ relative density at the pelagic and littoral zones during the study period

season in both zones (Fig. 8B). For epiphyton, non-
motile unicellular algae were predominant during the
rainy season at the deep littoral and shallow littoral
zones. Although non-motile unicellular algae were
abundant during the dry season, there was an increase
in motile unicellular forms, mainly at the beginning of
the season (Fig. 8C). The descriptor species in the
phytoplankton and periphyton (epipelon and epiphy-
ton) and their respective growth forms are shown in
Table 3.

Discussion

Our results showed the spatial and temporal variation
in algal biomass for periphyton (epipelon, epiphyton)
and plankton, but no covariation. The highest phyto-
plankton biomass, for all three zones of the reservoir,
was found in the rainy season, while that for epipelon
and epiphyton occurred in the dry season. In addition
to the high macrophyte coverage, the environmental
condition in the rainy season were characterized by
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Fig. 6 Phytoplankton,
epipelon and epiphyton
chlorophyll-a at the pelagic
and littoral zones during the
study period
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high N and P availability in the whole reservoir, while
the opposite was found in the dry season. Thus, two
limnological phases were found throughout the course
of the year: a phase with phytoplankton dominance in
the rainy season and a phase with epipelon dominance
in the dry season. Water transparency, particulate

OPhytoplankton & Epipelon Epiphyton

matter, TP and TN were predictors of phytoplankton
biomass in the reservoir, as observed in previous
studies (e.g., Fonseca & Bicudo, 2011). In the littoral
zone, our findings showed a significant relationship
between macrophyte coverage and epiphyton bio-
mass, which, according to previous studies, is due to
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the dominance of Nymphaea spp. which can signifi-
cantly shade the community (e.g., Pellegrini &
Ferragut, 2018). For epipelon, water transparency
was a predictor for algal biomass in the pelagic zone,
while macrophyte coverage was the important predic-
tor in the littoral zone. Vadeboncoeur et al. (2014)
considered light availability to be the main factor
structuring epipelon in temperate lakes of all sizes.

Fig. 8 Relative density of the growth forms of the planktonic, »
epipelic and epiphytic algae at the pelagic and littoral zones
during the study period

Other studies of temperate lakes found the greatest
contribution of epipelon during conditions of low
nutrient concentration, high light penetration and low

Table 2 Generalized linear model (GLM) results for chlorophyll-a concentrations (log-transformed) of phytoplankton, epipelon and

epiphyton
Predictors Phytoplankton Epipelon
Coeff. t-value P Coeff. t-value P

Pelagic zone
Temperature 0.05 1.07 0.29 - 6.19 - 1.19 0.24
Particulate matter 0.05 2.61 0.01 — 244 — 1.00 0.32
Conductivity 0.00 —0.24 0.81 1.63 1.69 0.10
pH - 025 —0.50 0.62 31.46 0.52 0.61
CO, —0.03 - 1.12 0.27 3.28 0.91 0.37
TP 0.02 3.85 0.00 —0.35 — 0.46 0.65
TN 0.00 —2.09 0.04 0.02 0.75 0.46
Light 0.00 0.88 0.39 0.12 0.77 0.44
Water transparency 0.12 0.48 0.64 — 63.16 —2.11 0.04
Depth —0.13 — 0.67 0.50 15.21 0.65 0.50
Zooplankton density (*) 0.03 0.37 0.71 - 193 —0.18 0.86
Proportion of variance explained (R?) 79.27% 44.49%
n 36 36

Predictors Phytoplankton Epipelon Epiphyton

Coeff. t-value P Coeff. t-value P Coeff. t-value P

Littoral zone
Temperature 0.02 0.40 0.692 — 4.00 — 074 0465 —-0.08 —0.11 0916
Macrophyte coverage 0.00 227 0.028 0.40 2.03 0.048 0.05 1.94 0.049
Particulate matter 0.04 1.75 0.087 —2.87 —1.15 0257 0.16 0.5 0.621
Conductivity 0.00 —-029 0.770 1.30 1.43 0.158 0.27 2.29 0.027
pH —049 —093 0357 40.66 0.64 0524 —-9.73 —1.17 0.247
CO, —-004 —129 0205 3.70 1.01 0317 —-053 —111 0271
TP 0.03 4.76 0.000 — 0.17 — 021 0.831 0.00 —0.02 0985
TN 0.00 — 215 0.037 0.02 0.87 0.390 0.00 — 042 0.678
Light —0.06 —071 0479 0.02 0.01 0.996 0.63 1.26 0.213
Water transparency 0.09 0.32 0.748 —39.32 —1.22 0230 277 0.65 0.517
Depth —036 —148 0.146 2237 0.94 0352 —-306 —098 0333
Zooplankton density (*) —-002 —-027 0791 0.63 0.06 0954 —-095 —0.66 0510
Proportion of variance explained (R 81.63% 23.9% 57.97%
n 72 72 72

