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Understanding the influence of environmental conditions on biodiversity is a major task in
ecology.We investigated how phytoplankton taxonomic (TD) and functional (FD) diversities
vary with environmental factors in eight subtropical and tropical reservoirs. We
hypothesized that i) environmental variables affect phytoplankton TD and FD; ii) FD
provides better relationships to environmental changes than TD, and; iii) indices based
on biomass are better related to the environment than those based on identities. The
relationships between phytoplankton diversities and environmental drivers were assessed
through generalized linear models. Our hypotheses were partly confirmed. TD and FD
were, in fact, dependent on the environment, with higher values occurring in warmer,
clearer, and more enriched systems, under lower zooplankton grazing pressure; but FD
based on identities was not predicted better from environmental conditions than TD based
on identities. As expected, indices based on biomass are better related to the environment
than their counterpart based on identities.

Keywords: rao quadratic entropy, functional redundancy, species richness, functional traits, freshwater
phytoplankton

INTRODUCTION

Except for the neutral theory (Hubbel, 2001), the ability to predict patterns of species richness is
based on the assumption that different species will respond differently to environmental gradients
(Tilman, 2004; Cadotte et al., 2011). Species richness has been used as a primary measure of
biodiversity to study its relationships to ecosystem functioning (Díaz & Cabido, 2001; Magurran,
2005; Vogt et al., 2010; Magurran and Vianna, 2011). However, this measure provides incomplete
information about the function of individual species in each community (Petchey, 2004; Villéger
et al., 2010), and so does little to explain why biodiversity might be necessary for ecosystem
functioning (Díaz & Cabido, 2001). To have rapid and consistent responses across ecosystem
gradients (Mouillot et al., 2013) and to increase the explanatory power (Petchey et al., 2004), an
alternative approach - functional diversity (FD) - has been proposed to assess the functional structure
of communities. FD diversity is generally defined as the extent of trait differences between species
(Petchey & Gaston, 2002; De Bello et al., 2016). Functional traits are morphological, physiological,
and behavioral features, measured at the individual level, which influence the performance of an
individual to the environment and other species (Díaz and Cabido, 2001;Weithoff, 2003; Violle et al.,
2007). The use of abundance (or biomass), an essential aspect of ecosystem functioning—the niche
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size (De Bello et al., 2007; Magurran and Vianna, 2011)—can
increase the prediction of biodiversity and environmental
conditions (De Bello et al., 2006; Vogt et al., 2010).

Some studies have examined phytoplankton patterns and
mechanisms underlying FD compare to taxonomical diversity
(TD), although differences in functionality are easily
distinguishable from morphological traits (Weithoff, 2003;
Kruk et al., 2010; Wang et al., 2020). The majority of research
on phytoplankton FD is based on identities (presence-absence,
FDPA, e.g., Bergkemper et al., 2018; Santos et al., 2015; Cardoso
et al., 2017; Ye et al., 2019) and, in minor extension, on abundance
or biovolume, FDBV (Santos et al., 2015; Graco-Roza et al., 2020;
Wang et al., 2020). FDPA and FDBV have been indicated as driven
by similar environmental variables, such as water temperature,
productivity, light, flushing, grazing, or macrophytes, that can
mediate changes in phytoplankton assemblages. Although, the
discussion about how these mechanisms influence phytoplankton
diversity still requires more attention.

Regarding functional diversity based on identities, FDPA may
be negatively affected by water temperature, as shown in
observational studies for shallow lakes in South America, using
the richness of functional groups (Kruk et al., 2017) and
Amazonian floodplain lakes during high water using traits
(Cardoso et al., 2017). Water temperature negatively drove
FDPA also in experimental studies (e.eg. Bergkemper et al.,
2018). However, positive temperature influences FDPA, as in
some temperate lakes (Palffy et al., 2013). Besides, high FDPA

