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Small Hydroelectric Power Plants (SHPs) are considered hydroelectric plants of reduced
size and power that modify the landscape in a lower degree. As they are generally built-in
sequence along the course of a river, these reservoirs are subject to the Cascading
Reservoir Continuum Concept (CRCC), which provides a gradient effect mainly observed
on suspended particles and nutrients. These effects can reflect in the phytoplankton
community, which respond in terms of changes in their structure and function to
environmental changes. Here, we aimed to investigate whether spatial variation would
be more explanatory than temporal variation for phytoplankton structure and composition
in cascading SHPs reservoirs. Furthermore, we sought to understand the effect of the
hydrodynamics of run-of-river and storage reservoirs for phytoplankton community
composition. We assessed the predictive power of physical and chemical conditions of
the water, and zooplankton density as explanatory variables for phytoplankton taxonomic
and functional diversity. The study was carried out over 6 years in three SHPs located on
the Paraibuna River, Brazil, totaling 24 campaigns. After counting and identification, the
phytoplankton species were classified according to qualitative functional traits related to
morphology, physiology, and behavior. The reservoirs had significant differences in
nutrients and suspended solids, corroborating with the CRCC. Nonetheless, these
variables alone were not able to explain the distribution of phytoplanktonic species.
However, as significant coupling between phytoplankton and zooplankton was found,
and zooplankton might have influenced the phytoplankton distribution along the
longitudinal gradient of the river. Furthermore, changes in taxonomic and functional
composition of phytoplankton were mainly related to reservoir hydrodynamics and
temporal variation. The last reservoir in the cascade was the one with the greatest
phytoplankton species and functional diversity. Taxonomic and functional diversity
indices were positively correlated, but at a certain point, functional richness reached a
plateau. Here we highlight the complexity of understanding the role of cascading reservoirs
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in the structure and function of phytoplanktonic communities, which are subject to large
spatial and temporal variations, even within the same stretch of a river.

Keywords: aquatic connectivity, functional richness, microalgae, run-of-river reservoir, small hydroelectric power

plants

INTRODUCTION

Reservoirs are artificial aquatic ecosystems widely distributed in
the landscape due to their multiple uses (Berga et al., 2006; Lehner
et al,, 2011). Among the reservoirs destined to produce electric
energy, there are the Small Hydroelectric Power Plants (SHPs),
considered hydroelectric plants of reduced size and power. In
Brazil, SHPs have a power of 5-30 MW and less than 13 km?* of
reservoir area (ANEEL—Agéncia Nacional de Energia Elétrica,
2020). The SHPs have been built as an alternative to large dams,
once they interfere less with the dynamics of drainage basins
(Couto and Olden, 2018). Since they use the natural course of the
river for energy generation, SHPs that are run-of-river type have
been preferred over other types (e.g., storage) as they maintain
more natural water flow conditions, reducing environmental
impacts (Egré and Milewski, 2002; Csiki and Rhoads 2010;
Almeida et al., 2019).

Although SHPs have less impact in the landscape when
compared to large hydroelectric reservoirs, the construction of
their dams also causes a river discontinuity, generating a series of
changes in hydrodynamics, river flow regulation and habitat
fragmentation (Ward and Stanford, 1983). Moreover, in order
to support the increase in demand for electricity generated by
demographic and economic growth, many reservoirs are built in
sequence, known as cascade reservoirs. The Cascading Reservoir
Continuum Concept (CRCC) predicts that reservoirs in series are
subject to a potential dilution effect, mainly nutrients and
suspended particles (Barbosa et al, 1999). However, even
under similar external conditions (e.g., climate, altitude),
reservoirs might have particular features and biological
communities. For instance, system may vary locally in
hydrological conditions which change the inflow, outflow,
water level and residence time in each of the reservoirs
belonging to the cascade. Consequently, limnological
conditions of the system such as turbidity, dissolved oxygen,
total, suspended and dissolved solids are directly affected
according to the type of reservoir (Barbosa et al.,1999;
Nogueira et al., 2012; Ferrareze et al., 2014; Smith et al., 2014).

The phytoplankton constitutes the basis of the aquatic food
chain and has been widely used as a biological indicator in the
monitoring of aquatic environments (Reynolds, 2006).
Phytoplankton can be regulated both by the bottom-up effects
of nutrients, and the top-down effects of zooplankton. Through
grazing, for example, zooplankton controls primary productivity
and connects primary producers with other trophic levels
(Quintana et al, 2015; Sailley et al., 2015). These organisms
can rapidly signal changes in ecosystems through shifts in
their structure, composition, and metabolism (Padisak et al.,
2006; Crossetti and Bicudo, 2008). Thus, when a dam is built,
the phytoplankton responds quickly to environmental changes

resulting from the discontinuity of the river (Li et al, 2013).
Several studies demonstrate that the dams disrupted the
longitudinal connectivity in the river and altered the dynamics
of water flow, nutrients, light availability, and biogeochemical
processes present there. As a consequence, the structure and
composition of biological communities may change, including
phytoplanktonic communities (Nogueira et al.,, 2010; Li et al.,
2013; Dos Santos et al., 2018). In other hand, some studies did not
find a direct relationship between the phytoplankton community
and the CRCC, associating the phytoplankton changes to the
intrinsic features of the system (e.g., hydrodynamics,
morphometry) (Bonilla, 1997; Silva et al., 2005). Even though
investigations on the effects of river damming are abundant, there
are still few studies that address the impact of river damming on
the distribution of functional traits of phytoplankton upstream
and downstream of dams in continuous systems (Da Silva et al,,
2020; Graco-Roza et al., 2021; Pineda et al., 2022).

Traditionally, changes in the phytoplankton community have
been investigated through community dynamics at the
taxonomic level (e.g., species richness and abundance)
(Nogueira et al, 2010; Perbiche-Neves et al, 2011).
Nonetheless, alternative tools of measuring these responses,
like those linked to the functional aspects of communities, are
becoming increasingly used. This approach, often based on the
use of functional traits of species as descriptors, more
comprehensively indicates changes in ecosystem functions
(Tilman, 2001; Petchey and Gaston, 2006; Violle et al., 2007;
Cardinale et al.,, 2012; Hébert et al., 2017).

