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Abstract We investigated the main structuring
forces driving epiphytic algae dynamics with wind
disturbances and zooplankton grazing acting as poten-
tial stressors by inducing a natural 60-day epiphyton
summer succession. We cleaned macrophytes in the
subtropical shallow Mangueira Lake, southern Brazil,
using soft sponges and sampled them randomly at
short-term intervals. Simultaneously, we sampled and
classified zooplankton from the littoral zone according
to their particle ingestion size. Disturbance by wind
was the main factor driving the epiphyton succession.
Tightly attached diatoms were well adapted to the
system’s high mean wind velocity (15 m s~ '), whereas
low wind velocity (<7 m s™') reduced community
diversity. Summer storms (46.7 mm of precipitation;
29.5 m s~ wind velocity) caused phosphorus input
and favored prostrate diatoms. Epiphyton was very
productive (8028.8 mg C m~2 h™"), consistent with a
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heterogeneous community. Small rotifers and ciliates
were abundant in the water column during the study.
Our data indicate that rotifers as well as other
zooplankton grazed on epiphyton, due to the positive
correlation between algal diversity and rotifer abun-
dance as well as between diatom and zooplankton
biomasses, whereas Copepods and Cladocerans fol-
lowed large motile diatoms in abundance. We con-
clude that epiphyton is an important food source for
zooplankton in Mangueira Lake.

Keywords Diatoms - Growth form - Primary
production - Succession - Storm - Wind

Introduction

Attachment strategies and algal growth forms have
been used to assess ecological traits in running waters,
and correspond strongly to adaptations to resources
(Passy, 2007; Lange et al., 2011; Berthon et al., 2011)
and to physical disturbances (Schneck & Mello 2012).
During succession, temporal changes in dominant
growth forms are often related to changes in commu-
nity resources (Passy, 2007; Kelly et al., 2009), and the
use of growth forms can supply valuable information
about the structure of the biofilm (Rimet & Bouchez,
2011). However, the use of growth forms for under-
standing ecological adaptations of benthic algae is still
poorly realized in lentic environments (DeNicola &
Kelly, 2014).
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Colonization of clean substrata involves the for-
mation of an organic biofilm followed by the passive
settlement of cells with subsequent increases in
abundance arising via reproduction as r-strategists
(Szlauer-Lukaszewska, 2007). Species growth occurs
by a sequence defined in time and space leading to the
development of a complex community in a mature
state (Hoagland et al., 1982; Biggs, 1996; Stevenson,
1996). The succession is determined by complex
interactions between abiotic and biotic factors such as
light, grazing, temperature, and water chemistry
(Patrick & Reimer, 1966; Stevenson, 1996); habitat,
substrate availability, and reserve of propagules of
species (Hutchinson, 1975; Peterson & Stevenson,
1992); and species-specific traits (e.g. resource com-
petitiveness; Ferragut & Bicudo, 2010). Successional
stages vary with environmental factors, trophic state,
substrata exposure times, and disturbances (Szlauer-
Lukaszewska, 2007; Rodrigues dos Santos & Ferragut
2013). Thus, the availability of resources, such as light
and nutrients, are regulatory factors that can redirect
the successional trajectory on a local scale (Ferragut &
Bicudo, 2010).

Shallow lakes have high potential for development
of attached algae (Wetzel, 1990), as they possess large
and well-lit areas and a diverse variety of submerged
substrates for algal growth (Lowe, 1996; Liboriussen
& Jeppesen, 2006), such as sediment (epipelon),
stones (epilithon), and macrophytes (epiphyton). The
size, shape (Wehr & Sheath, 2003), and hydrodynam-
ics of coastal shallow lakes directly affect their
physical and chemical properties (Scheffer, 1998). In
subtropical shallow lakes with wind-driven hydrody-
namics, which cause intense water circulation, the
water column is not stratified (Cardoso et al., 2012).
Furthermore, Cardoso & Motta Marques (2004) noted
particular zooplankton species associated with the
effects of fetch in the lake. Besides the effects of wind
action, littoral zones of shallow depths are exposed to
wave action and high irradiances (Cantonati & Lowe,
2014). Moreover, the littoral community suffers
intense changes in response to nutrient inflow and
water level due to rain, watershed, and river flow
(Rimet et al., 2015). Disturbance events affect com-
munity structure (Peterson & Stevenson, 1992), and
the presence, frequency, and intensity of such distur-
bance events are more important than their origin
(Sommer et al., 1993). Disturbance intensity affects
community diversity (Acs & Kiss, 1993) and also
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emphasizes the importance of refuges for stream
benthic algae (Schneck & Mello, 2012), protecting
organisms from disturbance, which act as areas with
reduced flow (Lancaster & Hildrew). Refuge and
propagule availability will determine the community’s
ability to recover (Lake, 2000). In a subtropical shallow
lake, Cardoso & Motta Marques (2004, 2009) showed
that phytoplankton and zooplankton community
changes were strictly related to wind action in the
pelagic zone, and the littoral zone may act as a refuge
for benthic organisms reducing wind action. On the
other hand, wind action in the littoral zone was also
shown to model the attached community, selecting
them by their adaptations (Faria et al., 2015; Rimet
et al., 2015, 2016). However, disturbance effects still
remain poorly understood, particularly in terms of
establishment of equilibrium states and non-equilib-
rium theories (Lengyel et al., 2014).

