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Abstract: The littoral zone is an essential compartment for lake biota because of its high
productivity and diversity. Moreover, phytoplankton is expected to have non-equilibrium
dynamics on it. The study's aimed to explore phytoplankton in the littoral zone of a
shallow lake over a short-term scale. Daily sampling was conducted for 25 consecutive
summer days in 2016, at two marginal points of a continuously warm, polymictic, and oligo-
mesotrophic subtropical lake (Lake Mangueira, Brazil). Cyanobacteria and Chlorophyta
contributed 86% of total biomass. We observed high variability in phytoplankton
structure, with species turnover over diel cycles. Redundancy analysis indicated spatial
differentiation for phytoplankton structure in relation to abiotic conditions. Nutrient
dynamics and humic substances were significant drivers for phytoplankton variability.
Phytoplankton was positively correlated with SRP and negatively with humic substances.
Our results showed a non- equilibrium state for the littoral phytoplankton of Lake
Mangueira, given the high variability of abiotic conditions, even at short distances. Due
to its high temporal and spatial variability, the littoralzone seems to contribute to the
recruitment and maintenance of phytoplankton biodiversity in shallow lakes. Further
studies should consider the functional attributes of species and the complex biological
interactions of phytoplankton and macrophytes along the littoral zone.

Key words: mixed lake, non-equilibrium theory, phytoplankton diel variation, phyto-
plankton littoral zone.

al. 2014, Evtimova & Donohue 2016), the input
of allochthonous nutrients (Janssen et al. 2014,

The littoral zone of lakes is generally overlooked
in limnological research, with most ecological
studies in these ecosystems being in pelagic
habitats (Cattaneo et al. 2011, Vadeboncoeur
et al. 2011, Jurca et al. 2012). This zone is a lake
boundary, as an interface zone acts a buffer
between the watershed and landscape of the lake
ecosystem (Loeb et al. 1983). The environmental
dynamics of the littoral zone experience a high
effect of both direct and indirect mechanisms
(Carmignani & Roy 2017), such as climatic
factors (Vadeboncoeur et al. 2014), water level
fluctuations (Hofmann et al. 2008, Cantonati et

Mdemets et al. 2018) and interactions with the
adjacent landscape (Schindler & Scheuerell
2002). These peculiarities make the littoral
zone a habitat with variable conditions and
resources, which recruits specialized organisms
that can live in such circumstances (Faria et al.
2015, Timoshkin 2018). Most of the species in
lakes are restricted to this zone or completely
depend on it for part of the life cycle, while the
proportion of littoral habitats usually represents
a small fraction of the total lake area (Strayer
& Findlay 2010, Vadeboncoeur et al. 2011). In
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addition, several studies point out that littoral
bioindicators may serve as a primary sign of
degradation of the littoral zone that cannot be
efficiently detected within the pelagic portion
(Rosenberger et al. 2008, Crossetti et al. 2013,
Cantonati & Lowe 2014, Rimet et al. 2016). Thus,
there is an increasing demand for monitoring
the biological communities of the littoral zones
of lakes.

The littoral zones of lakes are considered
ecotones (Schiemer et al. 1995) and are
recognized as being important for the biota
of shallow lakes (Wetzel 2001, Vadeboncoeur
et al. 2011, Jurca et al. 2012), providing feeding
and breeding habitat for several communities
(Rosenberger et al. 2008, Hampton et al. 2011,
Kosten & Meerhoff 2014). Many organisms leave
the pelagic region for resources or refuge,
such as horizontal zooplankton migrations
(Burks et al. 2002, Meerhoff et al. 2007a) or
fish seeking food (Carmignani & Roy 2017).
In addition, intense biological interactions
are commonly observed in the littoral zone,
such as periphyton-macrophyte connection
(Faria et al. 2015), zooplankton-macrophyte
relationships (Sorf et al. 2015, Gebrehiwot et
al. 2017), and negative interactions between
macrophytes and phytoplankton (Svanys et
al. 2014, Hilt 2015). Commonly, lake littoral
zone is extensively colonized by emergent and
submersed macrophytes, which can perform
important biogeochemical functions (Strayer &
Findlay 2010) and contribute with large amounts
of organic carbon and yellow substances to the
system (They et al. 2013), altering underwater
light incidence (Barrow et al. 2019). Moreover,
the competition for nutrients (Van Donk &
Van de Bund 2002, Vanderstukken et al. 2014)
and the release of allelopathic substances
by macrophytes (Gross et al. 2007, Mulderij et
al. 2007), can cause significant reductions in
phytoplankton biomass (Mulderij et al. 2005)
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and specific functional forms (Finkler Ferreira et
al. 2018). These complex interactions can drive
the biological dynamics of littoral communities
(Cardoso et al. 2018).