It is well known that phytoplankton is essential for some
aquatic ecosystem functions like carbon uptake and primary
production (Lewis, 2011; Naselli-Flores and Padisdk, 2022).
Functional traits namely size, cell arrangement, mixotrophy,
presence of silica provide answers about the individual
performance of species, likewise it provides information about
population dynamics, community response mechanisms to
changes in environmental conditions and trophic interactions.
In this sense, traits can indicate fundamental properties of
ecosystems, including primary production and energy transfer
to other trophic levels (Tilman, 2001; Violle et al., 2007; Edwards
et al,, 2013; Hébert et al., 2017). However, the understanding on
how environmental factors drive phytoplankton communities
and traits is still a great challenge in aquatic ecology.

Considering that upstream and downstream inputs and
outputs interconnect cascade reservoirs, here we aim to
investigate whether the spatial variation was more
representative  than the temporal variation for the
phytoplankton community for reservoirs inserted in the same
environmental context (i.e., in the same stretch of a river). We
hypothesize that: 1) Spatial variation is more explanatory than
temporal variation for changes in phytoplankton structure and
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FIGURE 1| Map of the study area displaying the location of the three Small Hydroelectric Power Plant (SHP) reservoirs: Monte Serrat, Bonfante and Santa Fé along
the Paraibuna River. The red dots represent the sampling stations: MBS04 —Monte Serrat, MBS06 —Bonfante, MBS12—Santa Fé | and MBS13—Santa Fé |l

Brazil
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composition due to the cascading dilution effect. 2) The run-of-
river SHPs and storage SHP reservoir have different taxonomic
and functional diversity, since the damming of the river creates
systems with different features that may directly influence
phytoplankton.

MATERIAL AND METHODS
Study Area

The Paraibuna River is located across the states of Minas Gerais
and Rio de Janeiro. It is one of the main tributaries of the Paraiba
do Sul River, which plays a central role in the energy generation in
Southeast Brazil (Da Silva and Zaidan, 2010). The Paraiba do Sul
basin comprise one of the most developed industrial areas in the
country, corresponding to around 10% of the national Gross
Domestic Production (GDP). In addition, it supplies around 15
million people, where 87% of them live in metropolitan areas
(Marengo and Alves, 2005).

The reservoirs of Monte Serrat (22° 1' 11.207" S - 43° 18’
15.356" W) and Bonfante (22° 0’ 44.716" S - 43° 16’ 14.782" W)
were built in sequence on the final extension of the Paraibuna
River, next to the cities of Comendador Levy Gasparian—R] and
Siméo Pereira—MG, Brazil, with an approximate area of 0.14 and
0.21 km?, respectively. These two reservoirs are of the run-of-
river type, with a small flooding area, low water retention time

and use of the natural course of the river to generate energy,
representing a semi-lotic environment. In the region of Trés
Rios—R], Brazil, the Paraibuna river is diverted to supply the
Santa Fé reservoir, the last of the cascade (22° 3’ 32.943" S - 43° 9/
32.713" W). This one has a large flooding area (2.05 km?) and,
although its free spillway, it is considered a storage reservoir.
Monte Serrat (MS) and Bonfante (BF) are quite similar reservoirs
in terms of morphometry, with homogeneous flow dynamics
(further details can be found in Supplementary Table S1,
Supplementary Material I). Nonetheless, Santa Fé (SF)
exhibits a different hydrodynamic, with greater depth, longer
water residence time and thermal stratification throughout
the year.

Sampling and Laboratory Analysis

The samplings were carried out quarterly (March/April; June/
July; September and December) from 2013 to 2018, totaling 24
campaigns distributed in 4 sampling stations inside reservoirs
(Figure 1). Due to the size of the SF reservoir, two sampling
stations were established. Abiotic variables were sampled to
characterize the reservoirs in time and space. In the field, the
values of water temperature (temp, °C), conductivity (cond,
uS.cm-1), pH, turbidity (turb, NTU) and dissolved oxygen
(DO, mg. L") were measured with a multiparameter probe
(YSI 556). Aliquots of water were collected at the respective
points for further analysis of alkalinity (alk, mg. L"), true color
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(TC, mgPt. L), total hardness (TH, CaCO; mg. L™, total solids
(TS, mg. L), dissolved solids (DS, mg. LY and suspended solids
(SS, mg. L™ (APHA, 2012). The analyzis of nutrients, such as
silicates (Sil, mg. L™, total phosphorus (TP, mg. L™,
orthophosphate (PO,4, mg. L), nitrite (NO,, mg. L), nitrate
(NOs, mg. L"), ammonium (NH,, mg. L"), soluble iron (SFe,
mg. L™Y) and total iron (TFe, mg. L) were performed according
to the methodology proposed by APHA (2012). The molar ratio
of nitrogen: phosphorus (N:P) of water was calculated as the sum
of the molar concentrations (mmol. L") of the nitrogenous forms
divided by the sum of the concentrations of the phosphorous
forms. The flow data (m’s™') were provided by the company
Brasil PCH S.A. (Eletroriver S.A., BSB Energética S.A.).

For zooplankton community analysis, the samples were
obtained from the filtration of 100L of water through a
plankton net (mesh size 68 um) with the help of a bucket with
10 L capacity. The filtered material was fixed in 4% formalin
solution and the zooplanktonic composition was evaluated under
an optical microscope (Olympus BX40). Species richness was
defined by the number of species present in each sample and
species density was estimated by counting water aliquots in
Sedgwick-Rafter chambers. Zooplankton was classified into
major groups: Rotifera, Cladocera, Copepoda (adult and
immature copepods - nauplii and copepodites).

Qualitative samples of the phytoplankton community were
obtained using a plankton net (mesh size 25 um) and fixed with
Transeau’s solution. Quantitative samples were collected with a
horizontal haul in the subsurface (~0.3 m) and were subsequently
conditioned and fixed with acetic Lugol’s solution. The counts
followed the random field method for enumeration of cells and
individuals using the Utermohl sedimentation technique
(Utermohl, 1958) in an inverted light microscope (Olympus
IX71). The phytoplankton community was identified into
species level and the units (cells, colonies and filaments) were
enumerated considering 100 individuals (Lund et al, 1958).
Taxonomic identification was performed according to Hoek
et al. (1995), Round et al. (1990), Komarek and Anagnostidis
(1999), Komiérek (2005) and Bicudo and Menezes (2006),

considering ~ the  major  groups:  Bacillariophyceae,
Cyanobacteria, Chlorophyceae, Euglenophyceae,
Cryptophyceae, Zygnemaphyceae, Dinophyceae,

Chrysophyceae, Raphidophyceae e Xanthophyceae.

