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The influence of environmental variables on spatial and temporal
phytoplankton dissimilarity in a large shallow subtropical lake
(Lake Mangueira, southern Brazil)
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Abstract: Aim: The uneven distribution of organisms in aquatic ecosystems is
generally attributed to environmental heterogeneity in both space and time, reflecting
the occurrence of appropriate environmental conditions and the availability of
resources to biological communities. The aim of this study was to understand how the
dissimilarity of the phytoplankton community in a large subtropical shallow lake is
related to environmental dissimilarities. Methods: Biotic and environmental data were
gathered at 19 sites along the 90-km length of Lake Mangueira. Sampling was carried
out quarterly during 2010 and 2011, totaling 152 sampling units. The relationship
between phytoplankton dissimilarity and the dissimilarity of environmental variables
was assessed by the BioEnv analysis. Major results: There is a significant relationship
between phytoplankton dissimilarity and environmental dissimilarity. The model that
best explained the dissimilarity of phytoplankton among the sampling units included
pH, turbidity and nitrate. Conclusions: The dissimilarity of phytoplankton was related
to the dissimilarity, which were directly associated to the variability of conditions and
resources in space and time in Lake Mangueira.

Keywords: BioEnv, environmental dissimilarity, community structure, spatial
variability, temporal variability.

Resumo: Objetivo: A distribui¢do heterogénea de organismos em ecossistemas
aqudticos ¢ geralmente atribuida & heterogeneidade ambiental espacial e temporal,
refletindo a existéncia de condi¢oes ambientais apropriadas e a disponibilidade de
recursos as comunidades biolégicas. O objetivo deste estudo foi compreender como
a dissimilaridade da comunidade fitoplancténica em um grande lago raso subtropical
estd relacionada a dissimilaridades ambientais. Métodos: As varidveis ambientais e a
comunidade fitoplanctonica foram coletadas em 19 pontos distribuidos ao longo dos
90 km de extensio da Lagoa Mangueira, trimestralmente durante 2010 e 2011, totalizando
152 unidades amostrais. A relagio entre a dissimilaridade do fitoplancton e a dissimilaridade
das varidveis ambientais foi acessada pela andlise BioEnv. Principais resultados: Hd uma
relagao significativa entre a dissimilaridade na estrutura da comunidade fitoplancténica
e a dissimilaridade ambiental. O modelo que melhor explicou a dissimilaridade do
fitoplancton incluiu pH, turbidez e nitrato. Conclusao: A dissimilaridade fitoplancténica
foi relacionada a dissimilaridade de importantes varidveis ambientais associadas &
variabilidade de condicées e recursos no espaco e no tempo na Lagoa Mangueira.

Palavras-chave: BioEnv, dissimilaridade ambiental, estrutura de comunidades,
variabilidade espacial, variabilidade temporal.
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1. Introduction

All biological communities vary in space
and time. The degree of variability depends
on physical and chemical characteristics of the
habitat, its temporal stability, and on biotic
interactions (Bengtsson et al., 1997). Identifying the
mechanisms responsible for this variability may help
to understand the processes governing the assembly
of communities and the functioning of ecosystems.

Ecologists know from experience that physical
and chemical variables observed in nature vary
spatially and temporally (Legendre et al., 2002;
Schneck et al., 2011), and biological communities
may vary accordingly. Relationships between
the structure of biological communities and
environmental factors have been found in many
studies in aquatic environments (e.g.; Melo,
2009; Haig-They et al., 2010), some of which
were addressed to the phytoplankton community
(e.g. Calijuri et al., 2002; Borges et al., 2008).

The structure of phytoplankton community
may be related to a multitude of environmental
factors, depending on the ecosystem type, latitude,
and spatial and temporal scales. For instance,
Schneck et al. (2011) found that the temporal
variation in the structure of communities in a
single subtropical reservoir was related to nutrient
concentrations and water temperature. In an
interconnected pond system, electrical conductivity,
water transparency, pH and emergent macrophyte
cover explained the structure of phytoplankton
communities (Vanormelingen et al., 2008). On
a latitcudinal scale ranging from subarctic Europe
to southern South America, Kosten et al. (2012)
observed that water temperature was the single most
important variable explaining the proportion of
cyanobacteria in the composition of phytoplankton.
Regarding ecosystems depth, unequal responses
on phytoplankton structuring may also be found
in deep and shallow lakes, mainly conditioned by
the depth of the water column and the associated
limnological processes, such as the mixing patterns.