*Log-transformed data
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Table 3 Relative biovolume of the most representative descriptors species (> 20% of total biovolume) during study period

Community Species Life Pelagic Deep Shallow
forms zone littoral zone littoral zone
Rainy Dry Rainy Dry Rainy Dry
Phytoplankton Chromulina sphaerica Bachmann Fla 13 0 3 0 1 0
Discostella stelligera (Cleve & Grunow) Houk & Klee UNM 2 32 2 30 1 2
Mallomonas spp. Fla 0 37 0 58 9 48
Peridinium gatunense Nygaard Fla 19 21 0 2 8 1
Peridinium umbonatum Stein Fla 21 3 20 3 43 18
Pseudokephyrion hypermaculatum Ettl Fla 13 0 23 0 18 0
Epipelon Aphanocapsa grevillei (Berkeley) Rabenhorst Col 0 0 1 1 41 28
Coelastrum cruciatum Schmidle Col 0 0 13 13 0 0
Cosmarium margaritatum (P. Lundell) J. Roy & Bisset Col 0 0 0 11 0 0
Discostella stelligera (Cleve & Grunow) Houk & Klee UNM 5 16 24 12 3 2
Pinnularia divergens W. Smith UM 0 0o 27 0 0 0
Pinnularia viridis (Nitzsch) Ehrenberg UM 33 29 0 9 0 0
Stauroneis phoenicenteron (Nitzsch) Ehrenberg UM 22 35 0 23 17 41
Trachelomonas volvocina (Ehrenberg) Ehrenberg Fla 16 6 1 1 1 0
Trachelomonas volvocinopsis Svirenko Fla 10 3 0 0 1 0
Epiphyton Cosmarium contractum O. Kirchner UNM 19 4 11 4
Cosmarium margaritatum (P. Lundell) J. Roy & Bisset UNM 57 36 20 3
Eunotia flexuosa (Brébisson ex Kiitzing) Kiitzing UNM 2 3 9 0
Eunotia sudetica Otto Miiller UNM 5 15 11 13
Frustulia crassinervia (Brébisson ex W. Smith) Lange- UM 3 29 12 47
Bertalot & Krammer
Spirogyra spp. UNM 0 0 8 0

Col colonial, Fil filamentous, Fla flagellate, UNM unicellular no-motility, UM unicellular motility

abundance of macrophytes (Libouriussen & Jep-
pensen, 2003; Cano et al., 2008; Genkai-Kato et al.,
2012), as presently evidenced. Although different
predictors were found for phytoplankton, epipelon and
epiphyton biomass, the macrophyte coverage was a
common predictor of all three communities in the
littoral zones. In the studied reservoir, the dominant
macrophyte Nymphaea spp. has large and broad
leaves, which promotes strong shading, especially
during the rainy season when cover can reach almost
100%. Previous studies have reported that macrophyte
communities can influence phytoplankton (Fonseca &
Bicudo, 2011) and epiphyton structure (Pellegrini &
Ferragut, 2018). Therefore, water transparency and
macrophyte coverage assume an important role in
temporal changes of algal biomass in different habitats

@ Springer

and should influence the change in phytoplankton and
epipelon dominance.

Considering the classical theory of alternate
stable states for shallow lakes, a gradual reduction in
macrophyte abundance may be associated with an
increase in phytoplanktonic biomass (Scheffer et al.,
1993). Our findings showed the greatest phytoplank-
ton biomass in the period with the greatest macrophyte
coverage, that is, there was a positive relationship
between the two communities, as also observed in
previous studies (Casartelli & Ferragut, 2015). In
general, alternate stable state is evaluated in lakes
where there is a predominance of submerged macro-
phytes (e.g., Libouriussen & Jeppessen, 2003; Kosten
et al., 2009; Hobbs et al., 2012). In tropical ecosys-
tems, the role of free floating macrophytes in deter-
mining alternate stable states has been demonstrated in
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wetland lakes (O’Farrell et al., 2011; Tezanos-Pinto &
O’Farrell, 2014) and a eutrophic reservoir (Bicudo
et al., 2007). However, Nymphaea, which is a rooted
plant with large floating leaves, is the dominant
macrophyte in the present reservoir. In addition,
periods of lower macrophyte coverage and phyto-
plankton biomass may have favored the further
development of epipelon and epiphyton, which should
play a role in determining a steady state in shallow
lakes. According to a review study, the macrophyte
community composition seems to influence the
dynamics of shallow lakes and, consequently, the
associated algal communities (Hilt, 2015).

