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Abstract

Spatial heterogeneity is associated with the temporal variability of the habitat and may affect the structural patterns of
biological communities. This study evaluated the influence of spatial and temporal heterogeneity on the phytoplankton
structure in a large shallow subtropical lake, Lake Mangueira in southern Brazil (Z,,., = 6 m; length = 90 km; width =
3-10 km). The lake is continuous warm polymictic, oligo-mesotrophic, under the direct influence of an adjacent
wetland on the north, and has extensive aquatic macrophyte beds. Samples for abiotic and biological analyses were
taken quarterly for 2 years at 19 points at the water subsurface, comprising the pelagic and littoral zones and the
southern, central, and northern areas of the lake. The phytoplankton structure was analyzed with measurements of
chlorophyll @, biomass, richness, diversity, and descriptor species. Of the 117 phytoplankton species identified, Cyano-
bacteria (e.g., Chroococcus limneticus, Aphanocapsa conferta, Aphanothece smithii, and Planktolyngbya contorta) was
the major group in all areas and both zones of the lake. Total biomass levels were highest in the northern area, whereas
the richness and the descriptor species showed no clear spatial differences. A redundancy analysis (RDA) indicated
strong temporal organization of the species according to the abiotic conditions, indicating that the high level of temporal
variability due to local hydrodynamics was the main factor structuring the phytoplankton community in Lake
Mangueira during the study period.
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Introduction

Biological dynamics, distributions, and community
structure can be explained by a variety of biotic and abiotic
factors related to spatial and temporal heterogeneity.
Diversity patterns in biological communities can also be
explained by environmental heterogeneity (Simpson 1949,
MacArthur and MacArthur 1961, Bazzaz 1975). More-
complex habitats are presumed to host a number of micro-
habitats, favoring different modes of resource exploitation

and thus increasing species diversity (Bazzaz 1975). For
example, sites that differ in the degree of environmental
heterogeneity may have similar species richness, but the
species composition may be unequal due to differing niche
requirements for each species (Vasconcelos et al. 2009).
The heterogeneity of habitats in shallow aquatic
ecosystems may be associated with spatial patterns related to
changes in environmental conditions and resources, both
horizontally (pelagic and littoral zones) and vertically (with
depth), and also to temporal patterns when conditions and
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resources for biological communities vary over time. Spatial
variability in shallow lakes can often be associated with the
presence of a littoral zone or adjacent wetlands densely
inhabited by aquatic macrophytes (Scheffer 1998). Aquatic
plants are key components in the spatial heterogeneity of the
landscape, contributing to habitat complexity and
influencing diversity on various spatial scales (Thomaz et al.
2008). Aquatic macrophytes may affect many ecosystem
processes, including nutrient cycling (Barko et al. 1991,
Gumbricht 1993), reducing water turbulence (Madsen et al.
2001), providing refuges for many species (Genkai-Kato
2007), and influencing the structure and dynamics of the
phytoplankton community (Crossetti and Bicudo 2008,
Fonseca and Bicudo 2010, Villamagna and Murphy 2010).

Temporally, the occurrence of perturbations and
seasonal events may further complicate the spatial structure
of an ecosystem (Nogueira et al. 1999), especially in
tropical and subtropical ecosystems where these temporal
changes are highly influenced by precipitation and wind
patterns (Berkley et al. 2010). The physical or temporal
stability of habitats and the degree of interactions among
the species within the community determine the degree of
community variability (Bengtsson et al. 1997).

The combination of hydrodynamic processes at different
spatial and temporal scales can control the community
dynamics for phytoplankton (Borges et al. 2008, Schneck et
al. 2011, Moura et al. 2012), especially in heterogeneous
environments where dynamic variations may change the
composition of algal species, depending on their survival
strategies (Reynolds 1994). Studies have indicated the
importance of the environmental conditions, the spatial
variability of resources, and the high temporal variability of
the phytoplankton community organization, both in
reservoirs (Becker et al. 2008, Borges et al. 2008, Schneck
et al. 2011) and shallow lakes (Cardoso et al. 2012,
Crossetti et al. 2013, 2014, Mukhortova et al. 2015).

Assuming that resource variability common in many
aquatic ecosystems is due to spatial and temporal hetero-
geneity, the variation of phytoplankton in time and space
is, consequently, expected. The objective of this study was
to evaluate the influence of spatial and temporal heteroge-
neity on the phytoplankton community structure (biomass,
richness, diversity, and descriptor species) in a large
shallow subtropical lake.