In shallow lakes, environmental variability
in space and time is strongly dependent on
hydrodynamics (Scheffer, 1998), and may often
also be associated with the presence of a littoral
zone or adjacent wetlands that are densely inhabited
by aquatic macrophytes (Thomaz et al., 2008).
Accordingly, three of the major factors affecting
the variability of phytoplankton communities
in shallow lakes are variation in water level,
water circulation patterns, and the presence of
macrophytes. All three factors may affect many
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ecosystem processes, ranging from nutrient cycling
and reduction of water turbulence (Pedralli and
Teixeira, 2003) to the creation of refuges for many
species, directly affecting the supply of resources
and the conditions for phytoplankton communities
(Crossetti et al., 2007; Fragoso Jr. et al., 2008;
Villamagna and Murphy, 2010; Fonseca and
Bicudo, 2011). Additionally, high concentration
of humic acids, originated from the decomposition
of plants, leads to dark-colored water, inhibiting
primary production (Thomaz et al., 2001).

Studies analyzing the relationship between
environmental variability on both spatial and
seasonal scales and the variations in phytoplankton
communities are mostly done on reservoirs and
lakes (e.g. Calijuri et al., 2002; Borges et al., 2008;
Rychtecky and Znachor, 2011; Schneck et al.,
2011; Wu etal., 2013). Fewer studies have explored
these aspects in shallow coastal lakes (Cardoso and
Motta-Marques, 2004; Crossetti et al., 2013),
which might present dissimilar environmental
conditions in space, due to littoral zones densely
inhabited by macrophytes, and in time, given the
highly hydrodynamic processes driven by wind
and water-level fluctuations. Here, we evaluated
the role of environmental variables in affecting the
dissimilarity of phytoplankton in a large shallow
subtropical lake, Lake Mangueira, based on
samples gathered seasonally along the entire lake.
We tested the hypothesis that the dissimilarity in
phytoplankton structure is positively related to
environmental dissimilarity. We went further by
examining which environmental variables were
more correlated with phytoplankton dissimilarity.
We expected that variables related to water-level
fluctuations and circulation patterns and variables
related to the decomposition of macrophytes
(mainly nutrient concentrations and variables that
affect light availability, such as turbidity, suspended
solids and humic acids) are among the variables that
best explain phytoplankton dissimilarity.

2. Material and Methods

2.1. Study area
Lake Mangueira (33°31°227S/53°07°48”W))

is a shallow, oligo-mesotrophic coastal lake
(Zmax = 6 m; Zmean = 2.6 m), 90 km long and
3-10 km wide (Figure 1), located in the Taim
Hydrological System, southern Brazil. The region
has a subtropical climate (Cfa type; Kottek et al.,
20006). The lake’s main axis is northeast-southwest,
aligned with the prevailing winds (Fragoso Jr. etal.,
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Figure 1. Location of Lake Mangueira in Santa Vitéria do Palmar, state of Rio Grande do Sul, Brazil. Black circles
indicate the 19 sampling points. Dark gray shading at the northern end of the lake indicates the Taim wetland.

2008). The lake is periodically drained to irrigate
rice fields, which determines its hydroperiod,
comprised by low-water (spring - summer) and
high-water (autumn - winter) periods. The lake is
influenced by a wetland at its north end, and a dense
macrophyte bank at the south end. The littoral zone
of the lake contains about 128 species of aquatic
macrophytes (Motta-Marques et al., 2002).

2.2. Sampling of environmental and biological
variables

Sampling was carried out at the water subsurface,
seasonally (spring, summer, autumn, winter),
during 2 years (2010 and 2011), at 19 sampling
points along the entire lake, including the littoral
and pelagic zones, totaling 152 sampling units.
Environmental and biological samples were
collected concomitantly.

The samples were analyzed for nutrients (soluble
reactive phosphorus, total phosphorus, ammonium,
nitrate, total nitrogen; Mackereth et al., 1989),
soluble reactive silicon (APHA, 1992), total solids,
total volatile solids, total suspended solids and total
fixed solids (APHA, 1992), turbidity (turbidimeter),

carbon forms, including dissolved inorganic

carbon (TOC V; Shimadzu 5000), and humic
acids (UV-Vis absorption measured at wavelengths
of 250, 254, 365, 430 and 750 nm). Water
transparency (Secchi disk), water temperature,
pH, electrical conductivity and dissolved oxygen
(YSI 6920 probe) were measured 7 situ.
Phytoplankton was counted in sedimentation
chambers in an inverted microscope (Utermohl,
1958) and sedimentation time followed Lund et al.
(1958), which determined three hours for each
centimeter of height of the chamber. At least
100 specimens of the most frequent species were
enumerated (counting error < 5%, Lund et al,,
1958). Biomass (mm* L") was estimated through
biovolume, according to Hillebrand et al. (1999).