The phytoplankton community is an
essential primary producer in shallow lakes
(Wetzel 2001). Phytoplankton can closely track
both short- and long-term environmental
variation in lakes (Salmaso 2002) and, with their
short generations, they are sensitive indicators
of environmental change in those ecosystems
(Reynolds etal.2002, Crossetti etal.2013, Weithoff
& Gaedke 2017). Given this fast response time,
studies over short-time intervals provide a more
accurate assessment of species recruitment
due to resources variability (Nixdorf et al.
2003). This approach is critical for recognizing
phytoplankton’s stable states, which are, in some
species, optimize resource consumption when
they are constantly available (Sommer et al.
1993). Thus, due to the susceptibility to changes
in the abiotic conditions of littoral zones of
shallow lakes, non-equilibrium phytoplankton
dynamics can be expected, assuming the
recurrent disturbances affect this zone (i.e., high
variability of nutrients and light), even though
there is evidence that permanent circulation
can be a low disturbance status (Reynolds et al.
1993), which enables steady states.

Studies on phytoplankton from the littoral
zone of lentic ecosystems have been carried
out using different approaches. For instance,
comparative studies between the pelagic and
littoral zones have explored the influence of
the temperature and water level regimes on
phytoplankton (Sakharova & Korneva 2018),
the variability of phytoplankton metabolism
in both zones (Dunalska et al. 2013) and the
community structure and dynamics regarding
the seasonality (Szelag-Wasielewska 1993) or the
system trophic state (Lemly & Dimmick 1982).
Beyond that, studies focusing on distribution

An Acad Bras Cienc (2024) 96(3) €20220870 2|19



MONICA H. SILVEIRA et al.

transects between littoral and pelagic zones,
exploring the interchange of phytoplankton
community between both zones (Schweizer
1997) and phytoplankton littoral monitoring
for comparison purposes with long-term
data (Bondarenko & Logacheva 2017) and for
ecological state assessment (Crossetti et al.
2013) have also been performed.

Whereas the littoral zone of lakes represents
an important transitional area, integrating
terrestrial and aquatic conditions, besides
being heavily used by humans, and since
phytoplankton dynamics should accurately
reflect the high environmental variability of this
zone, the study aim to assess phytoplankton
structure and dynamics over a short term
in a highly hydrodynamic system. Then, the
following questions were addressed: (i) How
do the indicators of phytoplankton structure
(biomass, species richness and diversity) and
dynamics (descriptor species) vary over a short
time scale in the studied zone?, and (ii) What
are the environmental drivers of the observed
variability? It is expected to observe the non-
equilibrium dynamics of phytoplankton and
succession rate variability in the littoral zone, due
to the fast-changing environmental conditions
and resource availability to be seen in this
compartment. This work seeks to contribute to
a better understanding of the still little-studied
littoral phytoplankton communities.

MATERIALS AND METHODS

Study site

Lake Mangueira is a large, shallow lake situated
in a protected area (Taim Hydrological System
- THS) on a narrow strip of land between the
Atlantic Ocean and Mirim Lake (Fig. 1), on the
southern coastal plain of the state of Rio Grande
do Sul, South Brazil (33931'22"'S; 53207'48"W). The
region has a subtropical climate Cfa (Kottek et
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al. 2006). The lake has mean depth of 2.6 m, a
maximum depth of 6 m, and is 90 km long and
3-10 km wide with a total surface area of 820
km?. The main axis of the lake is oriented from
north-east to south-west and corresponds to
the direction of the prevailing winds (Fragoso et
al. 2008). Thus, the hydrodynamics of the lake is
determined manly by strong and constant winds
that frequently resuspend sediment in the water
column (Cardoso et al. 2012), directly affecting
the plankton communities. The mixing regime
of the lake is continuously warm and polymictic
with daily mixing by strong winds, according to
Lewis’ (1983) system.

Lake Mangueira’s trophic state varies from
oligotrophic to mesotrophic. Mesotrophic
conditions occur in spring and summer, when
enormous volumes of water are drawn from
it to irrigate rice fields (2 L.ha™ s for 100
days), decreasing the volume of water at the
same time that high nutrient concentrations
enter the lake from the watershed (Fragoso
et al. 2008). This nutrient input drained from
rice fields to the lake temporarily favors
the increase in plankton production in the
system. After this cultivation period, nutrient
concentrations remain low, characterizing the
lake as oligotrophic. Submerged, free-floating
and emergent macrophytes cover large areas of
the southern portion of the lake (Rodrigues et
al. 2015). The predominant macrophyte species
in this portion of the lake are Egeria densa
Planchon, Myriophyllum spicatum Linnaeus,
Nitella sp. C.Agardh, Potamogeton illinoensis
Morong, Potamogeton pectinatus (Linnaeus)
Borner, Schoenoplectus californicus (C.A.Meyer)
Palla, Utricularia sp. Linnaeus, Zizaniopsis
bonariensis (Balansa and Poitrasson) Spegazzini,
Cabomba caroliniana A. Gray, Myriophyllum
spicatumicatum Linnaeus, and Ceratophyllum
demersum Linnaeus (Finkler Ferreira et al. 2018).
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Figure 1. Map of Lake
Mangueira showing its
location within Brazil
and the location of the
sampling stations.
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Sampling