Methods

Area of study

The study was conducted in Lake Mangueira, located in
the Taim Hydrological System in Rio Grande do Sul state,
southern Brazil (32°20-33°00'S; 052°20'-052°45'W).
Lake Mangueira, situated on a narrow strip of land

between the Atlantic Ocean and Mirim Lake in a
subtropical climate (Kottek et al. 2000), is a large shallow
lake (Z,,, =6 m, Z_ ., = 2.6 m), 90 km long and 3-10 km
wide (Fig. 1), with a surface area of 820 km?. The main
axis of the lake is northeast-southwest (Fragoso et al.
2008). The system is a continuous warm polymictic lake
(Lewis 1983), with daily mixing from strong winds and
rare periods of stratification. Water inflow is insignificant
except for some small streams on the lake’s western
boundary (Rodrigues et al. 2015), but the lake is connected
with wetlands to the north and extensive macrophyte
banks (Potamogeton illinoensis Morong, Cabomba
caroliniana Gray, Egeria densa Planch., Myriophyllum
spicatum L., Nitella sp., Potamogeton pectinatus L., Cera-
tophyllum demersum L., Utricularia sp., Zizaniopsis
bonariensis Speg., Schoenoplectus californicus (Mey.)
Sojak, and Myriophyllum aquaticum (Vell.) Verdc.) on its
margins, especially in the south where the macrophytes
cover ~27.1% of the littoral area (here defined as the near
shore area, within ~1 km). The trophic state ranges from
oligotrophic to mesotrophic. Mesotrophic conditions occur
in spring and summer when water is withdrawn to irrigate
rice fields (~2 L ha™ s! for 100 d), and high nutrient loads
enter from the watershed (Fragoso et al. 2008). The water
withdrawal determines the hydroperiod, composed of dry
periods (usually in spring and summer) and flooding
(usually in autumn and winter).
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Sampling abiotic and biological variables

Water subsurface samples were collected seasonally (4
samples per year) from 2010 to 2011 at 19 points along the
length of the lake, including the southern, central, and
northern areas. The sampling points included the pelagic
(sampling points 1, 3, 6, 10, 12, 15, and 18), left littoral
(western sampling points 2, 7, 9, 11, 14, and 19), and right
littoral (eastern sampling points 4, 5, 8, 13, 16, and 17)
zones (Fig. 1). Littoral samples were taken avoiding
macrophyte stands.

Meteorological data (wind direction and velocity, pre-
cipitation) were provided by the closest meteorological
station (at Santa Vitoria do Palmar city, INMET-RS), which
measures climate variables at different times of the day.
The data were interpolated according to the time spent at
each sampling site. The nutrients analyzed were total
phosphorus (TP), soluble reactive phosphorus (SRP), total
nitrogen (TN), ammonium (NH,™-N), nitrate (NO;-N;
Mackereth et al. 1989), soluble reactive silica (SRSi), and
total suspended solids (TSS; APHA 1992). Water transpar-
ency (determined using a Secchi disk), water temperature,
pH, electrical conductivity, and dissolved oxygen
(determined using a YSI 6920 probe) were also measured.
Turbidity was determined using spectrophotometry (APHA
1992), carbon forms were evaluated using TOC V
equipment (Shimadzu 5000), and humic acids were
evaluated using a spectrum-fluorometer (BBE-Moldaenke).

The biomass of phytoplankton was determined through
biovolume measurements (mm*® L™'). The samples were
preserved with 1% acetic Lugol for the quantitative
analysis, following Utermdhl (1958) and the settling time
of Lund et al. (1958). The diversity index (Shannon and
Weaver 1963) and species richness (Simpson 1949) were
used to assess the structure of the phytoplankton
community. The indicator species were considered those
that contributed a minimum of 1% of the total biomass in
at least one sampling unit.

Data analysis

Descriptive statistical analysis of the environmental and
biological variables was executed to explore their
variation amplitudes. Principal components analysis
(PCA) was performed to assess the primary spatial and
temporal trends of the abiotic variables after transform-
ing the data by log (x + 1).

Detrended correspondence analysis (DCA) was
performed to indicate the unimodal or linear ordering
method to be used in the integration of the biological and
abiotic variables (indicator species). Redundancy analysis
(RDA) of the transformed (log x + 1) environmental and
biological variables was completed after retrieving the

result of the DCA (gradient length: 2.259, linear method)
to observe their ordination, depending on the spatial and
temporal variations.