After counting and identification, the phytoplankton
community was classified according to their functional traits.
Solely qualitative traits (presence/absence) were considered,
being separated into three groups: 1) Morphological: mucilage
and biological form (unicellular/colonial/coenobium//filament/
chains); 2) Physiological: (a) silica demand, heterocysts,
mixotrophy and toxin production; 3) Behavioral: flagella and
aerotypes (Weithoff and Beisner, 2019). These traits were selected
because they are related to survival strategies and energy
efficiency, ecosystem functions that are of interest for this
study. It is important to notice that the mixotrophy and toxin
production traits were considered at potential levels, since we did
not measure if organisms were producing toxins or performing a
mixotrophic metabolism. Therefore, data from the literature were
used to support this classification.

Phytoplankton Diversity in Cascading Reservoirs

Data Analysis

To assess the total difference in environmental conditions of
reservoirs, as well as the difference between the phytoplankton
taxonomic and functional diversity, the nonparametric paired
samples Wilcoxon test was performed. Reservoirs were compared
pairwise ranking the medians and values of p < 0.05 were
considered significant. Considering the great number of
variables analyzed in this study, a Principal Component
Analysis (PCA) [PCA function, R package FactoMineR
(Husson et al., 2020)] was performed to identify the variables
that better explained the spatial and temporal variations of the
physical and chemical parameters of the system.

Zooplankton abundance was used as an explanatory variable
for the phytoplankton community in the cascade reservoirs.
Zooplankton and phytoplankton richness were estimated by
the number of species per sample. Species diversity was
calculated using the Shannon diversity index (H’) (Shannon
and Weaver, 1963; Magurran and McGill, 2010). To verify the
gradient of taxonomic variation of the phytoplankton community
in time and space, a Non-metric Multidimensional Scaling
(NMDS) was performed based on the Bray-Curtis similarity
[metaMDS function, R package vegan (Oksanen et al., 2020)].
Then, a one-way Similarity Analysis was performed to verify the
significant difference in phytoplankton abundance in time and
space (ANOSIM) [anosim function, R package vegan (Oksanen
et al., 2020)].

To investigate whether environmental factors
determinant for the composition of the major phytoplanktonic
groups, a Redundancy Analysis was performed (RDA) [rda
function, R package vegan (Oksanen et al, 2020]. The
multicollinearity between the explanatory variables was verified
through the Variance Inflation Factor (VIF) [vif.cca function, R
package vegan (Oksanen et al., 2020]. Finally, the variables that
entered the model were: water temperature + pH + turbidity +
dissolved oxygen + dissolved solids + alkalinity + total hardness +
ammonium (NH,) + nitrite (NO,) + nitrate (NO;) +
orthophosphate (PO,) + silicates (SiO) + N:P ratio + flow.

To evaluate the correlation between the major phytoplankton
and zooplankton groups, a Procrustes analysis was carried out
[procrustes function, R package vegan (Oksanen et al., 2020)] to
investigate the degree of agreement between these data sets
(Gower, 1971). The degree of agreement between the
ordination results was performed pairwise, where the
Procrustes sum of squares and the Procrustes root mean
squared error were considered. The significance of Procrustes
analysis was verified with the PROTEST randomization test (9999
permutations; Jackson, 1995) [protest function, R package vegan
(Oksanen et al., 2020)]. This analysis generates a statistic where 1
is a perfect agreement, and 0 is the complete absence of any
agreement and an associated p-value (significant when p < 0.05).

The functional richness index (FRic) [dbFD function, R
package FD (Laliberté et al., 2014)] was calculated for the
phytoplankton community to estimate the amount of niche
space occupied by the species within a community (Legras
et al, 2018). To assess the phytoplankton functional
composition in time and space, the CWM (Community
Weighted Mean value; Pla et al, 2011) of the functional

were
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TABLE 1 | Difference of physical and chemical characteristics of Monte Serrat (MS), Bonfante (BF) and Santa Fé (SF | and SF Il) reservoirs. Wilcoxon signed-rank test was
used for variables with non-normal distribution. Significant values (p < 0.05) are highlighted in bold.

N MS—BF MS—SF | MS—SF I BF—SF | BF—SF Il SF I-SF I
z p-value z p-value z p-value z p-value z p-value z p-value
Air temperature (C) 96  0.18 0.861 0.46 0.643 0.82 0.415 0.37 0.710 0.80 0.426 0.45 0.650
Water temperature ('C) 96  0.70 0.483 1.30 0.194 2.22 0.022 0.68 0.496 1.78 0.075 1.07 0.284
Conductivity (uS.cm™) 96  0.33 0.741 0.25 0.804 0.15 0.877 0.03 0.975 0.12 0.901 0.03 0.975
pH 96 1.24 0.216 2.86 0.004 2.76 0.006 2.08 0.037 1.74 0.081 -0.14 0.885
Turbidity (NTU) 96 -0.09 0.926 -0.91 0.364 -1.17 0.244 -0.93 0.354 -0.98 0.327 -0.04 0.967
Dissolved oxygen (mg.L™) 96  0.19 0.853 0.85 0.398 0.47 0.635 0.60 0.550 0.46 0.643 -0.13 0.893
True color (mg Pt.L™") 92 0.00 1.000 -0.21 0.835 -0.56 0.575 -0.04 0.965 -0.62 0.538 -0.45 0.652
Dissolved solids (mg.L™) 96 -0.18 0.861 -0.38 0.708 0.11 0.910 -0.09 0.926 0.19 0.853 -0.46 0.643
Suspended solids (mg.L™") 96 057 0.571 0.96 0.338 2.18 0.030 -1.62 0.105 -2.84 0.005 -1.46 0.143
Total solids (mg.L™") 96  0.00 1.000 -1.57 0.117 -1.58 0.115 -1.47 0.140 -1.47 0.140 0.01 0.992
Alkalinity (mg.L™") 96 -0.21 0.837 -0.46 0.642 -0.47 0.635 -0.38 0.703 -0.27 0.789 0.19 0.853
Total hardness (CaCOg mg.L™") 96  -0.84 0.402 0.26 0.796 0.72 0.469 1.27 0.203 1.69 0.092 0.59 0.555
Ammonia (NHgy (mg.L™") 96  0.58 0.564 -2.82 0.005 -3.52 0.000 -2.58 0.010 -3.46 0.001 -0.72 0.471
Nitrite (NO,) (mg.L™") 88 -0.60 0.547 -1.55 0.121 -1.96 0.050 -1.36 0.173 -1.65 0.099 -0.73 0.464
Nitrate (NOg) (mg.L™) 96  0.30 0.765 -0.78 0.433 -1.10 0.270 -1.10 0.270 -1.33 0.183 -0.23 0.821
Orthophosphate (PO,) (mg.L™) 96  -0.21 0.837 -2.66 0.008 -3.23 0.001 -2.48 0.013 -3.04 0.002 -0.88 0.381
Total phosphorus (mg.L™") 80 020 0.839 -1.99 0.047 -2.72 0.007 -1.84 0.066 -2.53 0.011 -0.41 0.685
Silica (mg.L™") 96  0.36 0.718 -0.23 0.821 -0.28 0.781 -0.46 0.643 -0.72 0.471 0.15 0.877
Soluble iron (mg.L™") 84  0.09 0.932 -0.30 0.764 -0.60 0.549 -0.49 0.623 -0.79 0.428 0.26 0.797
Total iron (mg.L™) 88  0.12 0.907 -1.87 0.062 -2.73 0.006 -1.91 0.056 -2.68 0.008 -0.55 0.5681
N:P 96 -0.07  0.9425 0.00 1.000 -0.16 0.873 0.30 0.765 -0.12 0.907 -0.14 0.890
Flow (m®.s™) 96 -1.20 02292 -2.25 0.025 -2.25 0.025 -1.16 0.244 -1.16 0.244 0.00 1.000