Water subsurface samples were collected in the
morning of 25 consecutive summer days (January
2016) at two sampling sites located in the littoral
zone of the southern portion of Lake Mangueira:
Station 1 (S1) (33°30'03.6"S 53°08'33.7"W) and
Station 2 (S2) (33°30'15.8"S 53°08'41.6"W). The
stations presents a mean depth of 1,3 m, are
located 500 m from each other and 250 m from
the shoreline (Fig. 1). Neither sampling station
was situated within macrophyte beds, although
macrophytesdenselyinhabitedthearea.Physical,
chemical, and biological samples were collected
from the subsurface with polypropylene bottles.
Conductivity (Cond), pH, dissolved oxygen (DO),
and water temperature (Temp) were measured in

situ with a portable multiparameter probe (YSI
6920). Water transparency was estimated with
a Secchi disk (SD). Soluble reactive phosphorus
(SRP), total nitrogen (TN), and total dissolved
nitrogen (TDN) were analyzed using colorimetric
methods according to Rice et al. (2012). Total
phosphorus (TP) analysis followed by Mackereth
et al. (1989). Dissolved organic carbon (DOC) and
dissolved inorganic carbon (DIC) were analyzed
using specific equipment (Shimadzu VCPH).
Soluble reactive silicon (SRSi) analysis followed
by Rice et al. (2012). Humic acid absorbance
coefficient at 365 nm (Abs365) was measured
using a Varian Cary 1 — Spectrophotometer
(Strome & Miller 1978). Meteorological data
(wind velocity and direction, precipitation) were
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collected from the conventional and automatic
stations of Santa Vitoria do Palmar and Chui
(INMETRO), about 23 km from the study area.
Radiation values were derived from CERES data
sets and downloaded through the web interface
at https://ceres.larc.nasa.gov/index.php. CERES
products consist of hourly radiation data (UTC
time), based on Moderate Resolution Imaging
Spectroradiometer (MODIS) (Data Quality
Summary 2017). For this study, the average values
of the morning period of each sampling day was
considered for radiation (Rad) and wind velocity
(WV) estimation, as well as the predominant
wind direction (WD), was considered.

Data analysis

Samples of the phytoplankton community were
fixed with 1% acetic Lugol immediately after
collection for later quantitative analysis under
an inverted microscope, following the method of
Utermaohl (1958), and determination of settling
time according to Lund et al. (1958). At least 400
170 individuals were enumerated per sample
(95% of confidence limit, Lund et al. 1958). Density
was expressed in individuals/mL. The biovolume
of each species was determined according to
Hillebrand et al. (1999) based on geometric
shapes, and converted in biomass following
Wetzel & Likens (2000), where mm?3/L = mg/L.
Biomass (mg/L) was considered the estimate of
phytoplankton abundance. Descriptor species
were considered as those that contributed a
minimum of 1% to total biomass on at least
one sampling occasion. The succession rate of
phytoplankton was calculated using the sum of
differences method (Lewis 1978):
=[] - [56]]

where b, (t) is the abundance of the nth species;
B(t) is the sum of individuals constituting
the community sampled; t, and t, are the
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two successive days. Species richness was
expressed in terms of the total number of taxa
per sample. Ecological diversity was calculated
using the Shannon index (Shannon 1948), from
phytoplankton biomass (mg/L), using PAST
software 182 version 213 (Hammer et al. 2001).

Environmental variability of the littoral zone
was assessed by multivariate descriptive analysis
using Principal Component Analysis (PCA) of
covariance matrices. Spatial differences between
sampling sites in biological and limnological
data were tested using a non-parametric
Wilcoxon test and p-values were adjusted using
post-hoc Bonferroni correction. A Redundancy
Analysis (RDA) (ter Braak & Smilauer 1998) was
performed to determine the influence of abiotic
variables on the phytoplankton assemblage,
with the significance being tested by the Monte
Carlo permutation test (999 permutations), after
testing the data with Detrended Correspondence
Analysis (DCA) (Hill & Gauch 1980), to select
the most appropriate method to be applied.
The environmental variables for the RDA were
selected based on a PCA using a Pearson and
Kendall correlation matrix. The environmental
dataset was transformed to a 0-1 scale by
ranging (Sneath & Sokal 1973): first extracting
the minimum observed for each variable and
then dividing by the range (Legendre & Legendre
1998). The biological data (phytoplankton
biomass) were transformed by log x + 1.

Correlation analyses (r - Pearson; p < 0.05)
were also performed between phytoplankton
total biomass, succession rate, diversity index,
species richness, and environmental data to
identify any relationships. All multivariate
analyses were done using PC-ORD version
6.08 software (McCune & Mefford 2011), while
Wilcoxon's test was performed using Statistica
71 software (StatSoft, Inc. 2005), and correlation
analysis using PAST software version 213
(Hammer et al. 2001).
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RESULTS
Environmental conditions

No rainfall was recorded during the study period
and the wind velocity remained between 3 and
7 m/s and the predominant direction swung
between Northeast and South-Southwest (Fig.
2a). Radiation reached higher values above 200
W/m2 between days 5 and 19 (except for day 17)
and had intermediate values at the beginning
and end of the study (Fig. 2b). Wind direction did
not present any significant correlation with any
of the abiotic or biological variables.