Nonmetric  multidimensional  scaling  (NMDS)
ordination was used to evaluate the similarities among
sampling sites considering the biomass of the phytoplank-
ton descriptor species, based on the Serensen (Bray-
Curtis) distance matrix. NMDS can be used to assess di-
mensionality (McCune and Grace 2002) by representing,
as closely as possible, the pairwise dissimilarity between
objects in a low-dimensional space (Buttigieg and
Ramette 2014). The goal is to construct a graph in which
dissimilar objects are placed farther apart in the ordering
space while like objects are placed closer to each other
(Gotelli and Ellison 2011). To avoid the influence of
seasonality, the analyses were performed for each season
during both years (2010 and 2011). The number of 3
dimensions was chosen to minimize the stress (i.e., to
maximize the rank correlation between the calculated
similarity distances and the plotted distances). The
statistical software PC-ORD 6 was used for these analyses
(McCune and Mefford 2011).

Results

The northern area of Lake Mangueira showed the highest
concentrations of SRP (56 pg L™') and NO,-N (411 pg
L") and the highest values of turbidity (80 NTU) and
TSS (28 mg L'; Table 1). A north-to-south spatial
gradient of nutrients was apparent; the north showed the
highest concentrations of dissolved nutrients and the
south higher values of transparency (2.7 m) and dissolved
oxygen (11.8 mg L™'). Higher mean concentrations of
NH,*-N (95 pg L") were observed in the pelagic zone.
Temporally, the availability of SRP and TP was highest in
spring (mean values 32.1 and 50 pg L', respectively;
Table 1).

PCA summarized 56.4% of the total abiotic data
variability on the first 2 axes (p = 0.001; Fig. 2). The
variables that contributed most to the ordination of axis
1 (r > 0.6) were turbidity and alkalinity; conductivity,
turbidity, and wind speed were the main contributors to
axis 2. The ordination diagram indicated a strong
temporal variation, separating the sample units
according to seasonality in the years studied. The PCA
ordination showed no separation in the pelagic and
littoral zones, although the northern part of the lake
differed spatially from the central and southern areas
because of higher levels of turbidity, TSS, and dissolved
nutrients (Fig. 2).

We identified 117 phytoplankton species belonging to
7 major algal groups (Bacillariophyceae, Chlorophyceae,
Chrysophyceae, Cyanobacteria, Dinophyceae, Eugleno-
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phyceae, and Zygnematophyceae). Cyanobacteria had
larger relative biomass in the southern (89.8%), central
(88.3%), and northern (90.0%) areas, on the left and right
margins (91.4 and 88.9%, respectively), and in the pelagic
zone (88.0%). By contrast, Euglenophyceae had the
lowest values (<0.1%).

Although the largest biomass (23 mm?® L") was
observed in the center of the lake on the left bank in
spring 2010 (Fig. 3a—c), the northern area of Lake
Mangueira presented greater total biomass variation
amplitudes (Fig. 3a). Similarly, the area on the left
margin showed wide variation in biomass levels,
followed by the pelagic zone (Fig. 3b). The mean
biomass levels in spring and summer (8.8 and 8.0 mg
L, respectively) were higher than in other periods (Fig.
3d). Spatially, the ordination axes in the NMDS (final
solution with 2 dimensions, stress for the 4 seasons’
analyses between 0.07 and 0.12) indicated that sampling
sites were homogeneous for biomass of phytoplankton
species (Fig. 4a—d) in each season separately because no
spatial organization was observed. A slight separation of
northern sampling sites was apparent only in winter (Fig.
4d).

The richness and diversity of species showed no clear
spatial pattern (Fig. 5 and 6). The highest species
richness was seen in the central area of Lake Mangueira
at the left margin (41 species; Fig. 5a—c), and the highest
diversity (2.6 bits mm*) was found in the central pelagic
zone (Fig. 6a—c). Temporally, the highest mean values of
richness and diversity were observed in the summer for
most sampling sites (24 species, 1.8 bits mm™, respec-
tively; Fig. 5d and 6d).

We identified 16 indicator species (Table 2) with no
clear spatial or seasonal preference at any sampling site
(Fig. 4). Most were Cyanobacteria; Chroococcus limneticus
and Aphanocapsa conferta primarily contributed to the total
biomass at each sampling site in each sampling period.