traits of the community was calculated and weighted by the
relative abundance of the species [functcomp function, R
package FD (Laliberté et al., 2014)]. The purpose of the
CMW is to assess the contribution of community traits,
taking into account characteristics of the entire community,
not individual species. The relative importance of the
phytoplankton traits was evaluated through the sum of the
CWM values (total CWM). Nonparametric Spearman rank
correlations were performed to test the correlation across
species and functional richness, as well as Shannon diversity
index and CWM, in order to compare the responses obtained
through measures of taxonomic and functional diversity
[cor.test function, R package stats (R Core Team and
contributors worldwide, 2016)].

All analyzes were performed using R software version 4.0.5 (R
Core Team, 2021) and JMP®Pro 14.0.0 software.

RESULTS

Description of Environmental Variability

The environmental conditions presented a similar dynamic
between Monte Serrat (MS) and Bonfante (BF) and between
Santa Fé I e II (SF I and II) throughout the monitored period
(2013-2018). The water temperature was higher in the
downstream reservoir (SF I e II). Few pH peaks in the driest
months (September 2014, 2015, and 2017) were observed in the
last reservoir (SF I e II). Total and suspended solids, NH,, NO,,
PO,, TP, and TFe presented higher values in MS and BF,
indicating a potential dilution effect of the cascade. The other

variables observed in this study did not reveal a pattern,
exhibiting similar or random dynamics among all reservoirs.

Statistical differences were observed on the pH in MS and SF I,
MS and SF 1T and BF and SF I (Table 1), and suspended solids in MS
and SF II and BF and SF II (Table 1 and Supplementary Table S1,
Supplementary Material IT), and suspended solids in MS. Nutrients
also exhibited differences among reservoirs, with lower
concentrations in downstream reservoir (SF). Differences had
been observed for NH, in MS and SF I, MS and SF II, BF and
SF I and BF and SF II (Table 1). For PO,, differences were found in
MS and SF I, MS and SF II, BF and SF I and BF and SF II (Table 1),
and for TP in MS and SF I, MS and SF IT and BF and SFII (Table 1).
Lastly, total iron (TFe) also exhibited differences between the
reservoirs further upstream and downstream of the system. TFe
presented differences in MS and SF Il and BF and SFII (Table 1) and
flow rate presented difference between MS and SF I and II (Table 1).

The first two axes of Principal Component Analysis (PCA)
explained 42% of the data variability (Figure 2). The first axis
(28.3%) smooth summarized the spatial gradient, separating the
run-of-river and storage reservoirs. It was noticed that MS and BF
reservoirs were overlapped, as well as SF I and II, indicating a
possible correlation between these sites. The variables that
presented the most significant contribution to the distribution
of data on the first axis were flow rate, suspended solids, turbidity,
and TFe. The second axis (13.7%) also exhibited a spatial variation
between run-of-river and storage reservoirs. Nevertheless, a
seasonal trend was observed between dry (June/July and
September) and rainy (December and March/April) periods.
The variables with the most significant partial contribution to
axis 2 were total and dissolved solids, NO, and TP.
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FIGURE 2 | Principal component analysis (PCA) applied to investigate

the spatial and temporal variation of environmental variables in the three Small
Hydroelectric Power Plant (SHP) reservoirs: Monte Serrat (MS), Bonfante (BF)
and Santa Fé (SF | e ) along the Paraibuna River (n = 96). The green
squares represent the reservoirs and the colored dots represent the samples.
The colors of the dots indicate the interannual periods, as follows: light blue =
March, rainy season; dark blue = December, rainy season; light orange =
June, dry season; dark orange = September, dry season. Variables are:
T°_water, water temperature; NH,, ammonium, SS, suspended solids; DS,
dissolved solids; TS, total solids; SFe, soluble iron; TFe, total iron; turb, water
turbidity; TC, water true color; PO4, orthophosphate; TP, total phosphorus;
TS, total solids; DO, dissolved oxygen; TH, total hardness; NOg, nitrate; NO,,
nitrite; alk, alkalinity; cond, water conductivity; sil, silicates, pH and flow.