The high relative density of flagellated algae in the
phytoplankton, epipelon and epiphyte structure shows
that motility is an important survival strategy in the
studied reservoir, particularly by the high Nymphaea
cover, which can promote strong shading. The pres-
ence of flagellum confers motility to the algae, making
it possible to search for better conditions in the water
column, especially dissolved nutrients (Sommer,
1988). The presence of the flagellum is an important
feature for algae in the sediment (Poulickova et al.,
2014). In phytoplankton, the flagellates Peridinium
umbonatum F. Stein, P. gatunense Nygaard, Pseu-
dokephyrion hypermaculatum Ettl and Chromulina
sphaerica Bachmann were the descriptor species of
higher biomass in the rainy season and, Mallomonas
spp. and P. umbonatum during the dry season. These
species of Chrysophyceae and Dinophyceae are
mixotrophic (Jansson et al., 1996; Olrik, 1998), which
is a competitive advantage for resources. In addition,
unicellular species with motility increased the contri-
bution to structure, especially the large raphid diatoms
(Pinnularia viridis (Nitzsch) Ehrenberg, P. divergens
W. Smith and Stauroneis phoenicenteron (Nitzsch)
Ehrenberg) in the epipelon in the three zones in both
seasons. The presence of motile epipelic algae may be
associated with physical characteristics of the sedi-
ment (Jones et al., 2014), as well as the amount of
mucilage excreted by the algae (extracellular poly-
meric substance, EPS (Smith and Underwood, 2000).
Although Cosmarium contractum O. Kirchner and C.
margaritatum (P. Lundell) J. Roy & Bisset were very
representative in the epiphyton structure, there was
high contribution of flagellate and unicellular species
with motility. Thus, environmental conditions favored
the participation of flagellate species in algal commu-
nities of different habitats.

Our results indicated weak relationship between
total zooplankton density variation and algal commu-
nities. Thus, zooplankton appears to exert weak
grazing pressure on algal communities in the pelagic
and littoral zones, particularly in the phytoplankton
dominance phase (rainy season). However, the decline
of phytoplankton coincided with increased density of
Copepoda and Cladocera species mainly in the pelagic
zone, suggesting a potential influence by the grazers.
Rotifers were the dominant zooplankton group in most
of the months in the three zones of the reservoir,
except in April when Cladocera and Copepoda
increased. According to Santos et al. (2018), Pol-
yarthra vulgaris Carlin, 1943 is an important species
for the Rotifera structure in the Ninfeias Reservoir.
Although abundant in pelagic waters without vegeta-
tion, this species is a raptorial rotifer commonly plant-
associated and has morphological characteristics and
food habit that confers little or no impact on the
phytoplankton (Iglesias et al., 2007). In relation to the
ichthyofauna, low fish abundance was a characteristic,
and the predominant species is detritivorous feeding
habits [Geophagus brasiliensis (Quoy & Gaimard,
1824)] and the second most abundant species is
predator with a diet of fish [Hoplias malabaricus
(Bloch, 1794)] (Castro et al., 2018). Therefore, our
results suggest that the top-down effect should not be
significant in the studied reservoir, and that herbivory
was not a determining factor in the dynamics of algal
communities.

Considering the existence of a tenuous threshold
between algal communities in aquatic ecosystems
(Margalef, 1983), phytoplankton sedimentation can
occur and consequently overestimate the epipelic algal
biomass (Yang et al., 2009), which may have a close
relationship with other communities (Cano et al.,
2016). On the other hand, physical disturbances (e.g.,
precipitation, wind, water-column mix) may cause
detachment of epiphytic or epipelic algae (Goldsbor-
ough & Robinson, 1996), which may overestimate
phytoplankton biomass. Therefore, a structural and
biomass overlap between algal communities must
certainly exist and should not be ignored, but joint
community assessment is necessary. According to
Liboriussen and Jeppesen (2006), the integrated
assessment of key primary producers in lentic waters
allows for a more holistic view of ecosystem func-
tioning, which can significantly improve our under-
standing of lake dynamics.
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In short, we evidenced two phases of algal domi-
nance: phytoplankton and epipelon phases. Our find-
ings showed that phytoplankton dominance phase was
characterized by high macrophyte coverage, which
contrasts with that expected by the alternate
stable state for shallow lakes (Scheffer et al., 1993).
Thus, clear phase was characterized by the high
abundance of rooted macrophytes, Nymphaea, and
phytoplankton biomass and the turbid phase by the
greater epipelon and epiphyton biomass. Changes in
biomass and species composition of the algal com-
munities were associated with the macrophyte cover
variation, mainly the rooted macrophyte Nymphaea.
This environmental scenario favored a high abun-
dance of algae species with locomotion structure in
phytoplankton, epipelon and epiphyton, as well as
weak grazing pressure by zooplankton on algae
communities. We conclude that, in addition to the
abiotic factors (light and nutrients), the macrophyte
coverage was a determining factor for algal commu-
nity changes, contributing to the alternation of phyto-
plankton and epipelon dominance phases. Finally, the
relationship between macrophyte—phytoplankton—pe-
riphyton needs to be better investigated in shallow
reservoirs, especially the role of epipelon on alternate
stable states.
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