is supported by low productivity (Vogt et al., 2010) and weak
stratification (Longhi & Beisner, 2010) in Canadian shallow lakes.
High FDPA was related to high light intensity and zooplankton
biomass (low water level) and to low productivity (high water
level) in floodplain lakes (Cardoso et al., 2017). If the FDBV is
considered, a positive correlation with light is provided in an
eutrophic lake (Wang et al., 2020). The functional phytoplankton
composition based on biovolume changed more than 200 km
downstream in a tropical river, suggesting that damming can
filter species by their traits Graco-Roza et al. (2020). An
experimental study (Barrow et al., 2019) showed the influence
of the macrophyte abundance in shaping phytoplankton
functional diversity, based on density/biovolume; it indicated
that competition for light, grazing, and probably,
allelochemicals were mechanisms through which macrophytes
mediated changes in the phytoplankton community. A recent
experimental study accessed the relative effects of spatial overlap,
grazing, and the physical environment on multiple dimensions of
phytoplankton diversity (functional and taxonomical). Those
authors revealed the physical structure, and top-down
cascading interactions as the potential strongest drivers of
phytoplankton diversity, probably because the forced
coexistence allowed niche differentiation along trait axes to
alleviate interspecific competition and might have avoided this
effect on taxonomic diversity (Le Noac’h et al., 2021).

Regarding taxonomic diversity, phytoplankton diversity has
traditionally been assessed through identities (species richness,
DPA). Their main ecological drivers are temperature (positive
relationship;Weyhenmeyer et al., 2013; Kruk et al., 2017; Cardoso
et al., 2017), system area (positive relationship; Smith et al., 2005),

and productivity (unimodal relationship; Dodson et al., 2000;
Smith, 2007; Santos et al., 2015). Light availability is an essential
control of TDPA (positive relationship; Weyhenmeyer et al., 2013;
Stomp et al., 2011; Wang et al., 2020) by favoring growth and
increasing the number of available niches due to stratification.
Although less frequently assessed, relationships of TDPA to
hydraulic flow (negative relationship, Borges & Train, 2009;
Nabout et al., 2007; Huszar et al., 1998; or positive, Train &
Rodrigues, 1998) and to grazing pressure (negative relationship,
Muylaert et al., 2010; Kruk et al., 2017) have also been noted as
important factors for controlling phytoplankton TDPA. The
patterns of TDBV based on biovolume are similar to TDPA

(Huszar et al., 1998; Borges & Train, 2009). Both diversity
dimensions increase in warmer systems and decrease in
strongly selective environments, e.g., highly flushed systems or
lakes with extreme acidity, alkalinity, turbidity, oligotrophy, or
physical constancy (save for spatial niche differentiation)
(Reynolds et al., 1993). Additional studies that combine both
diversities and their relationships to environmental conditions
are needed to provide deeper insights into phytoplankton
diversity mechanisms (Vogt et al., 2010; Pálffy et al., 2013;
Dunck et al., 2015; Weithoff et al., 2015).

Using data from eight large subtropical and tropical reservoirs,
we investigated how local phytoplankton diversity (taxonomic
and functional) varies with productivity, water temperature,
hydraulic flow, turbidity, and grazing pressure. We
hypothesized that: i) environmental variables (water
temperature, productivity, etc.) affect the taxonomic and
functional diversity of phytoplankton; ii) functional diversity
provides better species-environment relationships than
taxonomic diversity since they are assumed to be mediated by
functional traits; and iii) within each diversity dimension
(taxonomic and functional), indices based on biomass are
better related to the environment than their counterpart based
on identities.

MATERIALS AND METHODS

Study Area and Sampling
The study was conducted in eight hydroelectric reservoirs that
differ in morphometry, hydrology, and trophic state (Balbina,
Tucuruí, Xingó, Serra da Mesa, Três Marias, Funil, Salto Segredo,
and Itaipu), located in different Brazilian biomes (Figure 1;
Table 1). Most of them are stratified, at least during the
warmer months (Esteves et al., 1985; De Fillipo et al., 1999;
Tundisi et al., 2005; Borges et al., 2008; Soares et al., 2009;
Kemenes et al., 2011). As found in many reservoirs (Tundisi
& Matsumura-Tundisi, 2008), spatial heterogeneity in
limnological conditions and plankton communities occurs in
these reservoirs (Soares et al., 2012; Brasil-MME, 2014).