The first three axes of the PCA explained
48% of the variability in the abiotic data (p < 0.05;
Fig. 3). The positive side of the first axis (20%, p
= 0.001; Fig. 3a) ordinated most sampling units
of the beginning and middle of the time series
(days 1 to 15) due to higher concentrations of
SRSi (r=0.55) and TN (r = 0.34). The negative side
of this axis ordinated the final sampling units of

SHORT-TERM RESPONSES OF LITTORAL PHYTOPLANKTON

the time series of both sampling stations due to
higher values for TDN (r = -0.43), Cond (r = -0.40),
DOC (r = -0.28), and TP (r = -0.26). The positive
side of the second axis (17%, p = 0.001) grouped
most ST samples due to higher values for SRP (r
= 0.62) and DO (r = 0.45). On the other hand, the
negative side of this axis ordinated all the S2
sampling units due to higher values of Abs365
(r = -0.36), DOC (r = -0.28), DIC (r = -0.28), and
TDN (r = 0.27). The positive side of the third axis
(11%, p = 0.05; Fig. 3b) ordinated both S1 and S2
sampling units from different periods due to
higher values of SRSi (r = 0.46), TDN (r = 0.43),
DIC (r = 0.32), WV (r = 0.31), TN (r = 0.26), DOC (r
= 0.24), and SRP (r = 0.21). The same tendency
was observed on the negative side of this axis
with sampling units from both stations being
grouped especially due to the higher values of
SD (r = -0.36) and Abs365 (r = -0.23). In general,
the analysis evidenced a temporal distribution

Figure 2. Values of wind velocity
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of environmental data, with most of the initial
sampling units being separated from the later
ones, followed by spatial segregation of S1 and
S2. The variables DO, SRP, TN, DIC, and DOC
differed significantly between sampling stations
(Table 1).

Phytoplankton

Phytoplankton total biomass (TB) did not differ
significantly between the sampling stations
(p > 0.05). Besides biomass peaks on days 15
and 22 (10.3 mg/L and 13.4 mg/L), S2 generally
had lower TB than S1, which had its peak on
day 14 (12.7 mg/L) (Fig. 4a). TB and Abs365 were
negatively correlated at both sampling stations
(r=-042 at S1and r = -047 at S2, p < 0.05). At
S1, TB was positively correlated with SRP (r =
0.60, p = 0.001) and TN (r = 046, p = 0.02), while
at S2 TB was negatively correlated with TN (r
= -046, p = 0.02), SRSi (r = -0.42, p = 0.04) and
DIC (r = -0.41, p = 0.04). The succession rate (o)
of phytoplankton at both stations presented
similar patterns of continuous variation
throughout the studied period (Fig. 4b). Overall,
the phytoplankton succession rate was higher
at S2, being negatively correlated with SRSi (r =
-0.39, p = 0.05) and Abs365 (r = -0.41, p = 0.04),
and positively correlated with SRP at S1(r = 0.67,
p = 0.002).

A total of 97 phytoplankton species
were found: 85 species at S1 (30 exclusive
taxa) and 67 species at S2 (12 exclusive taxa).
Phytoplankton species were sorted into eight
major groups: Chlorophyceae (39.2% of the
identified taxa), followed by Cyanobacteria
(36.1%), and less than 10% for the other
groups (Zygnemaphyceae, Bacillariophyceae,
Euglenophyceae, Chrysophyceae, Dinophyceae,
and Cryptophyceae). Chlorophyceae was the
most abundant group (43.9% of TB), followed
by Cyanobacteria (41.9%), and less than 10% for
the other groups. The relative contribution of
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Figure 3. Principal Component Analysis (PCA) biplots
of environmental variables of axes 1and 2 (a) and
axes 1and 3 (b) in the littoral zone of Lake Mangueira
during the studied period. Abs365 = humic acid 365
absorbances; Cond = conductivity; DIC = dissolved
inorganic carbon; DO = dissolved oxygen; DOC =
dissolved organic carbon; SD = Secchi depth; SRP =
soluble reactive phosphorus; SRSi = soluble reactive
silica; TP = total phosphorus; TN = total nitrogen; TDN =
total dissolved nitrogen and WV = wind velocity.

phytoplankton groups at each sampling site was
very similar, being dominated most of the time
by cyanobacteria (CYA) and chlorophytes (CHL).
Lower biomass of those groups coincided with
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Table I. Abiotic parameters, phytoplankton biomass, and ecological indices: minimum (min), maximum (max),
mean, and standard deviation (sd), during the study at stations S1and S2 (n = 25 per station). Bold values indicate

significant differences (Wilcoxon, p < 0.05).