The integrated analysis between the abiotic variables
and the biomass of the descriptor species conducted using
an RDA indicated a strong correlation between the matrices
for axis 1 (» = 0.837) and axis 2 (» = 0.846). The Monte
Carlo test indicated that the ordinations of axes 1 and 2
were statistically significant (p < 0.01) and did not occur
randomly (Fig. 7).

The most important variables for the ordination of axis 1
were alkalinity (» = —0.63), turbidity (r = —0.59), and
NO;™-N (r =—0.54), whereas precipitation (» = 0.66) and TP
(r=-0.46) were the most important variables for axis 2. The
formation of a guild associated with higher NO, -N concen-
trations and high temperature and turbidity was observed in
summer, composed of Aphanothece stagnina, Chroococcus
dispersus, Chroococcus giganteus, Chroococcus limneticus,
Coelomoron sp., Gomphosphaeria aponina, Planktolyng-
bya contorta, Synechocystis aquatilis, QOocystis lacustris,
and Scenedesmus obtusus. Aphanocapsa conferta and
Aphanothece smithii were associated with higher levels of
SRP. Fragilaria acus, Aphanothece sp., and Chroococcus
planctonicus were associated with higher precipitation in
autumn. 7Tetraedron minimum was influenced by the highest
values of dissolved inorganic nitrogen in the sampling units
located on the left margin, especially in the northern part of
the lake. Generally, the integrated ordination of the abiotic
and biological variables showed a strong temporal organi-
zation of the phytoplankton.
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Fig. 2. PCA ordination (axes 1 and 2) of the sample units for the abiotic variables in Lake Mangueira. Legend: Turb = turbidity, Cond = con-
ductivity, TSS = dissolved suspended solids, TP = total phosphorus, Temp = temperature, NO; = nitrate-N, TN = total nitrogen, SRP =
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Fig. 4. NMDS ordination biplots of biomass of phytoplankton descriptor species, in (a) spring, (b) summer, (c) autumn, and (d) winter, at 19
sampling sites (P1-P19) along Lake Mangueira in 2010 and 2011.
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Table 2. Relative biomass (%) of the indicator species in Lake Mangueira. Legend: See Table 1.

Abbrev. Descriptors species S C N LM PEL RM SPR SUM AUT WIN
Acon Aphanocapsa conferta (W.West & G.S.West) 28.4 309 363 384 289 28.8 354 40.0 145 30.1
Komarkova-Legnerova & Cronberg
Asmi Aphanothece smithii Komarkova-Legnerova & 7.0 69 82 75 75 73 83 6.2 6.1 8.9
G.Cronberg
Apsp Aphanothece sp. 05 03 04 03 03 06 00 01 24 00
Asta Aphanothece stagnina (Sprengel) A.Braun 05 06 05 05 05 05 0.1 1.2 07 0.1
Cdis Chroococcus dispersus (Keissler) Lemmermann 1.3 24 16 2.1 15 1.8 1.7 28 1.1 1.0
Cgig Chroococcus giganteus West 06 06 1.0 06 08 08 08 14 02 0.1
Clim Chroococcus limneticus Lemmermann 41.1 357 344 333 38.8 38.7 385 214 514 444
Cpla Chroococcus planctonicus Bethge 1.6 14 02 09 1.1 1.1 07 02 3.1 1.2
Cosp Coelomeron sp 05 05 04 03 05 06 00 12 02 02
Gapo Gomphosphaeria aponina Kiitzing 06 09 1.7 09 10 13 06 29 0.2 0.1
Olac Oocystis lacustris Chodat 07 22 26 17 21 17 18 42 0.1 0.1
Pcon Planktolyngbya contorta (Lemmermann) 13 16 09 10 14 13 13 1.5 09 09
Anagnostidis & Komarek
Sobt Scenedesmus obtusus Meyen 12 20 09 06 21 13 09 34 03 02
Saqu Synechocystis aquatilis Sauvageau 35 35 33 33 35 36 22 3.0 51 4.6
Facu Fragilaria acus (Kiitzing) Lange-Bertalot 1.0 03 05 05 07 05 03 0.1 24 02
Tmin Tetraedron minimum (A.Braun) Hansgirg 29 26 25 25 26 29 19 1.7 4.1 4.0
Total contribution (%) 926 925 954 944 935 927 944 91.1 928 96.2
Discussion
Our results demonstrated that the structure of the phyto-
81 plankton community in Lake Mangueira was explained
A summer . . .
LI more by the seasonal variations than the sampled spatial
, ®sping amplitude. Both the habitat heterogeneity and the
. presence of disturbances can profoundly influence
ecological systems through the many ecological and
41 biological levels of organization (Brown 2007). Aquatic
_ s ecosystems are subject to spatial and temporal
g ol O variability that result in a high degree of uncertainty in
I s CHm e CC relation to phytoplankton assemblies (Calijuri et al.
g 4% @ Saqu  WEE oo o
Sh Bap % glacszisgﬁa g p%[) 2002). Bef:ause the degree of temporgl variability t.en.ds
0 e 2 Z-eé&, A > Ne, . to determine the physical and chemical characteristics
“ Alca SRR gine of the habitat (Bengtsson et al. 1997), highly dynamic
o RSN n, 2 and heterogeneous ecosystems, such as shallow lakes,
® @ can offer different conditions and resources in time and
North space for different phytoplankton species.
-4 1 Many processes can explain the higher environmen-
tal dissimilarity of the communities over time as a result
-10 -6 -2 2 . . . . .
tar=l005) of extinction and colonization events or the different