Zooplankton Community
The zooplankton community varied over time among the

upstream reservoirs (MS and BF) and the downstream
reservoir (SF) (Figure 3). In the upstream reservoirs (MS and
BF) the dominant group was Rotifera. The total species richness
in MS was 50 species, being 37 rotifers, 11 cladocerans and 2 adult
copepods. The total density found throughout the sampled period
was 34.6 ind. L™" (28.5 ind. L™ for rotifers, 1.99 ind. L' for
cladocerans, 0.46 ind. L™ for adult copepods and 3.65 ind. ™" for
immature copepods). In BF, the total richness was 45 species,
being 36 rotifers, 7 cladocerans and 2 adult copepods. The total
density was 31 ind. L™" (18.71 ind. L™" for rotifers, 3.59 ind. L™*
for cladocerans, 1.40 ind. L™" for adult copepods, 7.30 ind. L™" for
immature copepods). The downstream reservoir (SF I and II)
revealed a more diverse composition. SF I had a total richness of
79 species, being 54 rotifers, 20 cladocerans and 5 copepods. This
site presented a total density of 3103.34 ind. L™, evidenced by the
dominance of rotifers (1281.99 ind. L") and immature copepods
(1257.77 ind. L") and a meaningful contribution of cladocerans
(389.33ind. L") and copepods (174.24 ind. L") over the sampled
period. In SF II the total richness was 88 species, being 58 rotifers,
24 cladocerans and 6 copepods. Although the higher species

Phytoplankton Diversity in Cascading Reservoirs

richness, the total density of SF II was lower than that of SF I,
presenting a total density of 2695.1 ind. L™, pointed by the
dominance of immature copepods (1394.15 ind. L™") and great
contribution of rotifers (713.85 ind. L), cladocerans (241.55 ind.
L") and adult copepods (345.54 ind. L") over the sampled
period. Despite the difference in richness and density, the three
main groups (Rotifera, Cladocera and Copepoda) were present in
the three reservoirs throughout the sampled period, except
December 2013 and 2017, when no group was found in BF.

Phytoplankton Community

The composition of the phytoplankton community also changed
over time (Figure 4). In total, 217 taxa were identified. The
structural change in the phytoplankton community was
highlighted by three distinct periods in MS and BEF: 1)
dominance of diatoms (2013-2014); 2) dominance shift from
diatoms to green algae and a significant increase in
phytoplankton density (2015-2017); 3) change of dominance
from green algae to diatoms and decrease of phytoplankton
density (2018) (Figure 4). In SF (I and II) these periods were
not clear, with seasonal density peaks in September (dry season),
mainly in Chlorophyceae, Cyanobacteria, Chrysophyceae and
Cryptophyceae groups. Non-metric multidimensional scaling
(NMDS) analysis demonstrated that the reservoirs were
overlapped throughout the sampled period (stress value:
0.1677), implying that the cascade reservoirs shared numerous
species throughout the sampled period (Supplementary Figure S1,
Supplementary Material I). The similarity analysis (ANOSIM)
revealed that the communities were significantly similar, both in
space (R = 0.12, p-value = 0.001) and time (R = 0.29, p-value =
0.001) (Supplementary Figures S2, S3, Supplementary Material
I), corroborating the results found in the NMDS.

The phytoplankton species richness in the three systems
ranged from 1 to 31, with a pronounced decrease in MS and
BF reservoirs and an increase in SF during 2015-2017
(Figure 5A). In terms of functional richness, the same was not
observed. (Figure 5B). Reservoirs maintained their functional
richness ranging between 0 and 0.26, representing a small value.
A similar trend in species richness was observed through the
Shannon diversity index (H') (Figure 6A). Species diversity (H')
was different among the upstream and downstream reservoirs
(MS-BF and SF), mainly between the period from 2015 to 2017
(Figure 6A). Until the end of 2014, the species diversity oscillated
between MS-BF and SF. From 2015, species diversity decreased in
MS and BF, remaining so until 2017. In 2018, the species diversity
of these reservoirs changed with the diversity of SF.

Redundancy analysis (RDA) explained only 30% of the species
distribution related to environmental variables (axis 1: 0.22, F:
28.30, p-value: 0.001; axis 2: 0.08, F: 11.02, p-value: 0.017) and did
not evidence spatial clustering related to the different
environmental features (further details can be found in
Supplementary Figures S4, S5; Supplementary Table S3,
Supplementary Material I). Bacillariophyceae group was
correlated with the flow. For Chlorophyceae, the most
explanatory variable was dissolved oxygen. The other
phytoplankton groups remained superimposed in the center of
the two axes, indicating that there was no specific variable
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correlated with their distributions. Ordination patterns using the
biological matrices (i.e., phytoplankton and zooplankton) of the
systems were compared using Procrustes analysis. The results
revealed that there was a significant correlation among the
phytoplankton and zooplankton matrices (Procrustes, sum of
squares: 0.46, correlation: 0.73, p-value: 9.999¢-05). Nevertheless,
few significant correlations among main groups were found in the
reservoirs, namely: Chlorophyceae and Rotifera (SF I. r = 045,
p-value = 0.026); Euglenophyceae and Rotifera (BE:;, r = 047,
p-value = 0.017); Euglenophyceae and Cladocera (BF: r = 0.56,
p-value = 0.003; SF I: r = 0.84, p-value = <0.001; SF II: r = 0.44,
p-value = 0.03); Cryptophyceae and Rotifera (SF I: r = 0.43, p-value
=0.034; SFII: 7 = 0.5, p-value = 0.011); Chrysophyceae and Rotifera
(SFI: r = 0.65, p-value = <0.001; SF II: r = 0.64, p-value = <0.001);
Zygnematophyceae and Rotifera (SF II: r = 0.60, p-value = 0.001);
Dinophyceae and Copepoda (SF II: r = 0.44, p-value = 0.029).

The total CWM presented a similar trend for all reservoirs,
with near values (Figure 6B). During the years 2015-2017, a
decrease in the total contribution of traits was observed, which
increased again in 2018 (Figure 6B). According to the total CWM
(i.e, considering all reservoirs throughout the entire study
period), the traits with the most significant contribution in the
communities were: unicellular (single-cell arrangement),
mixotrophy, presence of silica structure, mucilage and
presence of flagellum (Figure 7).

Assuming the average among all samples per reservoir,
statistical differences were observed in species richness in MS
and SF I (z = 2.424, p-value: 0.015), MS and SF II (z = 3.405,

p-value: 0.0007), BF and SF I (z = 2.282, p-value: 0.022) and BF
and SF II (z = 3.369, p-value: 0.0008). The difference in
functional richness was also observed in MS and SF I (z =
2.269, p-value: 0.023) and MS and SF 1II (z = 2.803, p-value:
0.005). Species diversity estimated using the Shannon diversity
index revealed a difference in MS and SF II (z = 1.979, p-value:
0.047). Finally, the CWM differed among MS and SF II (z =
2.144, p-value: 0.032) and BF and SF II (z = 2.041, p-value:
0.041).