Benthic algae are an important source for whole-
lake primary production in shallow lakes (Vadebon-
coeur et al., 2008) and depend not only on light but
also on the morphometry of the lake (Ask et al., 2009).
In general, benthic algae are a quality food resource
for many consumers (McCormick et al., 2001). In
Mangueira Lake, the food web is sustained by
autochthonous carbon and in addition to macrophytes,
epiphyton plays an important role in nutrient cycling
and storage, with consequences for zooplankton and
fish biomasses, as observed by Rodrigues et al. (2014)
using isotopic signatures and stomach contents. In
summer, high temperatures and low nutrient supplies
as well as high grazing rates limit phytoplankton
growth (Fragoso et al., 2011). Zooplankton biomass in
the pelagic zone of the southern part of Mangueira
Lake showed temporal variability following the phy-
toplankton successional rates, but large-bodied zoo-
plankton were not related to phytoplankton
composition and abundances (Rosa et al., 2016),
hence we assumed that epiphyton could act as the
principal carbon supply for the community.

In this study, we investigated epiphytic algae
development and their autogenic processes, such as
algal nutrient content and primary production, in their
natural environment in order to understand the main
structuring forces driving epiphytic algae dynamics.
During summer, we monitored a 60-day epiphytic
algal succession on natural macrophytes in Mangueira
Lake. We examined the following: (1) whether
nutrients and/or disturbances are the main factors
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driving natural epiphyton succession; (2) whether a
positive connection between primary production and
grazer abundance as well as between zooplankton and
epiphytic algae growth forms exists, indicating that the
epiphyton community is structured by zooplankton
grazing; and (3) whether high primary production is
connected with high zooplankton abundance, which
would suggest that epiphyton is an important food
source for zooplankton.

Materials and methods
Study area

Mangueira Lake is located in southern Brazil on a
narrow strip of land between the Atlantic Ocean and
Mirim Lake (Crossetti et al., 2013). This coastal lake
ranges from oligo- to mesotrophic conditions and
covers approximately 820 km?. It is 90 km long and
3-10 km wide and the average depth is 3 m
(Znax = 6 m) (Cardoso et al., 2012). The lake is
under continuous wind influence, with predominantly
NE-SW winds during the summer.

Field and laboratory procedures

Wind (velocity and direction) and precipitation data
were obtained from Santa Vitoria do Palmar Meteo-
rological Station (maintained by INMET, the National
Meteorological Institute) from 13 January to 18 March
of 2012, three times per day (12 am, 12 pm, and
6 pm), to describe the summer wind and precipitation
patterns as well as to evaluate their disturbance
potential.

We conducted the experiment in situ in the southern
part of the lake (33°30'36.94"’S; 53°7'0.64""W) over
60 days in the summer of 2012 (from January 18 to
March 18). We chose two banks, 50 meters apart, of
the emergent macrophyte Schoenoplectus californicus
L. in the littoral zone for study. The macrophytes
(n = 240; with 120 stems in each bank) were
randomly chosen and carefully cleaned with a soft
sponge to remove the preexisting biofilm. The tops of
the stems were marked with adhesive tape for
identification, which established ‘day one’ of the
experiment. Two samples, one in each bank, in which
stems were randomly sampled and stored, were taken
ondays 3, 6,9, 12, 15, 20, 30, 45, and 60 of succession.

Immediately after sampling, the biofilms were
removed from the substrate with toothbrushes, fixed
in Lugol 5% for quantitative analysis (n = 2, repli-
cates), and stored frozen for nutrient and pigment
analyses (compound sample, n = 2). On each sam-
pling day, zooplankton samples were taken in the
littoral zone using a suction pump, filtering 100 1
through a nylon net with 25-pum mesh which was then
concentrated into 250-mL polyethylene bottles and
fixed with 4% formaldehyde (Wetzel & Likens, 2000).
Water was sampled with plastic bottles (n = 2) that
were stored frozen for nutrient analysis (nitrogen and
phosphorus series) according to the method below.

Water depth and transparency were measured using
a metered cable and Secchi disk, respectively. Tem-
perature, dissolved oxygen, pH, and conductivity were
measured in situ with a YSI 6920 probe. Water
samples were collected in the littoral zone. The
following nutrients were measured in the water
column and in the biofilm (see sampling above): total
nitrogen (TN-w for water and TN-b for biofilm),
nitrate (NOs), ammonia (NH,"), total phosphorus
(TP-w for water and TP-b for biofilm), and orthophos-
phate (PO4) (Mackereth et al., 1989). Chlorophyll
(Chla-w for water and Chla-b for biofilm) and
pheophytin (Pheo-w for water and Pheo-b for biofilm)
were extracted from GF/F filters in 90% ethanol
(Jespersen & Christoffersen, 1987), and measured by
spectrophotometry (APHA, 2005). In addition to these
measurements, TN and TP molar ratios were calcu-
lated for water and biofilm. We used the data of
Kahlert (1998) for the optimum ratios for benthic
algae (18:1).