Variable Code .
Min
Depth (m) Dep 13
Secchi depth (m) SD 1.0
Water temperature (°C) Temp 22.6
Conductivity (uS/cm) Cond 0.4
Hydrogenionic potential pH 81
Dissolved Oxygen (mg/L) DO 7.0
Soluble Reactive Silica (mg/L) SRSi 0.0
Total Phosphorus (pg/L) TP 9.7
Soluble Reactive Phosphorus (ug/L) SRP 2.6
Total Nitrogen (pg/L) ™ 5147
Total Dissolved Nitrogen (ug/L) TDN 4215
Dissolved Inorganic Carbon (mg/L) DIC 93
Dissolved Organic Carbon (mg/L) DOC 4.2
Humic Acid 365 absorbance (nm) Abs365 | 0.000
Phytoplankton total biomass (mg/L) B 1.8
Richness (number of taxa) H 14.0
Shannon Diversity (bits mg/L) S 21

increased biomass of chrysophytes (CHR), which
reached 32% of TB on day 23, when CYA and CHL
had their lowest recorded relative abundances
with 34% and 21%, respectively.

Species richness (S) did not differ
significantly (p > 0.05) between the sampling
stations (Fig. 4c) and varied from 14 to 29
(days 25 and 16, respectively) at S1, and from
11 to 28 (days 11 and 15, respectively) at S2.
Phytoplankton richness was correlated with SRP
(r=10.61 p=0.001), DOC (r = -045, p = 0.02) and
DIC (r = -0.39, p = 0.05) at S1, while negatively
correlated with Abs365 (r = -0.41, p = 0.02) at S2.
Shannon diversity differed significantly between
the sampling stations (p < 0.05), with higher
values at S1 (Fig. 4d). Phytoplankton diversity

An Acad Bras Cienc (2024) 96(3)

S1 S2
max | mean @ sd min | max | mean | sd
19 1.6 0.2 0.8 12 1.0 0.1
19 14 0.2 0.8 12 1.0 0.1
26.9 247 11 22.7 275 249 12
0.5 0.4 0.0 0.4 0.5 0.4 0.0
9.0 8.6 0.3 8.4 9.0 8.7 0.2
8.4 1.7 0.4 7.6 124 8.2 09
10.2 6.4 32 35 6.8 53 11
76.6 172 14.5 15.9 439 214 6.0
81 6.5 12 56 28.6 12.0 49
655.7 = 600.3 | 449 @ 487.0 586.7 5408 | 276
596.5 | 486.3 53.6 | 4157 1 5109 @ 466.3 28.3
10.8 10.2 0.4 74 10.9 9.6 0.9
6.7 49 0.7 4.3 7.2 5.6 0.8
0.071 | 0.016 ' 0.015 ' 0.007 | 0.027 @ 0.015 | 0.005
12.6 53 2.3 0.4 134 4.5 31
29.0 20.8 3.8 11.0 28.0 19.3 4.
2.8 25 0.2 17 2.8 23 0.3

was positively correlated with SRP (r = 039, p =
0.05) and negatively with DIC (r = -0.39, p = 0.05)
at St

Thirty-two descriptive species were
registered at the sampling stations throughout
the time series, with 26 being shared between
the stations (Table I1). The descriptive species
accounted for 85% of phytoplankton TB. The
major contributors to TB were the cyanobacteria
Aphanocapsa spp. and Planktolyngbya spp.,
as well as the chlorophytes Scenedesmus
spp., Oocystis lacustris, Golenkinia radiata,
Lagerheimia ciliata and Monoraphidium
irregulare and the chrysophycean Dinobryon
sertularia (Fig. 5).
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Figure 4. Phytoplankton total biomass (a), succession
rate (b), species richness (c), and Shannon diversity

(d) in the littoral zone of Lake Mangueira during the
studied period at stations S1and S2.

Integrated analysis of biological and abiotic
data

The RDA resulted in high Pearson’s correlation
between limnological and species data for the
first two axes (0.784 and 0.782, respectively),
indicating strong relationships among abiotic
and phytoplankton variables of the sampling
stations. The Monte Carlo test indicated that the
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orderings of the first two axes were significant
(p=0.04), confirming that the analysis was
not randomly generated. The biplot (Fig. 6)
demonstrated a slight spatial differentiation
of the phytoplankton community in relation
to abiotic variables without clear temporal
gradients. Most of S2 and some S1sampling units
were ordinated on the positive side of the first
axis due to the higher values of Abs365 (r = 0.68),
DOC (r=047), TP (r=0.35), TDN (r = 0.25) and DIC
(r = 0.24), where the species Chroococcus minor
and Aphanocapsa koordersii, also Peridiniopsis
sp. and Oocystis borgeii were ordinated. The
negative side of the first axis concentrated S1
and S2 sampling units with the higher values of
SRP (r = -0.68), TN (r = -0.31) and WV (r = -016),
with the species guild ordinated to that side
being composed of several chlorophytes and
desmids, and the cyanobacteria Aphanocapsa
spp., Aphanothece spp. and Planktolyngbya spp.
The positive side of the second axis sorted most
of S2 due to higher WV values (r = 0.24), where
Scenedesmus obtusus and Dinobryon sertularia
were ordinated, as well some cyanobacteria
species (Chroococcus spp., Merismopedia
tenuissima, Radiocystis fernandoi and Eucapsis
sp.). Greater values of SRSi (r = -0.62), SRP (r =
-0.43) and DIC (r=-0.35) grouped most STsample
units to the negative side of the second axis with
the species guild composed of Dolichospermum
circinale, Willea crucifera and Mucidosphaerium
pulchellum, among others.