Fig. 7. RDA ordination (axes 1 and 2) of the descriptor species
according to abiotic variables in Lake Mangueira. Legends: see Fig. 3
and Table 2.

responses of populations to environmental fluctuations
(Schneck et al. 2011). By contrast, many studies have
found repeated seasonal patterns of phytoplankton,
especially conditioned by temperature and variations of
abiotic parameters (e.g., Komarkova and Tavera 2003,
Becker et al. 2009). The abiotic scenario, however, is
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especially susceptible to constant change through
recruitment of species from the local pool in shallow
coastal aquatic systems strongly influenced by wind, as
in the case of Lake Mangueira. This susceptibility
would explain the observed strong temporality in the
phytoplankton organization patterns. The importance of
wind in the dynamics of shallow aquatic ecosystems
(Carrick et al. 1993) is well documented, highlighting
its importance for plankton communities in such envi-
ronments. According to Reynolds (1994), the level of
turbulence is less important in the organization of
different algal compositions in intensively mixed
kinetic systems than the spatial extent or temporal

permanence.
Shallow lakes are typically known for their
numerous interfaces, especially in littoral zones

configured into more physically and chemically variable
areas (Howard-Williams and Lenton 1975), not only
because they are generally inhabited by aquatic
macrophytes that modify the environment (Lampert and
Sommer 1997, They Hg et al. 2013), but because these
arcas have the most contact with neighboring systems
and can also be influenced by external factors (Crossetti
et al. 2013). Shading or competition for nutrients by
macrophytes may inhibit phytoplankton growth
(Crossetti and Bicudo 2008, Fonseca and Bicudo 2010),
which in shallow lakes tends to establish a clear pattern
of heterogeneous horizontal distribution of phytoplank-
ton (Reynolds 1984). The present study found no spatial
differences in the structural attributes of the phyto-
plankton in the pelagic and littoral zones. The hydrody-
namics of Lake Mangueira may explain many of the
similarities in the pelagic and littoral zones and the
north—south gradients.

In Lake Mangueira, wind-driven hydrodynamics
create zones with particular water dynamics (Fragoso et
al. 2008). The velocity and direction of currents and
water levels change quickly. Because of its length (~90
km) and width (~12 km), Lake Mangueira is particu-
larly prone to wind-caused seiches, which function as a
conveyor belt for vertical mixing and some horizontal
transport (Cardoso et al. 2012). This process might
influence the spatial tendency to higher biomass levels in
the northern area of the ecosystem observed here,
associated with the higher values of dissolved nutrients.
Light limitation necessary for phytoplankton productiv-
ity has also been found in the north; however, the largest
concentrations of NO,_"N and turbidity, as shown by the
statistical analysis, were primarily associated with the
indicator species capable of strategically overcoming the
reduced availability of light and utilizing the larger con-
centration of dissolved nutrients, as observed for
Tetraedron minimum and Fragilaria acus.

Cardoso et al. (2012) demonstrated that wind-in-
duced currents are the dominant factor controlling the
transport of substances and phytoplankton in Lake
Mangueira, producing advective movement of surface
water masses. Using ecological modeling, they demon-
strated the significant transport of phytoplankton and
nutrients from the littoral to the pelagic zones through
hydrodynamic processes from shallow to deeper areas
(Cardoso et al. 2012). This finding may explain the sim-
ilarities between the littoral and pelagic zones observed
here, evidenced by the lack of differences in species
richness, diversity, and composition. Other studies have
attributed the lack of significant differences in chemical
parameters and phytoplankton biovolume to the uniform
conditions throughout the basin, caused by large
horizontal water movements (Leoni et al. 2014).