According to the correlation among species richness and
functional richness, it has been found that when the number
of species increased in the downstream reservoir (SF I and II), the
functional richness also increased (SF I: r = 0.60, p-value = 0.009;
SEII: r = 0.68, p-value = 0.001) (Figure 8A). However, functional
richness reached a plateau when species richness approached 15
taxa. In the upstream reservoirs (MS and BF), this correlation
between species richness and functional richness differed, being
significant in the MS reservoir but not significant in the BF
reservoir (MS: r = 0.66, p-value = 0.019; BF: r = 0.52, p-value =
0.126) (Figure 8A). In contrast, the correlation between the
Shannon diversity index and the CWM was positive for the
upstream reservoirs (MS: r = 0.48, p-value = 0.019; BF: r =
0.72, p-value = 0.000) (Figure 8B), indicating a trend between
an increase in species diversity and an increase in the contribution
of functional traits weighted by abundance. Nonetheless, it was
not observed the same trend in the downstream reservoir (SF I:
r = 0.08, p-value = 0.722; SF II: r = —0.22, p-value = 0.310)
(Figure 8B).
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DISCUSSION

Our goal was to investigate whether the spatial variation would be
more significant than the temporal variation for the functional and
taxonomic diversity of phytoplankton in cascade reservoirs,
located in the same stretch of the river. The hypothesis that the
taxonomic and functional diversity of the phytoplankton
community would be different between the reservoirs was
accepted, since the upstream reservoirs (MS and BF) did not
present differences. However, they were distinguished from SF,
the last of the cascade. Notwithstanding, the hypothesis that spatial
variation would be more explanatory than temporal variation for
changes in phytoplankton structure and composition was rejected,
since strong temporal and seasonal variation was observed in the
three reservoirs. Our results revealed changes in the taxonomic and
functional composition of phytoplankton over time in the different
reservoirs and that the reservoir downstream of the system (SF)
was the one with the highest species diversity and functional
diversity. The cascade reservoir system also modified the
dynamics of nutrients and suspended particles. These changes,
however, have not been correlated with the structure and
composition of the phytoplankton community, indicating that
the chemical features of the system were not the main drivers
of this community. Alternatively, phytoplankton was strongly
coupled to the zooplankton matrix, indicating a possible
agreement in the variation of these communities.

Influence of Reservoir Dynamics on

Functional Traits

The first two reservoirs of the cascade (MS and BF) had a similar
flow dynamic, mainly because they are run-of-river reservoirs and
are next to each other. These systems presented a similar pattern
in terms of environmental variables as well as species richness and
functional diversity. In contrast, the storage reservoir and the last
of the cascade (SF) was distinguished from the others. SF was
different in terms of functional diversity and when compared in
sequence, had a smooth reduction in the contribution of the traits
unicellular (single-cell arrangement) and presence of silica. An
increase in the contribution of the traits mixotrophy, flagella,
mucilage and colonial arrangement was also observed, indicating
a potential gradient of the contribution of functional traits along
the cascade. The last reservoir of the cascade (SF) was influenced
by the other reservoirs located upstream of the system. The dams
of the other reservoirs usually act as physical barriers, retaining
substantial amounts of the particulate material carried by the
river (Barbosa et al., 1999). Furthermore, SF has a different nature
from the others, such as depth and water retention time. These
factors may directly interfere in the dynamics of the system (e.g.,
depth, photic zone, type of predominant metabolism,
mineralization rates of organic matter) and consequently in
the biological communities (Kimmel et al., 1990; Loken et al,
2018; Naselli-Flores et al., 2021).

Frontiers in Environmental Science | www.frontiersin.org

July 2022 | Volume 10 | Article 903180


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Resende et al.

A40

35 4

30 A
25 4
20 +

15 A

Species richness

abr_13
set_13
abr_14
set_14
abr_18

0.4

0.35

0.3

0.25

Phytoplankton Diversity in Cascading Reservoirs

indicates that, in addition to the change in the presence of
certain groups, the density of individuals also represented a
change in terms of community structure and function (Bell
and Kalf, 2001; Callieri, 2008). Unlike biomass, the increase in
density only does not necessarily imply a higher rate of
primary production or a greater energy flow through the
trophic chain (Sterner et al, 2002). Still, the increase in
density allows us to infer which species succeed in relation
to the others, providing answers about the structure of the
community.

The storage reservoir (SF) presented the highest species
richness and diversity, and groups other than Chlorophyceae
had a considerable contribution. In the run-of-river
reservoirs,  Chlorophyceae = dominated and  other
phytoplanktonic groups were not able to establish
themselves during 2015-2017. This result was also
observed in the functional traits, since the functional
richness decreased during this time.
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FIGURE 5 | Temporal variation of phytoplankton (A) Species richness

and (B) Functional richness (FRic) sampled from 2013 to 2018 in the three
Small Hydroelectric Power Plant (SHP) reservoirs: Monte Serrat (MS; n = 24),
Bonfante (BF; n = 24) and Santa Fé (SF | and II; n = 24). The red dashed

lines indicate the periods of significant changes in the dominance of the main
phytoplankton groups.

In our study systems, the years 2013-2014 exhibited a
dominance of diatoms, especially in run-of-river reservoirs.
Diatoms are usually found associated with sediment or
attached to some substrate (Martin-Jézéquel et al., 2000).
Accordingly, the greater the depth of a system, the lower
the probability of finding these species in surface waters,
since they tend to sediment and to be limited by light
availability (Smol and Stoermer, 2010). In this sense, we
argue that this may have been the reason why this group
was found in a smaller proportion in the storage reservoir.
Run-of-river reservoirs are shallower and have a higher flow
rate, which generates greater resuspension of the water
column, creating a more favorable environment for the
establishment of diatoms (Smol and Stoermer, 2010; Zorzal-
Almeida et al., 2017a; Kuriqi et al., 2021). Furthermore, it is
important to point out that the phytoplankton density, in
general, was substantially lower during this time (2013-2014)
than in the other years that followed (2015-2018). This result
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FIGURE 6 | Temporal variation of (A) Shannon Diversity Index and (B)
Community Weighted Mean (CWM) sampled from 2013 to 2018 in the three
Small Hydroelectric Power Plant (SHP) reservoirs: Monte Serrat (MS; n = 24),
Bonfante (BF; n = 24) and Santa Fé (SF | and Il; n = 24). The red dashed
lines indicate the periods of significant changes in the dominance of the main

phytoplankton groups.
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Taxonomic Composition and Functional