Primary production

Immediately after sampling, epiphyton was incubated
for estimation of carbon uptake. Attached algae were
removed and incubated with filtered lake water. The
surface area of each plant was measured before
scraping its biofilm. Algae primary production was
estimated using the radiolabeled sodium bicarbonate
(Na H'*CO3) method (Wetzel & Likens, 2000). For
each sample, 500 pl of radiolabeled bicarbonate
(8.0 uCi ml™! final concentration, PerkinElmer) was
added to glass bottles (50 mL) which were then filled
with the water containing the sampled algae (1 dark, 2
light, 1 initial). The covered bottles were incubated for
4 h (12-4 pm) inside a PVC box. A Photosynthetically

@ Springer



270

Hydrobiologia (2017) 788:267-280

Active Radiation (PAR) sensor (Hobo weather station)
was used to detect and record the incidence of PAR
during the experiment. The data, registered with the
logger aid, provided a daily profile of light radiation.
Interruption of incubation activity in the initial and
incubated bottles was achieved by adding 1 mL of
formaldehyde (final concentration, 0.4%, 1:100). The
bottles were refrigerated and stored in the dark until
processing. Beta-particle emission counts were per-
formed in a Rackbeta Liquid Scintillation Counter
(LKB Wallac 1209). The results were expressed in g C
m2h™"

Biotic data

Algae were identified and counted according to
Utermohl’s (1958) method, which yields 90% counting
efficiency (Pappas & Stoermer, 1996). The data were
converted into density (ind m 2 according to APHA,
2005) and biomass (10° pm— m™~2 according to Hille-
brand et al., 1999). Species diversity (H) was calculated
using the Shannon-Wiener index. We classified taxa
(total density and biomass >1%, according to Lavoie
et al., 2009) into six categories of growth forms
(modified from Schneck & Mello, 2012; Rimet &
Bouchez, 2012; and Rimet et al., 2015) presented in
Table 3. Growth forms were sub-classified based on the
largest linear dimension axis (GALD) (Lewis, 1976) into
four categories: class I (<10 pm), class II (11-20 pm),
class IIT (21-50 pum), and class IV (>50 pm).

For Zooplankton, an aliquot of each sample unit
was quantified in a Sedgwick-Rafter chamber (APHA,
2005) with a minimum of 80% efficiency (Pappas &
Stoermer, 1996), and the values expressed as density
(ind m_3) and biomass (mg 1_1) (adapted from Wet-
zel & Likens, 2000). Species diversity (H) was
calculated using the Shannon—Wiener index. The cell
volume was calculated using geometric formulas for
the specific forms or length—weight regression (Bot-
trell et al., 1976; Dumont et al., 1975; Ruttner-
Kolisko, 1977; Malley et al., 1989), in which 10-20
individuals of each taxon were measured. Zooplank-
ton were identified (Koste, 1978; Elmoor-Loureiro,
1997; Ogden & Hedley, 1980) and species and groups
were also classified according to the size of particles
that they are able to ingest and cross-referenced with
algae GALD with the aim of understanding the
relationship between zooplankton feeding behavior
and epiphyton.
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Data analyses

The succession rate of the community composition ()
was calculated using the sum-of-differences method
(Lewis, 1978). We conducted descriptive analyses for
the biotic data and T-tests of dependent samples
between days (in successional sequence) to investigate
the responses of the categories to disturbances using
Statistica 7.1 software (StatSoft, Inc., 2005). We also
performed correlation analyses (r-Pearson P < 0.05)
between the epiphyton community and environmental
data (meteorological data and water data), biofilm
nutritional states, primary production, and zooplank-
ton biomass to identify both relationships among them
as well as explanatory variables for inclusion in the
subsequent multivariate analyses. Ordination analyses
were performed using the software PC-ORD version
6.08 for Windows (McCune & Mefford, 2011). PCA
of water attributes was performed to reveal environ-
mental changes over the course of the experiment in
the littoral zone. CCA was used to identify relation-
ships among the algal growth form and zooplankton
groups (both with biomass data) with the associated
water measurements—TP-w, TN-w, Chla-w, Secchi
depth, and temperature—as well as disturbances
(precipitation and wind). The data were log x + 1
transformed prior to multivariate analysis.

Results
Environmental data and water attributes

Wind direction was constant (N-NE), with a high
mean velocity (15 £ 6 m s~ ") throughout the sum-
mer. Wind velocity peaked on day 20 (29.5 m s~ !,
with a mean of 28 ms™' 3 days before sam-
pling).Wind velocity remained high until day 30
(7 m sfl) and then stabilized at 16 m s~ until the end
of experiment. The daily precipitation range was low
(3-11 mm), with two peaks, on days 20 (47 mm) and
36 (33 mm); subsequent precipitation was constant
and moderate until day 60 (2.5 mm). Therefore, we
considered the summer storm (day 20) a disturbance,
the mean wind velocity for the system (15 m s™') as
typical, and winds lower than that a quiescence, which
drove the epiphyton succession process.

Ordination analysis (PCA) of the environmental
data revealed the significance of the first axis (80.73%,
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P < 0.01), identifying the influence of the disturbance
on the nutrients’ homogeneity in the water column as a
result of the high precipitation (r = 0.99) and wind
velocity (r = 0.82). This, in turn, increased TP-w
(r =0.63) and PO, (r = 0.55) while reducing pH
(r = —0.90) and conductivity (r = —0.95) (Fig. 1).
Littoral zone water was under N-limiting conditions
(N:P molar ratio <16 of Redfield ratio) and presented a
homogeneous distribution of nutrient concentrations
(CV < 25%) during summer 2012 (Table 1). The pH
was alkaline (mean 8.7) and oligohaline (mean 0.42
mS cmfl).