2.3. Data analyses

We used the BioEnv approach (Clarke and
Ainsworth, 1993; see Melo et al., 2011 for its use in
beta diversity analysis) to examine the relationship
between dissimilarities in community structure
and dissimilarities in environmental variables.
The analysis correlates dissimilarity matrices of all
possible combinations of environmental variables
with the biotic dissimilarity matrix and selects
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the subset of environmental variables that shows
the best correlation with the biotic data. The
complete environmental dissimilarity matrix was
computed using Euclidean distance after centering
each variable by its mean and scaling each variable
by its standard deviation. After excluding highly
correlated variables (r > 0.8), we included in the
complete environmental matrix only the following
variables: water transparency, pH, electrical
conductivity, dissolved oxygen, turbidity, total
suspended solids, total phosphorus, soluble reactive
phosphorus, total nitrogen, ammonium, nitrate,
soluble reactive silicon, dissolved inorganic carbon,
and humic acids measured at 365 nm (Table 1). The
biotic dissimilarity matrix was generated using the
Bray-Curtis index on log-transformed (biomass+1)
data (Legendre and Legendre, 1998). The strength of
the relationship between biotic and environmental
dissimilarities was assessed through the Spearman
correlation between the biotic dataset and its best
environmental subset, and tested for statistical
significance using a permutation procedure (with
999 permutations) implemented for Mantel tests.
We conducted all analyses using the R environment
(R Core Team, 2013). The BioEnv analysis and the
permutation procedure were conducted using the
functions bioenv and mantel available in the vegan
package (Oksanen et al., 2013).

3. Results

A total of 117 species were identified, in
seven algal classes. The most species-rich group
was Chlorophyceae (48 species), followed by
Cyanobacteria (41) and Bacillariophyceae (17).
Cyanobacteria contributed the most biomass
(89%), followed by green algae (9%) and diatoms
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(1%), regardless of lake zones or seasons. Chroococcus
limneticus Lemmermann, Aphanocapsa conferta
(West and G.S.West) Komdrkové-Legnerové and
Cronberg and Aphanothece smithii ]. Komdrkova-
Legnerovd and G.Cronberg had the highest relative
biomass (2.5, 2.2 and 0.5 mm?® L', respectively),
regardless of spatial or temporal variability. The
mean contribution of these three species reached
77% of the total biomass.

The BioEnv analysis indicated that the
environmental dissimilarity matrix that best
correlated with the phytoplankton dissimilarity
matrix included pH, turbidity and nitrate (r = 0.388;
Table 2). The correlation between the two matrices
was significant (p < 0.001), indicating that a large
dissimilarity in the selected environmental variables
among sampling units leads to a large dissimilarity
in phytoplankton structure. Two other models,
one including only pH and turbidity (r = 0.3701)
and another including pH, turbidity, nitrate and
water transparency (r = 0.3602) showed similar
correlations to the best model (Table 2).

4, Discussion

We found that the dissimilarity in
phytoplankton structure is significantly correlated
to environmental dissimilarity. Alcthough the
distribution of phytoplankton might also be
driven by several mechanisms other than local
conditions and resource availability (e.g. dispersal,
species strategies, biological interactions), the
environmental variability may comprise much of
the explanation for local community structure (e.g.
Soininen et al., 2005; Vanormelingen et al., 2008).
The environment inhabited by phytoplankton of
large shallow lakes tends to be dissimilar at large

Table 1. Mean + standard deviation and minimum and maximum values of environmental variables sampled four
times per year (2010 and 2011) at 19 sampling stations in Lake Mangueira, Rio Grande do Sul, Brazil.

Environmental variables Mean * standard deviation Min-Max
Water transparency (m) 1.08 £ 0.48 0.34-2.73
pH 7.97 £0.44 7.36-9.20
Electrical conductivity (uS cm™) 344 + 54 249-485
Dissolved oxigen (mg L") 0.46 +0.97 7.78-11.90
Turbidity (NTU) 21.4+15.6 1.0-80.0
Total suspended solids (mg L) 13.06 £ 5.73 1.5-28.0
Total phosphorus (upg L) 35.9+17.8 11.6-85.2
Soluble reactive phosphorus (ug L) 21.2+13.0 1.5-56.3
Total nitrogen (ug L) 357.5+148.7 86.2-905.0
Ammonium (ug L") 65.1 +62.8 2.6-348.1
Nitrate (ug L) 1024 +71.6 9.0-410.7
Soluble reactive silicon (mg L") 2.82+0.62 1.28-4.22
Dissolved inorganic carbon (mg L") 14.47 + 3.87 8.03-26.86
Humic acids at 365 nm 0.015 + 0.008 0.004-0.051
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Table 2. Results of the BioEnv analysis for the relationship between the dissimilarity of the phytoplankton community
and the dissimilarity of environmental variables in Lake Mangueira, Rio Grande do Sul, Brazil. Spearman correlation
for the best model is shown in bold. Cond, electrical conductivity; DIC, dissolved inorganic carbon; DO, dissolved
oxygen; NH., ammonium; NO,, nitrate; Transp, water transparency; Si, silicon; SR, soluble reactive phosphorus;
TN, total nitrogen; TP, total phosphorus; TSS, total suspended solids; Turb, turbidity.