Traits

During 2015-2017, a change in phytoplanktonic composition was
observed, with the Bacillariophyceae group being replaced by the
Chlorophyceae group. The trait “unicellular” was the trait with the
greatest contribution. Nevertheless, its contribution almost doubled
compared to period of 2013-2014, mainly because of the dominance
of a few unicellular species belonging to picoplankton (0.2-2 um) and
nanoplankton (2-20 um), which had high abundances (e.g., Chlorella
minutissima, Chlorella vulgaris and Choricystis minor) (Table 2). It is
important to notice that, although the unicellular trait has remained
dominant, diatoms and green algae have different contributions to
ecosystem functions due to their different sizes and shapes.
Picoplankton and nanoplankton play an important role in
increasing biomass and primary production in aquatic ecosystems
(Stockner, 1988). Small cells have a greater surface area/volume ratio,
that is, a greater membrane area per cell. Therefore, photosynthesis is
enhanced by higher CO, and nutrient diffusion rates (Raven and
Kiibler, 2002). Similarly, light absorption per cell volume might also be
higher, representing a great advantage in oligotrophic systems, where
nutrients limiting primary production, such as phosphorus (P) and
nitrogen (N), are scarce (Sandgren, 1988). Although these small algae
suffer little loss from sedimentation, as with diatoms, their increase in
biomass is restricted by high predation rates (Callieri, 2008).

The species found in this study, with small-sized cells, are species
recognized as colonizers and are commonly the first to arrive and
establish themselves in the environment (Reynolds, 2006). Its
success is attributed to its morphological and reproductive
characteristics, such as spherical or ellipsoidal floating, isolated or
colonial cells involved in mucilage and quickly reproduction by
simple cell division, without cell differentiation (Sandgren, 1988).

Phytoplankton Diversity in Cascading Reservoirs

Furthermore, during this time, the trait “mixotrophy” had a
notable contribution. Mixotrophy consists of the combination of
different types of metabolism (Naselli-Flores and Barone, 2019).
Through photosynthesis, algae incorporate inorganic carbon
(CO,) and light energy. Through heterotrophy, some species
are able to incorporate organic carbon through dissolved and/or
particulate organic substrates (phagotrophy). In this way, the
mixotrophic species use pools of organic nutrients, enhancing
photosynthetic energy and primary production (Reynolds, 2006).
Furthermore, they act at several trophic levels, which gives them a
competitive advantage over photosynthetic or strict heterotrophic
organisms (Sanders et al., 1990; Burkholder et al., 2008; Litchman
and Klausmeier 2008). The factors that trigger mixotrophy as well
as which species are potentially mixotrophic are still
contradictory (Gerea et al., 2016). It is known, however, that
light limitation and predator density are capable of triggering
mixotrophic metabolism (Caron et al., 1990; Sanders et al., 19905
Jones et al., 1995). In addition, some species use mixotrophy only

0.4
A ©oMS  OBF
0.35 A A SFI A SFIl
8 03
c
< A A A A
2 025 A AO © A
— AAA A
g 45 An A A 0A A
98 ™ A
< A
S 015 { o
- ©A® ¢ AA A A
0.1 4 o 0;0 A
&8 A0
0.05 - o%ah ©
0 +ARRONA . : : r .
0 5 10 15 20 25 30 35
Species richness
B 4.0
7Y ©MS ©BF
g 351 . ASFl A SFIl
S
O 3.0 A ° 9 7S
c Ay A A
[}
2 25 4 . L % = 5
b R A (¢} &) & A
S 2044 4 a4 B B A oat
g 5 % LYW 3
2 15 - ® 2 Apa
£
£ 00 A
=
£ 10 A ©
g
v 0.5 4
0.0 T . T T T
0.0 0.5 1.0 18 20 25 3.0
Shannon index (H')
FIGURE 8 | Relationship between phytoplankton taxonomic and
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richness versus functional richness and (B) Shannon Index versus Total CWM.
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TABLE 2 | Density contribution of the main phytoplankton species in the Monte Serrat, Bonfante and Santa Fé reservoirs, considering the periods between 2013 and 2014,

2015-2017 and 2018. Only contributions greater than 10% were considered.

Reservoir Taxon

Achnanthidium minutissimum
Chilorella minutissima
Chlorella vulgaris

Choricystis minor

Monte Serrat

Achnanthidium minutissimum
Chlorella minutissima
Chlorella vulgaris

Choricystis minor
Cryptomonas marssonii
Nitzschia palea

Stauroneis sp.

Bonfante

Chlorella minutissima
Choricystis minor
Eutetramorus fottii
Radlocystis fernandoi
Volvox aureus

Santa Fé |

Santa Fé Il Chlorella minutissima

Choricystis minor
Eutetramorus fottii
Radiocystis fernandoi
Volvox aureus

for nutritional complementation while others rely on mixotrophy
to grow in complete darkness (Granéli et al., 1999).

Link Between Phytoplankton and

Zooplankton Communities

Our results demonstrated that there were spatial and temporal
changes in the environmental variables observed. However, these
variables did not clearly contribute to explaining the structure of
the phytoplankton community. We believe the main reason for
these results was due to passive dispersion between connected
reservoirs, promoting the homogenization of the local
community and masking the effect of the environment
(Zorzal-Almeida et al., 2017b). These results corroborate the
findings of Bortolini et al. (2020) who identified differences
between reservoirs and, in contrast, a similar composition of
the phytoplankton community.