Each reservoir was sampled quarterly over a year, between
2011 and 2012. Water samples for nutrient, chlorophyll-a, and
phytoplankton analyses (n = 255) were taken using a sampling
tube (1.5 m long) at the water surface of the sampling stations
(8–12 per reservoir, in the pelagic zone) (Supplementary Table
S1). Phytoplankton samples were fixed with Lugol’s solution.
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Zooplankton samples were collected with a plankton net (mesh =
50 μm, Ø = 30 cm) by vertical hauls, mainly in the mixing zone
(1.2–18.0 m), and were immediately fixed with 4% formalin. For
analyses of total phosphorus (TP) and total nitrogen (TN)
concentrations, unfiltered samples were used. For dissolved-
nutrient concentrations (ammonium, N-NH4

+; nitrite, N-NO2
–

and nitrate, N-NO3
–), samples were filtered through Whatman

GF/C filters and immediately frozen. Water transparency was
measured with a Secchi disk; water temperature, pH, and
electrical conductivity with a YSI 6000 multiparameter probe;
and turbidity with a La-Motte 2020 turbidimeter. Seasonal

measurements for water-residence time were obtained from
the Agência Nacional de Energia Elétrica (ANEEL), with daily
values, and averaged for each sampling month.

Sample Analyses
N-NO3

– and N-NO2
−were analyzed through cadmium reduction

of the samples and N-NH4
+ through the colorimetric phenol-

hypochlorite method (Wetzel & Likens, 2000). Dissolved
inorganic nitrogen (DIN) was defined as the sum of N-NO3

−,
N-NH4

+, and N-NO2
−. TN was analyzed by the colorimetric

method, using sulfuric acid (Crumpton et al., 1992); SRSi by the

FIGURE 1 | Map of Brazil showing the locations of eight hydroelectric reservoirs indicated with numbers. Water limits from Brasil (2019).

TABLE 1 | Location and main features of the eight hydroelectric reservoirs (zmean = mean depth; RT = water residence time). Caatinga is a type of shrub vegetation, and
Cerrado is a type of savanna.

Systems Coordinates Biome Main River Reservoir area
(km2)

zmean (m) RT (years)

Balbina (BAL) 01°52′19.9″S 059°28′49.7″W Amazon Forest Uatumã 4,438 31 0.98
Tucuruí (TUC) 03°51′20.92″S 049°37′23.41″W Amazon Forest Tocantins 2,850 75 0.13
Xingó (XIN) 09°36′51.206″S 037°48′1.560″W Caatinga São Francisco 60 37 0.07
Serra da Mesa (SER) 13°49′28.23″S 048°18′47.60″W Cerrado Tocantins 1784 100 2.36
Três Marias (TRM) 18°13′43.232″S 045°15′59.479″W Cerrado São Francisco 1,040 51 0.70
Funil (FUN) 22°31′42.54″S 044°33′49.17″W Atlantic Forest Paraíba do Sul 40 56 0.09
Segredo (SEG) 25°47′47.72″S 052°6′56.87″W Atlantic Forest Iguaçu 82 96 0.13
Itaipu (ITA) 24°09′03.5″S 054°20′33.6″W Atlantic Forest Paraná 1,350 145 0.10
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molybdate method (Wetzel & Likens, 2000); TP by sodium
persulfate digestion (Mackereth et al., 1978); and SRP by the
ascorbic-acid method (Wetzel & Likens, 2000). Chlorophyll-a
was extracted in cold ethanol and read in a fluorometer (APHA,
2005). Phytoplankton population density (individuals mL−1) was
enumerated in random fields (Uhelinger, 1964), using the
sedimentation technique (Utermöhl, 1958) under a Zeiss
Axiovert 10 inverted microscope (Germany), at 400 ×. As far
as possible, the units (cells, colonies, and filaments) were
enumerated to at least 100 specimens of the most frequent
species (Lund et al., 1958). Specific phytoplankton biomass
was evaluated as biovolume (mm3 L−1), according to
Hillebrand et al. (1999), based on geometric equations.
Individual phytoplankton biovolume (V, µm3) and surface
area (S, µm2) were estimated according to geometric equations
(Hillebrand et al., 1999). When possible, calculations were based
on measurements of at least 25–30 organisms. Phytoplankton
individuals were identified, when possible, to the lowest
taxonomic unit. The presence of aerotopes, flagella, mucilage,
heterocytes, siliceous and non-siliceous walls, and life-forms were
noted for each organism. Zooplankton population density
(individuals L−1) was estimated by enumerating organisms in a
Sedgwick-Rafter counting chamber. Aliquots for counting were
removed from a well-mixed sample using a Hensen-Stempel
pipette. At least 250 individuals were counted in each of three
sequential subsamples, and 100 individuals of the most abundant
species, with a coefficient of variation <10%.When this minimum
was not obtained, the sample was counted entirely.