Historically, since the biogeographical approach of
ecosystems dynamics, size is said to matter for
biological community structure (McArthur and Wilson
1967). The horizontal distribution of communities in
lakes might be closely related to the ecosystem size
because it directly or indirectly influences limnological
processes (Scheffer and Van Ness 2007). This relation-
ship has been demonstrated by some studies (e.g.,
Guildford et al. 1994, Post et al. 2000, Borics et al.
2011), suggesting that size may also matter for phyto-
plankton horizontal distribution. Recently, Borics et al.
(2016) demonstrated that functional properties of phyto-
plankton are shaped by the lake size, showing that taxa
with no active locomotion ability and high sinking rates
were more likely to occur in large waterbodies
associated with the suitable habitat provided by
well-mixed water columns. The larger the lake, the
greater the fetch and the likelihood of a more-homoge-
neous distribution of phytoplankton. Homogeneous
horizontal distribution of phytoplankton was also found
by Padisak and Dokulil (1994) in the open-water area of
a large shallow lake (Neusiedlersee, Austria/Hungary).

In short, the spatial heterogeneity analyzed from the
various sampling points along the length of Lake
Mangueira, including the pelagic and littoral zones, did
not affect the biomass, richness, diversity, or biomass of
the descriptor species. These phytoplankton attributes
were all higher in the northern area, however, related
especially to the greater availability of dissolved
nutrients, a result explained by the strong contribution
from the adjacent wetland (Fragoso et al. 2008). The
high degree of temporal variability resulting from the
local hydrodynamics is reflected in the seasonal
patterns, where their effects on abiotic water patterns
were the main drivers of the phytoplankton community
in Lake Mangueira.

DOI: 10.5268/1W-6.3.952

Inland Waters (2016) 6, pp.325-335



334

Freitas-Teixeira et al.

Acknowledgements

We thank the National Council for Scientific and Techno-
logical Development (CNPq, process 480142/2011-4) of
Brazil for financial support, and MSc Andres Mauricio
Munar and MSc Jos¢ Rafael Cavalcanti for helping with
the map design and for providing morphological
information on Lake Mangueira.

References

[APHA] American Public Health Association. 1992. Standard methods
for examination of water and wastewater, 18th ed. Washington (DC).

Barko JW, Gunnison D, Carpenter SR. 1991. Sediment interactions
with submersed macrophyte growth and community dynamics.
Aquat Bot. 41:41-65.

Bazzaz FA. 1975. Plant species diversity in old-field successional
ecosystems in southern Illinois. Ecology. 56:485-488.

Becker V, Huszar VLM, Naselli-Flores L, Padisak J. 2008. Phytoplank-
ton equilibrium phases during thermal stratification in a deep
subtropical reservoir. Freshwater Biol. 53:952-963.

Becker V, Huszar VLM, Crossetti LO. 2009. Responses of phytoplank-
ton functional groups to the mixing regime in a deep subtropical
reservoir. Hydrobiologia. 628:137-151.

Bengtsson J, Baillie SR, Lawton J. 1997. Community variability
increases with time. Oikos. 78:249-256.

Berkley HA, Kendall BE, Mitarai S, Siegel DA. 2010. Turbulent
dispersal promotes species coexistence. Ecol Lett. 13:360-371.

Borges PAF, Train S, Rodrigues LC. 2008. Spatial and temporal
variation of phytoplankton in two subtropical Brazilian reservoirs.
Hydrobiologia. 607:63—74.

Borics G, Abonyi A, Krasznai E, Varbird G, Grigorszky 1, Szabo S,
Deak C, Téthmérész B. 2011. Small-scale patchiness of the phyto-
plankton in a lentic oxbow. J Plankton Res. 33:973-981.

Borics G, Tothmérész B, Varbiro, Grigorszky I, Czébely A, Gorgényi J.
2016. Functional phytoplankton distribution in hypertrophic systems
across water body size. Hydrobiologia. 764:81-90.

Brown BL. 2007. Habitat heterogeneity and disturbance influence
patterns of community temporal variability in a small temperate
stream. Hydrobiologia. 586:93-106.