Epiphyton nutrient levels and primary production

Epiphyton was N-limited (4 &= 1) (Table 2). TP-b
increased with time, whereas TN-b varied during the
succession, being correlated with Pheo-b (r = 0.80,
P = 0.017). No correlations were observed between
nutrient content and water chemistry.

Chla-b versus Pheo-b values revealed that community
degradation occurred after day 12 (Fig. 2). Maximum
carbon uptake was on day 15 (8028.8 mg C m~> h™ ).
Even with low Chla-b (2.5 mg m™?), high assimilation
was detected (7917.0 mg C m™>h™") on day 6. The
PP:Chla ratio was negatively correlated with Pheo-b
(r = -0.73; P = 0.041), evidence of epiphyton produc-
tivity. No correlations were observed between nutrients

“ J60d
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15d -
A TP-w AZM
PO4-w
Cond

H wind
P b6 Chla-w

rain

Axis 2

45d
A

Axis 1

Fig. 1 Ordination analysis of environmental data on the littoral
zone during study time in summer 2012. For the legend, see
Table 1

Table 1 Environmental data (SD—standard deviation and
CV—coefficient of variation) on the littoral zone during study

time in summer 2012

Variables Code Mean (£SD)
Chlorophyll a (mg 17") Chla-w 353 £ 1.32;37%
Pheophytin (mg 17") Pheo-w 0.6 £0.7; 111%
Nitrate (mg ) NO3™ 0.05 £ 0.002; 6%
Ammonia (mg l_l) NH3 0.04 £ 0.01; 20%
Total nitrogen (mg 1 TN-w 0.38 &+ 0.08; 20%
Orthophosphate (mg 17") PO4 0.004 £ 0.009; 19%
Total phosphorus (mg 17')  TP-w 0.29 £ 0.07; 23%
N: P molar ratio N:P 7+ 3; 2%
Secchi depth (cm) Secchi 76.33 + 10.33; 14%
Water temperature (°C) Temp 2391 + 1.78; 7%
Conductivity (m S cm_l) Cond 0.41 £ 0.08; 18%
Dissolved oxygen (mg 1-") DO 8.10 £+ 0.40; 5%
pH pH 8.62 £ 0.10; 1%
Precipitation (mm) mm 2.94 £+ 7.89; 268%
Wind velocity (m sh Wind 15.06 + 5.83; 39%

and carbon uptake. Lower solar radiation favored
production (PAR ranged from 243 to 1806 pumol m-
s™1); however, production also occurred under high light
incidence (PAR > 1365 pmol m~2 s™'). Aside from a
high value identified on day 6, it was observed that
primary production followed epiphyton biomass varia-

tion (Fig. 2).

Epiphyton and zooplankton community structures
and succession rates

During the succession, 55 epiphytic taxa were counted
(>1%), and the peaks of richness and total biomass
(0.09 mg 1_1) were registered on day 15, characteriz-
ing the end of the early successional stage and
coinciding with the zooplankton’s first total density
peak (Table 2, Fig. 3). No correlations were observed
among community attributes and water chemistry. No
significant changes of richness were observed in
epiphyton afterwards (P > 0.01; T test for dependent
samples), and density substantially decreased from
day 15 to 20 (P = 0.048). Some important relation-
ships between producers and grazers were observed.
Epiphyton density was inversely correlated with
zooplankton richness (r = —0.80, P = 0.017) and
diversity (r = —0.81, P = 0.014). On the other hand,
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Table 2 Nutrient content, Chlorophyll a, and primary pro-
duction of epiphyton during succession (n = 9); and biomass,
richness, and diversity (SD - standard deviation) of principal
algae groups in epiphyton and zooplankton community during

study time in summer 2012

Mean + SD
Biofilm content
TN-b (mg m™2) 25+04
TP-b (mg m™>) 40+ 20
N: P molar ratio 441
Carbon uptake (mg C m~>h™") 2348.3 + 3294.7
Chla-b (mg m™?) 22.1 +30.2
Pheo-b (mg m™?) 1734+95
Epiphyton
Bacillariophyceae (10° pm™ cm™) 4.69 + 4.50
Cyanobacteria (10> pm™ cm™2) 0.01 £ 0.02
Zygnemaphyceae 1o’ um_3 cm™?) 245 +£222
Chlorophyceae (10° pm™> cm™?) 0.01 + 0.01
Phytoflagellate(10° pm ™ cm™?) 0.01 £ 0.02
Total biomass (10° pm™> cm™?) 6.50 £ 5.20
Total density (10% ind cm™2) 483 4+ 294
Richness (S) 40 £ 15
Diversity (H') 23 4+0.7
Zooplankton
Protist (107> mg 17) 1.00 &+ 1.18
Rotifera (107> mg 171 28.60 + 30.51
Cladoceran (1073 mg 1Y 0.50 £ 0.92
Copepod (107> mg 17" 6.52 £9.73
Total biomass (107> mg 1Y 36.66 + 38.11
Total density (10* ind m—3) 10.00 + 9.86
Richness (S) 24 £5
Diversity (H") 24403

algal diversity intensified with zooplankton density
(r=0.74, P = 0.037).