DISCUSSION

Our results demonstrated high variability of
littoral phytoplankton structure over short-time
intervals during the evaluated summer period.
No steady state of phytoplankton was recorded
at either sampling station. Instead, we observed
high variability of biomass and the relative
contribution of species throughout the studied
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Table II. Descriptive species of the phytoplankton community in the littoral zone of Lake Mangueira during the
studied period: values of relative contribution (%) of each taxon at sampling stations S1and S2. Bold values
specify the descriptive species of each sampling station.

Class. = Abbrev. Species S1 S2
CYA Akoor Aphanocapsa cf. koordersii  Strom 1923 3.8 7.0
CYA Adeli Aphanocapsa delicatissima West & West 1912 3.4 3.0
CYA Aelac Aphanocapsa elachista West & West 1894 6.9 4.6
CYA Ainc Aphanocapsa incerta (Lemmermann) Cronberg & Komarek 1994 7.3 4.2
CYA Asmit Anathece smithii (Komérkové—LJeengE)eerr(é)\(/éé %Oﬁqon berg) Komarek, Kastovsky & 0.8 1.0
CYA Anasp Aphanothece sp. Nageli 1849 1.4 0.9
CYA Astag Aphanothece stagnina  (Sprengel) Braun in Rabenhorst 1863 0.5 21
CYA Cdis Chroococcus dispersus — (Keissler) Lemmermann 1904 0.4 11
CYA Cmin Chroococcus minor  (Kiitzing) Nageli 1849 1.6 11
CYA Deir Dolichospermum circir;{ccl)lfim(gsrt])egi] kllgrns]gfngzoorgget & Flahault) Wacklin, 1 0.0
CYA Euca Eucapsis sp. Clements & Shantz, 1909 11 1.6
YA Lim Limnococcus limneticus (Lemzrggénr:é?onv)égoon?grkové, Jezberova, Komarek & 14 23
CYA Mten Merismopedia tenuissima Lemmermann 1898 1.8 2.4
CYA Pcon Planktolyngbya contorta (Lemmermann) Anagnostidis & Komarek 1988 4.6 2.4
CYA plim Planktolyngbya limnetica (Lemmerr?gagnzn) Komarkova-Legnerova & Cronberg 11 04
CYA Rfer Radiocystis fernandoi  Komarek & Komarkova-Legnerova 1993 0.0 5.2
CHL Chlvu Chlorella cf. vulgaris  Beyerinck [Beijerinck] 1890 1.6 11
CHL Hret Hariotina reticulata (Dangeard) Senn 1899 0.7 1.4
CHL Mpul Mucidosphaerium pulchellum (Wood) Bock, Proschold & Krienitz 20711 1.2 0.0
CHL Grad Golenkinia radiata  Chodat 1894 3.6 2.3
CHL Lcili Lagerheimia ciliata  (Lagerheim) Chodat 1895 4.0 21
CHL Mirr Monoraphidium irregulare  (Smith) Komarkova-Legnerova 1969 4.4 2.0
CHL Oborg Oocystis borgei  Snow 1903 0.5 1.2
CHL Olac Oocystis lacustris  Chodat 1897 8.8 6.5
CHL Secor Scenedesmus ecornis  (Ehrenberg) Chodat 1926 3.3 2.4
CHL Sobtu Scenedesmus obtusus Meyen 1829 10.4 13.9
CHL Tmin Tetraedron minimum (Braun) Hansgirg 1888 1.2 1.8
CHL Wruc Willea cf. crucifera  (Wolle) John, Wynne & Tsarenko 1974 1.0 0.8
7YG Ckue Closterium cf. kuetzingii ~ Brébisson 1856 1.6 0.0
7YG Cosm Cosmarium sp. Corda ex Ralfs 1848 2.7 0.0
CHR Dser Dinobryon sertularia  Ehrenberg 1834 5.7 111
DIN Perid Peridiniopsis sp. Lemmermann 1904 0.0 2.0