Rotifer biomass was estimated from the mean weight of
each species as given in the literature (Wetzel & Likens, 1991),
multiplied by its density in each sample (Wetzel & Likens,
1991), and the biomass of nauplii was estimated according to
allometric formulas (Culver et al., 1985). Biomass of
microcrustaceans (cladocerans and copepods) was measured
as dry weight (µg) of the first 20 individuals taken from the
samples, in a Mettler UMT2 analytical microbalance, after
drying in an oven at 60°C for 24 h. The ratio of zooplankton
biomass (dry weight) to algal biomass (dry weight, as
chlorophyll-a multiplied by 66) was used as a proxy for
grazing pressure (GP) (Jeppesen et al., 1997, modified by
using medium-sized filter-feeders, i.e., cladocerans +
calanoid copepods), assuming inefficient predation by
rotifers on phytoplankton (Muylaert et al., 2010). This ratio
gives a rough indication of the percentage of phytoplankton
standing stock grazed away per day (assuming that the
zooplankton consumes an amount equal to its biomass per
day) and that phytoplankton is the only food source for the
zooplankton (Jeppesen et al., 1994).

Phytoplankton Diversity
Phytoplankton diversity in each sample (8–12 per reservoir) was
assessed through: i) taxonomic diversity, as presence and absence
of species (species richness, TDPA) and the Gini-Simpson index in
biovolume (TDBV); and ii) functional diversity, calculated as
Rao’s quadratic entropy index based on presence/absence
(FDPA) and relative biovolume (FDBV) (Rao, 1982; Botta-
Dukat, 2005; Ricotta & Moretti, 2011).

Traits for phytoplankton FD were: a) continuous traits i)
individual size (maximum linear dimension, MLD; volume, V;
surface, S; and the ratio of surface area:volume, S/V); and b)
binary traits ii) capacity for nitrogen fixation, through the
presence of heterocytes; iii) silica demand; iv) life forms,
i.e., unicells, chain-filaments, and colonies; v) cell motility,
i.e., by aerotopes and flagella; and (vi) pigment composition,
i.e. blue, green, brown or mixed (Longhi & Beisner, 2010). For
mucilaginous colonial organisms, V (volume) and S (surface area)
were calculated for the whole colony, including mucilage. These
traits are related to the main processes of phytoplankton growth
and reproduction: resource acquisition, i.e., nutrients and light
(traits i–iv), predator avoidance (traits iv and v), and
reproduction (trait i) (Litchman & Klausmeier, 2008). Besides,
they can be easily measured or obtained from the literature
(Weithoff, 2003). The continuous traits (MDL, V, S, and S/V)
were measured for individuals, and therefore we calculated the
mean for each species. We opted to use all possible phytoplankton
traits available in the literature for this purpose.