Model Model Correlation
size
1 pH 0.2982
2 pH + Turb 0.3701
3 pH + Turb + NO, 0.3888
4 Transp + pH + Turb + NO, 0.3602
5 Transp + pH + Turb + TN + NO, 0.3376
6 Transp + pH + Turb + TN + NO, + 365 nm 0.3148
7 Transp + pH + Turb + TSS + TN + NO, + 365 nm 0.2846
8 Transp + pH + DO + Turb + TSS + TN + NO, + 365 nm 0.2275
9 Transp + pH + DO + Turb + TSS + SRP + TN + NO, + 365 nm 0.1736
10 Transp + pH + DO + Turb + TSS + SRP + TN + NH, + NO, + 365 nm 0.1231
11 Transp + pH + DO + Turb + TSS + SRP + TN + NH, + NO, + TP + 365 nm 0.0870
12 Transp + pH + DO + Turb + TSS + SRP + TN + NH, + NO, + DIC + TP + 365 nm 0.0495
13 Transp + pH + Cond + DO + Turb + TSS + SRP + TN + NH, + NO, + DIC + TP + 365 nm 0.0208
14 Transp + pH + Cond + DO + Turb + TSS + SRP + TN + NH, + NO, + Si + DIC + TP + 365 nm —-0.0050

scales (e.g. littoral and pelagic zones), and is also
susceptible, at smaller scales, to the rapid changes
produced by hydrodynamics. Hydrodynamics
might also contribute to the dissimilarities found
in large lakes in space and time, as previously
shown for Lake Mangueira, in which ecosystem
processes are highly dependent on wind action
(see Fragoso Jr. et al., 2008).

Our hypothesis regarding which environmental
variables would best explain phytoplankton
dissimilarities was corroborated, since turbidity
and nitrate (plus pH), variables related to the
lake hydrodynamics, were selected as the best
subset of variables. A similar set of environmental
variables, related to water-level fluctuations and
wind action (nutrients, pH, conductivity and
water temperature), best explained variations
in phytoplankton functional groups in Lake
Mangueira in a long-term data set (six years)
(Crossetti et al., 2013). The importance of the
set of environmental variables selected in the
present study is related to optimal environmental
conditions and availability of resources found
for phytoplankton development. For instance,
many algae species are sensitive to changes in pH,
such as most planktic species of Cyanobacteria
which do not grow at pH levels much below 6.0
(Reynolds, 2000). Besides, pH may be an indicative
of different forms of carbon availability which
might also influence phytoplankton structure (see
Shapiro, 1973). Regarding turbidity, it affects light
availability, influencing phytoplankton biomass and
structure (Becker et al., 2009). Turbidity (and by

consequence, low light availability) generated by
daily water mixing and sediment resuspension due
to wind action has already been suggested to be an
important factor in determining the composition
of phytoplankton communities in the Taim
Hydrological System, where Lake Mangueira is
located (Crossetti et al., 2007).

Dissimilarities in nitrate availability may also
lead to differences in phytoplankton structure, since
half-saturation concentrations for nitrate uptake
may vary among phytoplankton species (Halterman
and Toetz, 1984; Tilman et al., 1986). Some
Cyanobacteria species, the most abundant group
in Lake Mangueira, are tolerant to environments
with nitrogen deficiency and are able to uptake
different forms of nitrogen (Blomqvist et al., 1994;
Chaflin and Bridgeman, 2014) or even to fix it
(Dokulil and Teubner, 2000). In Lake Mangueira,
nutrient limitation was more pronounced in the
south part of the lake (not shown), where there are
submerged macrophytes that may compete with
phytoplankton, restricting the occurrence of algae
to the best-adapted species, such as metaphytic
algae (Padisik, 1992; Crossetti et al., 2013). On
the other hand, Cardoso et al. (2012) reported that
the wetland influence in the north part of Lake
Mangueira led to higher concentrations of dissolved
nutrients, especially from the decomposition of
aquatic macrophytes. Additionally, the seasonal
hydroperiod may affect nutrient concentrations,
since limited nitrate availability might be
associated with the dilution effect of high water,
as shown previously by Crossetti et al. (2007)
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in Lake Mangueira and several studies in other
aquatic ecosystems (e.g. Mihaljevi¢ et al., 2009;
Mackay et al., 2011).

The approach used in this study is very useful
for evaluating not only the existence of a correlation
pattern between biotic and environmental
dissimilarities, but also to find the environmental
variables that best explain biotic dissimilarities.
Here, we showed that the dissimilarities in
phytoplankton structure of Lake Mangueira were
related to environmental dissimilarities, which is
directly associated to the variability of conditions
and resources in space and time, especially nutrient
concentrations and light availability.
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