Epiphyton succession (Fig. 3) began with Chloro-
phyceae (low biomass [0.01 10° pm™> cm™?], but
with high density [96 + 68 ind mfz]), which were
responsible for the peak in Chla-b (r = 0.94,
P = 0.001). Day 6 was marked by low biomass and
the peak of phytoflagellates. Zygnemaphyceae (Cos-
marium spp.) dominated the community biomass until
day 12. Diatoms dominated the advanced stage of
succession and were correlated with increases in
biomass (r = 0.91, P = 0.001), being responsible for
more than 70% of total biomass after day 20. The
summer storm on day 20 favored diatoms attached

@ Springer

100 - r4

mgm2

2000 - -4 8
= 3
» 1500 -3
E o
S 1000 2 2
£ o
< +

500 O

15 - - 4
¥ -3
f, 10 -

£ -2
=1
& 59 -1

0 0

3d 6d 9d 12d15d 20d 30d 45d 60d

® Chla B Pheo —PP:Chla

===PAR Biomass

Fig. 2 Variation of chlorophyll a (Chla), phaecopigments
(Pheo), PP:Chl a, solar radiation (PAR), and biomass of
epiphytic algae succession during study time in summer 2012

parallel to substrata (mainly Epithemia spp.). The
succession rate was high until day 9 due to the small-
sized taxa that were registered as being able to
colonize substrates faster compared to other species;
the rate reduced after days 12-15 due to diatom
stabilization. Biofilm NH,' concentration increased
with the rate stabilization (r = —0.73, P = 0.039). At
the same time, Pheo-b was correlated with biomass
(r =0.90, P = 0.002). The zooplankton community
was dominated by Rotifera and Protist (Tecamoeba
and Ciliate) during the study. Therefore, potential
grazers of small-sized class were found, and thus
zooplankton density and biomass were strongly cor-
related (r = 0.96, P < 0.001) (Fig. 3). Zooplankton
biomass was correlated with diatom biomass
(r =10.95, P < 0.001). The disturbance substantially
decreased zooplankton in density and biomass;
biomass and density recovered only on day 45.
Copepod and Cladoceran were more frequent when
large motile diatoms appeared in the biofilm toward
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Fig. 3 Epiphyton and zooplankton data during study time in
summer 2012. Biomass, total density (TD), diversity (H'), and
Richness (S) as taxa numbers. BAC Bacillariophyceae, CYA

the end of the experiment. The succession rate showed
a constant decline after day 9, and epiphyton and
zooplankton succession rates were correlated
(r =0.97, P < 0.001). Zooplankton individuals were
also found in the biofilm; Protist (mainly Ciliate) were
found in epiphyton samples throughout the study
period. The tecamoeba peak occurred on day 45 when
Rotifera eggs were found on the biofilm, reinforcing
the relations between producers and grazers.

For the algae taxa, six growth forms and four
GALD (the largest linear dimension axis) were
classified in this study, while the zooplankton taxa
were organized into the zooplankton groups and the
GALD of particles that they are able to ingest

Cyanobacteria, ZYG Zygnemaphyceae, CHL Chlorophyceae,
PROTI Protist, ROTI Rotifera, CLADO Cladoceran, COPE
Copepod

(Table 3). We did not consider day 6 in the ordination
analysis because the monodominance of phytoflagel-
lates made it an outlier. Gradient analysis (CCA)
explained 73.0% of the variance for the first two axes
(P = 0.02), clearly separating the early phase of
succession (until day 15) from the advanced phase
(Fig. 4). Nutrients available in the water formed a
gradient, where TN-w was related to the early phase
(r=10.61, axis 1) and TP-w (r = —0.56, axis I;
r = —0.59, axis 2) to the storm (r = —0.40, axis 1).
The community responded to this gradient: succession
began with loosely attached algae (I-L, r = 0.70; axis
1 and III-L, r = —0.65; IV-L, r = —0.77 axis 2) and
small filamentous growth form (II-F, r = 0.47 axis 1).
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Table 3 Algal growth forms and zooplankton groups related to the largest linear dimension axis (GALD)