Buttigieg PL, Ramette A. 2014. A guide to statistical analysis in
microbial ecology: a community-focused, living review of multivari-
ate data analyses. FEMS Microbiol Ecol. 90:543-550.

Calijuri MC, Dos Santos ACA, Jati S. 2002. Temporal changes in the
phytoplankton community structure in a tropical and eutrophic
reservoir (Barra Bonita, SP, Brazil). J Plankton Res. 24:617-634.

Cardoso LS, Fragoso CR Jr, Souza RS, Motta-Marques D. 2012. Hy-
drodynamic control of plankton spatial and temporal heterogeneity in
subtropical shallow lakes. In: Schulz HE, Simdes ALA, Lobosco RJ,
editors. Hydrodynamics: Natural water bodies. Rijeka (Croatia):
InTech Open Access Publisher. p. 27-48.

Carrick HL, Aldridge FJ, Schelske CL. 1993. Wind influences phyto-
plankton biomass and composition in a shallow, productive lake.

Limnol Oceanogr. 38:1179-1192.

Crossetti LO, Becker V, Cardoso LS, Rodrigues LR, Costa LS, Motta-
Marques D. 2013. Is phytoplankton functional classification a
suitable tool to investigate spatial heterogeneity in a subtropical
shallow lake? Limnologica. 43:157-163.

Crossetti LO, Bicudo CEM. 2008. Adaptations in phytoplankton life
strategies to imposed change in a shallow urban tropical eutrophic
reservoir, Garcas Reservoir, over 8 years. Hydrobiologia.
614:91-105.

Crossetti LO, Schneck F, Freitas-Teixeira LM, Motta-Marques D. 2014.
The influence of environmental variables on spatial and temporal
phytoplankton dissimilarity in a large shallow subtropical lake (Lake
Mangueira, southern Brazil). Acta Limnol Bras. 26:111-118.

Fonseca BM, Bicudo CEM. 2010. How important can the presence/
absence of macrophytes be in determining phytoplankton strategies
in two tropical shallow reservoirs with different trophic status? J
Plankton Res. 32:31-46.

Fragoso CR Jr, Motta-Marques D, Collischonn W, Tucci CEM, van
Nes EH. 2008. Modelling spatial heterogeneity of phytoplankton in
Lake Mangueira, a large shallow subtropical lake in South Brazil.
Ecol Model. 219:125-137.

Genkai-Kato M. 2007. Macrophyte refuges, prey behaviour and trophic
interactions: consequences for lake water clarity. Ecol Lett.
10:105-114.

Gotelli NJ, Ellison AM. 2011. Principios de estatistica em ecologia.
Porto Alegre (RS): Artmed.

Guildford SJ, Hendzel LL, Kling HJ, Fee EJ, Robinson ECG, Hecky
RE, Kasian SEM. 1994. Effects of lake size on phytoplankton
nutrient status. Can J Fish Aquat Sci. 51:2769-2783.

Gumbricht T. 1993. Nutrient removal processes in freshwater
submersed macrophyte systems. Ecol Eng. 2:1-30.

Howard-Williams C, Lenton GM. 1975. The role of the littoral zone in
the functioning of a shallow tropical lake ecosystem. Freshwater
Biol. 5:445-459.

Komarkova J, Tavera R. 2003. Steady state of phytoplankton in a
tropical Lake Catemaco (Mexico). Hydrobiologia. 502:187-196.

Kottek M, Grieser J, Beck C, Rudolf B, Rubel F. 2006. World map of
the Koppen-Geiger climate classification updated. Meteorol Z.
15:259-263.

Lampert W, Sommer U. 1997. Limnoecology: the ecology of lakes and
streams. New York (NY): Oxford University Press.

Leoni B, Marti CL, Imberger J, Garibaldi L. 2014. Summer spatial
variations in phytoplankton composition and biomass in surface
waters of a warm-temperate, deep, oligo-holomictic lake: Lake Iseo,
Italy. Inland Waters. 4:303-310.

Lewis WM Jr. 1983. A revised classification of lakes based on mixing.
Can J Fish Aquat Sci. 40:1779-1787.

Lund JWG, Kipling C, LeCren ED. 1958. The invert microscope
method of estimating algal numbers and the statistical basis of
estimations by counting. Hydrobiologia. 11:143-170.

MacArthur RH, MacArthur JW. 1961. On bird species diversity.
Ecology. 42:594-598.