Since environmental features were not the main drivers of the
phytoplankton community, as observed in Gameiro et al. (2007),
Edwards et al. (2013) e Cardoso et al. (2017), the trophic
relationships between phytoplankton and zooplankton became
the alternative explanation to be considered, once it may control
population dynamics and selection of phytoplankton species
(Lehman and Sandgren, 1985; Sommer and Sommer, 2006).
The interactions between phytoplankton and zooplankton play
a crucial role in determining the relative contribution of primary
production to other trophic levels (Sailley et al., 2015). Typically,
zooplankton grazing is defined as being dependent on total prey
concentration, with food selectivity expressed only as a function
of prey size and abundance (Sailley et al., 2013). This behavior
ignores the taxonomic preferences exhibited by predators and the

Percentual Contribution (>10%)

2013-2014 2015-2017 2018
11.34 — —
- 27.63 2617
- — 33.23
- 65.65 -
- - 11.45
- 2416 -
- — 15.33
- 68.76 -
10.59 — -
10.01 — -
_ - 14.59
- 10.94 25.88
- 38.20 -
- — 50.03
28.51 - -
61.72 — —
- 15.29 2276
- 31.01 -
_ - 54.48
12.70 - -
67.20 — -

ability of some species to actively select or reject an individual
prey. Nevertheless, a study by Sailley et al. (2015), who sought to
compare the impacts of zooplankton with passive and active
selection, revealed that passive selection of zooplankton resulted
in top-down prey control with a rapid exchange of nutrients. On
the other hand, an active selection led to bottom-up control, with
slower rotation of nutrients restricting primary production,
shifting the system towards the export of particulate matter.
Despite evidence on the inability of zooplankton to shape and
control phytoplankton in the tropics (de Melo and Huszar, 2000;
Von Riickert and Giani, 2008), cascade reservoirs compose
complex systems (Nogueira et al, 2010). In this sense,
phytoplankton might be controlled by physical processes in
run-of-river reservoirs (lotic system), while biotic interactions
would be more important in systems with high water retention
time (lentic system) (Mineeva et al., 2008).

The Procrustes analysis between the phytoplankton and
zooplankton communities revealed a strong relationship
among these biological matrices. Still, this link between the
change in phytoplankton and zooplankton composition was
not clear, indicating that taxonomic and functional
relationships are complex and often difficult to measure
(Petchey and Gaston, 2006; Magurran and McGill, 2010;
Inkpen et al., 2017). The upstream reservoirs (MS and BF)
had a higher proportion of rotifers while the downstream
reservoir (SF) had a higher proportion of copepods (adult and
immature). Rotifers are passive filter, omnivores and generalist
feeders, therefore have low food dependence on phytoplankton,
mainly because they also prey on bacteria, flagellates and organic
detritus (Arndt, 1993). Copepods, on the other hand, have greater
food selectivity, using different active feeding strategies, with
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hunting and handling of their food (Lehman and Sandgren, 1985;
DeMott, 1986; Sommer and Sommer, 2006; Kigrboe, 2011).

Phytoplankton is considered an extremely important
environmental filter for determining the distribution of the
zooplankton community (Vogt et al, 2013). Changes in
phytoplankton quality and availability might reflect on zooplankton
diversity, once it is closely related to resource use and supply (Ptacnik
et al., 2008). Different species of phytoplankton have distinct chemical
compositions (e.g., carbohydrates, lipids). Thus, the greater the species
diversity, the greater the variability in the quality of carbon available for
the other trophic levels (Gearing et al.,, 1984). The last reservoir of the
cascade (SF) was the one with the greatest diversity of phytoplankton
species. In other words, this reservoir presents a greater availability of
food resources, thus justifying the difference in composition of the
zooplanktonic community from rotifers to copepods.

Species Diversity Versus Functional
Diversity

Here, the species and functional richness index revealed similar
patterns over time, with the greatest differences related to the type
of reservoir. A strong positive correlation between these two
indices was observed (Figure 8A). At one point, although, the
functional richness reached a plateau, indicating that the increase
in the number of species did not necessarily represent a greater
number of functional traits. Therefore, even if an environment
has a high species richness, it is not necessarily performing
additional ecosystem functions. At the sight of this, different
species might express the same functional traits and can perform
similar functions, characterizing what is well known as functional
redundancy (Rosenfeld, 2002). It is important to emphasize that
functional redundancy can generate stability to the ecosystem,
once a given ecosystem function would not be restricted to just
one or a few species. In this sense, even if determined species were
lost, ecosystem processes would not be drastically affected. On the
other hand, even if the species share the same functional traits,
they can also occupy partially different niches, which would then
characterize ecological complementarity and not redundancy
(Loreau, 2000; Loreau and Hector 2001).

The correlation between Shannon diversity index and CWM
was weak, indicating that species abundances are not closely
related to their functional contributions in the studied system.
Thus, even if some species showed high densities in a specific
period (e.g., bloom), the functional diversity did not change
substantially. Nevertheless, despite our results did not find a
correlation, Spaak et al. (2017) demonstrated that an ecosystem
function might be drastically altered when population density
and community composition are pressured by the environment,
even though richness remains the same. According to Petchey
et al. (2004), communities with high functional diversity showed
high rates of primary production and resource use efficiency,
attributed to the effects of functional complementarity of species.
On the other hand, communities with low functional diversity
managed to maintain the ecosystem functions of the
communities, which may be attributed to the effects of species
selection (Smeti et al., 2019).

Phytoplankton Diversity in Cascading Reservoirs

CONCLUSION

Our results highlight the complexity in understanding the role of
cascading reservoirs in phytoplankton communities. The temporal
variation observed in the three reservoirs proved to be an important
factor, indicating that stochastic events over time had a great
influence on the results. We point out that seasonal events were
also observed, separating dry and wet seasons. Although, it was not
possible to say that the spatial variation was the main drive for the
change in the structure and composition of the phytoplankton
community. The potential dilution effect predicted by the
Cascading Reservoir Continuum Concept (CRCC) was observed,
mainly in terms of nutrients and suspended particles. However,
environmental variables were not able to predict changes in the
phytoplankton community. A significant coupling between the
phytoplankton and zooplankton communities was found and we
believe that this group might have had an influence on the
phytoplankton distribution along the longitudinal gradient of the
river. Futhermore, changes in taxonomic and functional composition
were observed mainly related to the hydrodynamics of the reservoirs.
The run-of-river reservoirs presented lower species and functional
diversity when compared to the storage reservoir. Ultimately,
taxonomic and functional indexes exhibited a positive correlation,
but this does not necessarily represent that taxonomic diversity is a
good predictor of functional diversity. We emphasize that our results
are important to deepen the knowledge about the temporal and
spatial variation of phytoplankton in cascade reservoirs.
Understanding how these processes act in communities is crucial
for the conservation and management of aquatic ecosystems.
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