Taxa GALD Code
Algal growth forms
Erect or with mucilage Achnanthidium minutissimum (Kiitzing) Czarnecki, Rhoicosphaenia spp. 1T II-E
pads or tubes
Erect or with mucilage Fragilaria spp., Gomphonema spp., Ctenophora pulchella (Ralfs ex Kiitzing) D.M. IV IV-E
pads or tubes Williams & Round, Cymbella sp., Synedra sp., Ulnaria spp.
Adnate and/or Amphora sp. 11 II-P
prostrate
Adnate and/or Cocconeis sp., Epithemia sorex Kiitzing, Amphora sp. I II-p
prostrate
Adnate and/or C. placentula Ehrenberg, Epithemia sp. v IV-P
prostrate
Motile diatoms Nitzschia spp. I -M
Motile diatoms Nitzschia spp. v IV-M
Filamentous Pseudanabaena mucicola (Naumann & Huber-Pestalozzi) Schwabe, Nostocales 11 II-F
Filamentous P. galeata Bocher, Mougeotia sp. v IV-F
Loosely attached Scenedesmus ecornis (Ehrenberg) Chodat, Synechococcus nidulans (Pringsheim) 1 I-L
Komarek
Loosely attached Aphanothece stagnina (Sprengel) A. Braun, Crucigenia tetrapedia (Kirchner) 11 II-L
Kuntze, Scenedesmus spp., Tetraédron spp.
Loosely attached Aphanocapsa spp., A. smithii Komarkova-Legnerova & G. Cronberg, I II-L
Merismopedia tenuissima Lemmermann, Cosmarium subtumidum Nordstedt,
Monoraphidium spp.
Loosely attached Pediastrum tetras (Ehrenberg) Ralfs, A. delicatissima West & G.S. West, v IV-L
Cosmarium cf subspeciosum
Phytoflagellate Unidentified phytoflagellate I I-Phy
Zooplankton groups
Protist-Ciliate Unidentified, Vorticella sp., Ciliate I I-CIL
Protist-Ciliate Codonella spp., Vorticella spp. 1T II-CIL
Protist-Tecamoeba Arcella spp., Centropyxis spp., cf. Corythion sp., cf Curcubitella sp., Difflugia spp., 11 II-TECA
cf Nebela spp., cf Pontigulasia compressa (Carter, 1864)
Protist-Tecamoeba A. polypora (Penard, 1890), Difflugia sp. I III-TECA
Microzooplankton- Anuraeopsis sp., Collotheca spp., Keratella spp., Lecane spp., Lepadella sp., I III-ROTI
Rotifera Paranuraeopsis sp., Polyartha sp., Pompholyx sp., Trichocerca spp.
Microzooplankton- Collotheca sp., Filinia longiseta (Ehrenberg, 1834), Hexartha sp., Ploessoma sp., 1V IV-ROTI
Rotifera Ptygura sp., Synchaeta sp., Trichocerca spp.
Macrozooplankton- Bosmina longirostris (O.F. Miiller, 1785), Bosminiopsis deitersi (Richard, 1895) v V-
Cladoceran CLADO
Macrozooplankton- Copepodids, Nauplii v IV-COPE
Copepod

After day 12, prostrate diatoms increased in biomass
(II-P, r = 0.46 axis 1 and III-P, r = —0.81 axis 2). On
day 12, small ciliates were more abundant (I-CIL,
r = —0.83 axis 2). Large prostrate diatoms (IV-P,
r=—0.79 axis 1, r = —0.55 axis 2) were resistant
and resilient to the disturbance and were strongly
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correlated with precipitation (» = 0.90, P = 0.002)
and wind (r = 0.83, P = 0.011). Small erect growth
form (II-E, r = —0.80 axis 1) and Tecamoeba (II-
TECA, r = —0.54 axis 2) were also favored by the
disturbance. Day 30 was characterized by dry weather,
high temperature, and moderate wind (<7 msfl),
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Fig. 4 CCA of biotic data using algal life-form biomass and
zooplankton group biomass, related with environmental vari-
ables. Legend for water (w) variables, see Table 1; for algae and
zooplankton, see Table 3

causing a loss of biomass favoring small filamentous
algae (trichomes of Cyanobacteria) and the dominance
of phytoflagellates. The advanced phase of succession
(wind, 15 ms~!, and low precipitation, 1.7 mm) was
driven by high transparency (r = —0.77) and Chla-w
(r = —0.41) on axis 1. Motile diatoms increased in
biomass (III-M, r = —0.84) on days 45 and 60 (IV-M,
r = —0.46), and erect diatoms (IV-E, r = —0.80) and
filamentous growth form (IV-F, r = —0.86) were
related to the biggest zooplankton size class, for
example, Cladoceran (IV-CLADO, r = 0.52), Cope-
pods (IV-COPE, r = 0.47), and Rotifera (IV-ROTI,
r=041).

Large filamentous growth form and small motile
diatoms favored greater Secchi depth (r = 0.77,
P =0.024; r=0.085, P = 0.007; respectively).
Large motile diatoms were correlated with the avail-
ability of TP in the biofilm (r = 0.095, P < 0.001),
which also favored zooplankton density (r = 0.84,
P = 0.008). Moreover, Rotifera (III-ROTI) were
associated with increases in filamentous Cyanobacte-
ria (II-F; r=0.78, P = 0.022) and small loosely
attached Chlorophyceae (II-L; r = 0.82, P = 0.011).
Ciliates (II-CIL) were also correlated with filamentous
Cyanobacteria (II-F; r = 0.89, P = 0.003). Erect
growth form did not vary in time. Precipitation and
wind were responsible for TP-w inputs favoring
adnate and/or prostrate growth form (r = 0.72,
P = 0.040) which rapidly increased in biomass

(r =0.72, P = 0.043). The community composition
subsequently changed, experiencing an increase and
persistence of diatoms in the advanced phase, which
was dominated by tightly attached and motile diatoms,
and also experiencing increases in loosely attached
and filamentous algae.

Discussion

Disturbance is the main factor driving epiphyton
succession and stabilization

In Mangueira Lake, the early stage of the succession
was observed during the first two weeks, and loosely
attached algae (unicellular green algae, desmids, and
flagellate algae) were shown to be efficient pioneering
colonizers, which are commonly reported in tropical
reservoirs during early colonization (Ferragut &
Bicudo, 2012; Pellegrini & Ferragut, 2012; Rodrigues
dos Santos & Ferragut, 2013). However, in temper-
ate environments, small adnate or erect diatoms are
known to start the colonization (Hoagland et al.,
1982; Stevenson, 1996; Acs et al., 2007, in labora-
tory conditions). Surface colonization always begins
with a nutrient ‘conditioning film’ (Acs et al., 2007)
due to organic matter and bacterial activities (Car-
rias et al., 2002) and our explanatory hypothesis is
that mucilaginous biofilm could favor the adhesion
of loosely attached algae after cell settlement. The
stabilization of the waves in the water column due to
the macrophyte bank (Jeppesen et al., 1998), it
guarantees the success of this growth form as a
pioneer under the intense wind action at Mangueira
Lake. The community composition subsequently
changed, with an increase in and persistence of
diatoms and filamentous algae in the advanced
phase, as expected (Hoagland et al., 1982; Biggs
1996; Szlauer-Eukaszewska, 2007).