MacArthur RH, Wilson EO. 1967. Theory of island biogeography.

© International Society of Limnology 2016

DOI: 10.5268/1W-6.3.952



Temporal variability of phytoplankton

335

Princeton (NJ): Princeton University Press.

Mackereth FJH, Heron J, Talling JF. 1989. Water analysis: some revised
methods for limnologists. Ambleside (UK): Freshwater Biological
Association. Scientific Publication 36.

Madsen JD, Chambers PA, James WF, Koch EW, Westlake DF. 2001.
The interaction between water movement, sediment dynamics and
submersed macrophytes. Hydrobiologia. 444:71-84.

McCune B, Grace JB. 2002. Analysis of ecological communities. MjM
Software. Oregon (USA): Gleneden Beach.

McCune B, Mefford MJ. 2011. PC-ORD. Multivariate analysis of
ecological data. Version 6.0 MjM Software. Oregon (USA):
Gleneden Beach.

Moura AD, Nascimento EC, Dantas EW. 2012. Temporal and spatial
dynamics of phytoplankton near farm fish in eutrophic reservoir in
Pernambuco, Brazil. Rev Biol Trop. 60:581-597.

Mukhortova OV, Bykova SV, Tarasova NG, Unkovskaya EM, Bolotov
SE. 2015. Plankton community in the pelagic and littoral zones of the
overgrown Lake Beloe (Volzhsko-Kamskiy Biosphere Natural State
Reserve, Republic of Tatarstan, Russian Federation). J Sib Fed Univ
Biol. 8:66-84.

Nogueira MG, Henry R, Maricatto FE. 1999. Spatial and temporal het-
erogeneity in the Jurumirim Reservoir, Sdo Paulo, Brazil. Lake
Reserv Res Manage. 4:107-120.

Padisak J, Dokulil M. 1994. Contribution of green algae to the phyto-
plankton assemblage in a large, turbid shallow lake (Neusiedlersee,
Austria/Hungary). Biologia. 49:571-579.

Post DM, Pace ML, Hairston NG. 2000. Ecosystem size determines
food-chain length in lakes. Nature. 405:1047—1049.

Reynolds CS. 1984. The ecology of freshwater phytoplankton.
Cambridge (UK): Cambridge University Press.

Reynolds CS. 1994. The long, the short and the stalled: on the attributes
of phytoplankton selected by physical mixing in lakes and rivers. Hy-
drobiologia. 289:9-21.

Rodrigues LH, Motta-Marques D, Fontoura NF. 2015. Fish community
in a large coastal subtropical lake: how an environmental gradient
may affect the structure of trophic guilds. Limnética. 34:495-506.

Scheffer M. 1998. Ecology of shallow lakes. London (UK): Chapman
and Hall.

Scheffer M, van Nes EH. 2007. Shallow lakes theory revisited: various
alternative regimes driven by climate, nutrients, depth and lake size.
Hydrobiologia. 584:455-466.

Schneck F, Schwarzbold A, Rodrigues SC, Mello AS. 2011. Environ-
mental variability drives phytoplankton assemblage persistence in a
subtropical reservoir. Austral Ecol. 36:839-848.

Shannon CE, Weaver W. 1963. The mathematical theory of communi-
cation. Urbana (IL): University of Illinois Press.

Simpson EH. 1949. Measurement of diversity. Nature. 163:688.

They Ng H, Motta-Marques D, Souza RS. 2013. Lower respiration in
the littoral zone of a subtropical shallow lake. Front Microbiol.
3:1-10.

Thomaz SM, Dibble ED, Evangelista LR, Higuti J, Bini LM. 2008.
Influence of aquatic macrophyte habitat complexity on invertebrate
abundance and richness in tropical lagoons. Freshwater Biol.
53:358-367.

Utermdhl H. 1958. Zur Vervollkommnung der quantitativen Phyto-
plankton-Methodik. Mitt Int Ver Limnol. 9:1-38.

Vasconcelos TS, Santos TG, Rossa-Feres DC, Haddad CFB. 20009.
Influence of the environmental heterogeneity of breeding ponds on
anuran assemblages from southeastern Brazil. Can J Zool. 87:699—
707.

Villamagna AM, Murphy BR. 2010. Ecological and socio-economic
impacts of invasive water hyacinth (Eichhornia crassipes): a review.
Freshwater Biol. 55:282-298.

DOI: 10.5268/1W-6.3.952

Inland Waters (2016) 6, pp.325-335