Total Biomass 85% & 88%
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period related to constant environmental shifts,
which lead to continuous species turnover,
sometimes during a single diel cycle. Besides,
oscillations in the phytoplankton succession
rates were registered during all the studied
period. Usually, equilibrium is not expected
in aquatic ecosystems under very rapidly
fluctuating conditions (O'Farrell et al. 2003) or
with intermittent mixing (Allende & lIzaguirre
2003, Naselli-Flores et al. 2003). Non-equilibrium
theories attribute a basic role to environmental
disturbances occurring with sufficient frequency
to disrupt the course of competitive exclusion
(Harris 1986, Wilson 1990, Sommer et al. 1993,
Padisak 1994, Krebs 2001, Lengyel et al. 2015).
These recurrent perturbations in the littoral
zone of shallow lakes are generally related to
climatic variation (Cantonati & Lowe 2014), or
processes resulting from terrestrial-aquatic
interaction (Meerhoff & Jeppensen 2009). These
may be one of the explanations to the species
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turnover verified in the present study (Fig. 5).
For instance, D. sertularia and S. obtusus were
benefited by wind action as evidenced by the
RDA, in the same way that SRP drove the O.
lacustris development. Furthermore, the fast
environmental dynamics of the littoral zone
addedtothefastresponsetime of phytoplankton
and the biotic interactions not considered in the
present study may also have contributed to that.

Studies on the phytoplankton of Lake
Mangueira have been carried out using different
approaches.Mostofthesestudieswereperformed
in the pelagic zone and showed that changes in
both monthly (Crossetti et al. 2007) and seasonal
(Crossetti et al. 2013, 2018, Freitas-Teixeira et al.
2016) temporal scales were strongly associated
with environmental variation influenced by the
lake’s hydrodynamics. Similarly, another study
demonstrated a significant correlation between
environmental dissimilarity and phytoplankton
dissimilarity based on long-term monitoring

Figure 5. Relative
biomass contribution
of the five

most abundant
phytoplankton
species at sampling
stations S1(a)

and S2 (b) in the
littoral zone of Lake
Mangueira during the
studied period.

U Others

B D. serfularia

L1 Others

12 3 4 5 6 7T 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Day
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data (12 years) (Bohnenberger et al. 2017). Then,
even though short-term sampling has not
been deeply explored, our experience led us
to suppose that in the pelagic habitat of this
lake phytoplankton steady states may be less
frequent, but are not impossible to occur. An
unpublished study carried out with samplings on
every three days (for 60 days, in the summer of
2012) in Lake Mangueira showed phytoplankton
steady states occurring both in the pelagic and
littoral zones, but the equilibrium period had a
shorter duration in the littoral. There is evidence
that in shallow lakes the conditions for the
establishment of phytoplankton steady states
are more predictable than in deep lakes (Naselli-
Flores et al. 2003, Nixdorf et al. 2003). Besides, in
a system adapted to perturbation, as in the case
of continuously mixed systems (shallow lakes),
this represents a sufficiently stable condition
to allow phytoplankton steady state, while the
calm phases would be the disturbance (Chorus
& Schlag 1993).

SHORT-TERM RESPONSES OF LITTORAL PHYTOPLANKTON

The hydrodynamics of the littoral zone of
shallow lakes can be complex due to a series
of factors that influence the movement of the
water mass in this zone. For instance, studies
have already shown that wind-driven circulation
or ship waves can lead to sediment resuspension
in the littoral zone of large lakes (Hofmann et
al. 2008, 2011). Likewise, wind direction might
be an important factor for horizontal transport,
influencing the patchiness of phytoplankton
in lakes (Verhagen 1994). Besides, horizontal
convective exchanges flow between the littoral
zone and open waters of shallow lakes may occur
(Stefan et al. 1989), influencing, for example, the
nutrient exchange (James & Barco 1991). Not to
mention the presence of macrophytes, which
may attenuate surface-generated turbulence
from penetrating the water column (Coates &
Folkard 2009). In the present study, although
we have not observed the direct influence of
wind (speed and direction) on the abiotic and
biological variables, it may have influenced the
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Figure 6. Redundancy analysis
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. species legend, see Table II.
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dynamics of water masses, not only intensifying
the effect of macrophytes on limnological
features through transport processes but also
justifying the wide environmental variability and
the differences observed between the sampling
stations. Then, for a better understanding of the
environmental and biological dynamics in the
littoral region of systems such as Lake Mangueira,
the incorporation of variables related to the flow
of water masses in this zone is recommended.

Although the extension or the effects of
the macrophyte beds near the sampling sites
was not quantified, other studies conducted
in the southern region of Lake Mangueira have
already reported the strong influence that the
plants have on limnological processes (They et
al. 2013, Rodrigues et al. 2014, 2015, Faria et al.
2016, Finkler Ferreira et al. 2018). Macrophytes
can affect both the dynamics of biological
communities (Howard-Williams & Lenton 1975,
Muylaert et al. 2010, Thomaz & Cunha 2010,
Teixeira de Mello et al. 2015, lacarella et al.
2018) and nutrient cycling (Havens et al. 2004,
They et al. 2013) in shallow lakes, by acting as
nutrient sinks in several ways (Carpenter 1987,
Kufel & Kufel 2002). In this sense, the analyses
performed in this study indicated that the
occurrence of macrophytes may have played an
effective role for littoral phytoplankton structure
of Lake Mangueira. Humic substances, which are
released by macrophytes, proved to be one of
the main drivers of phytoplankton dynamics.