In the present study, we recognized that summer
storms, such as on day 20, are natural disturbances that
drive epiphyton succession, whereas tightly attached
growth forms, such as adnate and/or prostrate (Ep-
ithemia spp) and some erect diatoms, were resistant to
such disturbances. Schneck & Mello (2012), in
evaluating the resistance and resilience of organisms
in a lotic environment, also found that adnate and/or
prostrate taxa (including Epithemia) were more resis-
tant to disturbance. These groups, primarily formed by
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diatoms, have specialized structures for tightly adher-
ing to the substrate (Peterson & Stevenson, 1992) that
are flexible enough to tolerate wave action (Lowe,
1996). The resistance to disturbances defines algal
persistence (Stevenson, 1996). Community composi-
tion in Mangueira Lake was consistent with Lowe’s
(1996) observation that epiphytic communities in the
eulittoral zone are dominated by tightly attached algae
in the presence of regular high-energy disturbances.
As observed by Acs & Kiss (1993) for lotic environ-
ments, under stress, algae accommodated some dis-
turbance levels. Disturbance effects were also
observed in zooplankton, whose biomass was sub-
stantially reduced and was dominated by small forms
such as tecamoebas—organisms suspended from
sediment.

When wind disturbance was strongly reduced in
frequency and intensity (<7 m s~ ', based on the
system mean of 15 m s~ ') and coupled with high
temperatures, as on days 6 and 30, community
richness and diversity decreased. Since Mangueira
Lake was under strong wind forces during the summer
of the study, their reduction could have acted as an
intermediate quiescence. According to Connell
(1978), the absence of disturbance causes competitive
exclusion and reduces diversity to minimal levels,
which is accompanied by a decrease in phytoplankton
biomass. Diversity and richness increased when wind
velocities were under the mean for the system and the
epiphytic community became resilient 15 days after
the disturbance, when species tended to return to pre-
disturbance patterns of heterogeneity (Fraterrigo &
Rusak, 2008). Wind velocity, below and above the
mean found for the system, should be considered a
disturbance for the attached community during the
succession process once it begins to influence com-
munity structure, richness, and diversity.

Mangueira Lake was under N-limiting conditions,
and epiphyton was identified as an N-limited commu-
nity. Nutrient limitation could be related to phyto-
plankton spring growth rates induced by warming,
leading to nutrient limitation in the summer (Fragoso
et al., 2011). This condition favored Epithemia, a
known N-fixing diatom (DeYoe et al., 1992). Nitro-
gen-limited environments commonly present N-fixing
algal (as well as Cyanobacteria) proliferations, such as
Epithemia in temperate rivers; moreover, when con-
sumed by grazers or while decomposing, they can also
become an N source for the environment (Power et al.,
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2009). TP-w concentrations were highly consistent
with a eutrophic state, contrasting with historical
oligo-mesotrophic conditions. On the other hand, we
found that TP increases in the water were strongly
correlated with disturbances, as TP-w can rapidly
increase during periods of strong wind in shallow
lakes (Zhu et al., 2005). As a wind-exposed shallow
lake, Mangueira Lake is under complete vertical
mixture and seiches can transport materials (Fragoso
et al., 2011), thus the nutrient pool is communal in
coastal shallow lakes in southern Brazil due to
sediment suspension driven by wind hydrodynamics
(Cardoso & Motta Marques, 2009).

We found low correlations of littoral community
with local water; however, TP-b was strongly related
to TP-w inputs to the water due to the disturbance
caused by the summer storm.TP-b also increased with
succession time; the accumulation of TP in biofilm is
well known (McCormick et al., 2001) and favors high
diatom biomass which is known to increase with TP
(Liboriussen & Jeppesen, 2006).

As observed by Rimet et al. (2015) in Lake Geneva,
water chemistry in littoral zones changes faster
compared to pelagic chemistry. Lake Geneva has a
surface area similar to, but is deeper than, Mangueira
Lake and is also influenced by northeast-dominated
wind dynamics. As observed by them, littoral zones
are exposed to wind and wave action where chemical
and biological compartments are created; those zones
which are not protected from disturbance are domi-
nated by diatoms adapted to the turbulent environment
(pioneer growth form) masking the effects of nutrient
changes. In a previous study conducted over several
summers in Mangueira Lake, we also found that wind
dynamics are the main force regulating littoral zone
dynamics and their attached communities, and dia-
toms in the southern area are dominated by pioneer
growth forms that are related more to wind disturbance
than to wind-driven nutrient gradients (Faria et al.,
2015). In the present study, correlations showed that
increases in biomass (adnate and/or prostrate growth
form after a storm) were related both to wind and
precipitation. We noted that during a succession
process in a macrophyte bank, it was possible to
better identify some growth form responding to
nutrient inputs in water chemistry due to disturbances,
than in a steady-state community which was domi-
nated by a pioneer and tolerant growth form adapted to
the disturbance condition (Faria et al., 2015).
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Epiphyton was a productive community and zoo-
plankton graze epiphytic algae.