As estimated by Abs365, these substances
exhibited a negative correlation with
phytoplankton biomass at both stationsand were
also related to succession rate and richness at
S2. A negative interaction between macrophytes
and phytoplankton had already been registered
for the littoral zone of Lake Mangueira (Finkler
Ferreira et al. 2018), when phytoplankton
biomass was negatively influenced by humic
substances and the presence of the plants.

SHORT-TERM RESPONSES OF LITTORAL PHYTOPLANKTON

The authors concluded that the effects of the
macrophytes on the phytoplankton structure
and water quality could be seen beyond the
boundaries of the vegetated area. In our survey,
few species had high positive associations with
humic substances: only C. minor, A. koordersii
and Peridiniopsis sp. According to Wetzel (2001),
higher concentrations of humic substances can
select only those species that are adapted to
those conditions. These substances can make
nutrients unavailable for primary producers
(Lenard & Ejankowski 2017), and affect not
only underwater light intensity but also the
penetration of photosynthetically active
radiation into the water (Wetzel 2001, Ejankowski
& Lenard 2015). More specifically, they inhibit
the development of cyanobacteria, which
seem unable to use their accessory pigments
in the reddish light caused by the higher
concentration of yellow humic substances
(Steinberg et al. 2006). Therefore, most of the
species of cyanobacteria listed in the present
study were negatively related to Abs365,
demonstrating the negative interaction between
this group and macrophytes, as widely reported
in others studies (Gross et al. 2007, Mulderij et
al. 2007, Vanderstukken et al. 2014, They et al.
2015, Mohamed 2017). Besides, species of blue
green algae and diatoms are often significantly
inhibited by allelochemicals (Hilt & Gross 2008,
Reitsema et al. 2018), and some macrophytes
species occur in Lake Mangueira possess such
inhibitory capacities (They & Motta-Marques,
2019).

Another particularity registered in the
littoral zone of Lake Mangueira was the marked
oscillation of nutritional conditions. Nutrient
availability in the littoral zone can be strongly
influenced by sediment destabilization (Kosten
& Meerhoff 2014), the action of fish (Meerhoff
& Jeppensen 2009), high assimilation by
macrophytes (They et al. 2014) and bacterial
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activity (Wetzel 1983). Although these factors
were not evaluated here, we recognized that
their action could explain the rapid variation
in nutrients during the studied period. Slight
variation in nutrient levels within short
sampling intervals result in a rapid change in
the structure of an algae community (Dantas
et al. 2008), as we found in the littoral zone of
Lake Mangueira. In addition, more oligotrophic
conditions stimulate greater competition
among phytoplankton and bacteria for nutrients
(They et al. 2014). The positive correlations
between SRP and phytoplankton total biomass,
succession rate, species richness, and Shannon
diversity at S1, and the biplot arrangement of
the RDA, demonstrate that this resource was an
important driver of species performance at this
site, which was not recorded at S2, where humic
substances were found at higher concentrations.
The fact that S1 had substantially lower values
of SRP, remaining below the overall limiting
concentrations for phytoplankton growth
during several periods (Reynolds 2006), may
represent a competitive advantage for the small
cyanobacteria and chlorophytes present. Most
species of these groups benefited from this
nutrient, as demonstrated by the integrated
analysis (RDA). These organisms possess high
surface-volume ratios, which increases the
capacity of nutrient absorption (Foy 1980,
Negro et al. 2000, Passarge et al. 2006, Reynolds
2006, Brasil & Huszar 2011), and promote faster
replication rates than those of larger algae
(Raven 1998). This property is important in highly
dynamic ecosystems where environmental
variables are constantly changing (Palijan 2017),
such as the littoral zone of Lake Mangueira.
Our results showed that the littoral
phytoplankton of Lake Mangueira is inserted in
a highly stochastic and dynamic compartment
with high environmental variability. Furthermore,
mixing shallow lakes are traditionally

SHORT-TERM RESPONSES OF LITTORAL PHYTOPLANKTON

considered fast-changing and fluctuating
ecosystems featuring quick and unpredictable
phytoplankton changes (Naselli-Flores et al.
2003). The non-steady state found for the
littoral phytoplankton of the present study was
influenced by the nutritional availability in Lake
Mangueira. The nearby presence of macrophytes
seemed to have influenced the environmental
conditions by contributing to species turnover
on a short-time scale, demonstrating that the
littoral phytoplankton assemblage in Lake
Mangueira experiences a constant redefinition
of community structure. Further studies of
littoral phytoplankton regarding a functional
approach, and broader efforts to explore the
complex dynamics of biological interactions
found in this compartment, should be
considered. Finally, the littoral zone of shallow
lakes should be included in ecological studies
in order to provide enhanced scientific support
about the importance of this compartment for
overall lake dynamics and lake conservation
and management programs.
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