Epiphyton was revealed to be a productive com-
munity and our results are in agreement with studies
showing that the food web in Mangueira Lake is
sustained by autochthonous carbon from macrophytes
and epiphyton (Rodrigues et al., 2014), reinforcing the
importance of epiphyton for lake production (Libo-
riussen & Jeppesen, 2003; Vadeboncoeur et al., 2008).
This result was also observed in large ecosystems in
the near-shore benthic zone, where benthic production
can compensate for phytoplankton decline due to
oligotrophication (Brothers et al., 2016). Indeed,
macrophytes as non-inert substrates can be a signif-
icant carbon source for epiphyton, furnishing to the
biofilm metabolites such as calcium carbonate (Bur-
kholder & Wetzel, 1989). Besides that, living sub-
strates could favor epiphyton colonization (Pip &
Robinson, 1984) and greatly contribute to carbon
production (e.g. 1770 mg C m 2 year ', Villar et al.,
1996). Moreover, high TP-w concentration occurs in
the southern part of the lake where the water is clear,
and production was superior to that found for
eutrophic lakes, which usually present turbid waters
(e.g. 1279 mg C m™ 2, Liboriussen & Jeppesen, 2003).

Autochthonous processes and light regulated pri-
mary production, whereas maximum production was
coincident with a heterogeneous community. As we
registered on day 6, phytoflagellates greatly contribute
to primary production (Ilmavirta, 1988; Stoecker et al.,
2000; Mariazzi et al., 1991). High production was also
noted due to the abundance of green algae and desmids
under high PAR (1806 pmol m~2 s~ ). Studies have
shown that green algae and diatoms are favored in high
light regimes (Wall & Briand, 1979) and some
diatoms present chromatic adaptation, responding to
spectral distributions favoring algal growth (Wallen &
Geen, 1971; Seiji & Gianesella-Galvao, 1991). In our
controlled condition, summer radiation was high for
the entire study (1326 + 438 pmol m~%s™"). Libo-
riussen & Jeppesen (2003) showed that photosynthesis
saturation happens between 100-400 pmol m~2 s~ ",
Radiation can negatively affect phytoplankton Chla
(PAR 600-1000 pmol m 2 s_l), increasing at lower
PAR (Collos et al., 1992). However, in Mangueira
Lake, shading from macrophytes (Liboriussen &
Jeppesen, 2003) could attenuate light levels, favoring
epiphyton production in situ and yielding the
increased results of the present study.

Small microzooplankton such as ciliate and small
rotifers were dominant in the water column for the
entire study of the epiphyton succession, and increased
rotifer abundance was correlated with increasing algal
diversity, suggesting a grazing-action relationship. As
observed by Agasild et al. (2007), such groups could
have a strong grazing impact on the small algae
(5—-15 pm) when those interactions are size-specific
(Blukacz et al., 2010), as well as act as an important
food resource for copepods (Bundy et al., 2005).
Adnate/prostrate algae increased in the community
with grazing, and this could be explained by the fact
that grazers prefer loosely attached diatoms due to the
ease of gathering (Peterson, 1987).

In Mangueira Lake, the significant correlations
between the epiphyton and zooplankton communities
could indicate not only top-down regulations of
epiphyton by zooplankton, but also bottom-up regula-
tion of zooplankton by epiphyton (Chen et al., 1997).
Top-down theories, in which phytoplankton are con-
trolled by zooplankton, are well studied (Sommer et al.,
2003; Sommer & Sommer, 2006; Agasild et al. 2007,
Agasild et al.,, 2013), whereas the epiphyton and
zooplankton relationship is not. In Mangueira Lake,
Fragoso et al. (2011) revealed that phytoplankton are
limited by low N supplies in the summer and
zooplankton grazing is limited by this light- and
temperature-driven phytoplankton demand. Thus, epi-
phyton could act as a carbon resource for them. Kluijver
et al. (2015) showed that carbon from macrophytes and
periphyton greatly improves the cascading effects of
planktonic food webs by benthic energy. The phyto-
plankton community in Mangueira Lake consists
mainly of non-toxic cyanobacteria (Crossetti et al.,
2014; Rosa et al., 2016) which are considered a poor
food resource for zooplankton (DeMott et al., 2001),
forcing them to look for other sources of food such as
bacterioplankton or epiphyton. Because of that, macro-
zooplankton richness and abundance in Mangueira
Lake were low and, as observed in historical data, larger
cladocerans and Daphnia O.F. Miiller, 1785 were never
registered in this environment (Rosa et al., 2016). This
explains why Copepods and Cladocerans (macrozoo-
plankton) increased in the littoral zone when diatom
biomass increased in the biofilm, as they provide good
nutritional value for grazers (Cardoso & Motta Mar-
ques, 2004).

Biofilm removal by zooplankton grazing could
favor the community by admitting more light, nutrient
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recycling, or favoring the settlement of other species
in the epiphyton, thereby increasing its richness and
diversity, as we observed. Our data reinforce the
importance of the epiphytic community in subtropical
shallow lake food webs. The community can supply
substantial amounts of carbon during the summer, and
periphytic diatoms can act as a quality food resource
for zooplankton in an environment dominated by
planktonic cyanobacteria.
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