Rao’s index can be understood as the mean of all dissimilarities
in the dissimilarity matrix. It expresses the mean difference
between two randomly selected individuals, with replacement,
including the diagonal, which represents the dissimilarity
between one species and itself (generally assumed to be zero
in most existing approaches) (Botta-Dukát, 2005). This mean
value can be weighted or not by species relative biovolume. We
used the presence and absence (identities) and the relative species
biovolume here. TDBV, FDPA and FDBV range from zero to 1, but
TDPA does not. To run the models, TDPA values were
standardized for a range from 0 to 1 in the {vegan} package,
using range methods in the decostand function of R software (R
Development Core Team 2011).

We also estimated the functional redundancy (FR), i.e., the
fraction of species diversity not expressed by functional diversity,
following the procedures described by Pillar et al. (2013) and De
Bello et al. (2007). FR was calculated as the difference between
TDBV (Gini-Simpson index) and FDBV (Rao index; Pillar et al.,
2013; De Bello et al., 2007). If FR = 0, the species have completely
different traits; if FR = 1, all the species have identical traits. FRs
close to 1 should be expected in redundant assemblages (Pillar
et al., 2013).

TDBV, FDPA, FDBV, and FR were calculated with the melodic
function proposed by De Bello et al. (2016) in the {picante}
package of R software (R Development Core Team 2011).

Data Analyses
We used environmental variables related to temperature,
hydraulic flow, turbidity, productivity, and grazing pressure
gradients to investigate the relationships between
phytoplankton diversity and environmental gradients. Water
temperature, WT; seasonal water-residence time, RT; turbidity,
TU; total nitrogen, TN and total phosphorus, TP; and grazing
pressure of medium-sized filter-feeders, GP were compiled from
the measured dataset initially 21 environmental variables
(Supplementary Table S1). Three selection criteria were used:
i) VIF (variation inflation factors)—only variables with VIF
values < 20 were kept (Ter Braak, 1986); ii) PCA (principal
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components analysis) to choose the strength of correlation
among variables; and iii) known or presumed importance of
variables for phytoplankton in reservoirs, based on previous
knowledge. Six variables were selected: RT, WT, TU, TN, TP,
and GP. To summarize the phytoplankton habitat, we performed
another principal components analysis (PCA) with the six
selected variables, using canonical ordination software
CANOCO 5. Data were previously log 10-transformed. Axis
retention was evaluated under the Broken-Stick criterion
(Jackson, 1993).

To identify the primary relationships between environmental
gradients and phytoplankton traits mediated by phytoplankton
species biovolume, we conducted a co-inertia analysis that
couples multiple matrices and identifies co-relationships
between them (RLQ, Dolédec, et al., 1996), and fourth-corner
analyses (Legendre et al., 1997). Both methods are based on the
three separate matrices: R matrix, environmental characteristics
(6 columns) of sampling locations (255 lines); L matrix, species
biovolume (469 columns) distribution across sampling locations
(255 lines); and Q matrix, continuous and categorical traits (9
columns) of species (469 lines). L matrix was logx+1 transformed
to prevent zero values. Q and R matrices were standardized
(mean 0, standard deviation 1) to allow comparisons of
variables measured at different scales (Melo & Hepp, 2008).

The analysis was conducted in three steps. In the first step, the
matrices were submitted to ordination analyses (Vallet et al.,
2010): i) correspondence analysis (CA) with the L matrix; ii)
principal components analysis (PCA) with the R matrix, and
scores obtained from the CA, and iii) principal coordinates
analysis (PCoA) with the Q matrix using the Euclidean
Distance. In the second step, the RLQ was performed based
on the scores obtained from the ordination analysis in the first
step, which allowed us to obtain new site and species scores with
the maximum covariance (Dolédec et al., 1996), followed by a
Monte Carlo permutation test (9,999 iterations with a sequential
approach; Ter Braak et al., 2012). In the third step, the fourth-
corner analysis was performed; this analysis tests the relationship
between one trait and one environmental variable at a time,
allowing the evaluation of individual trait-environmental
relationships (Legendre et al., 1997). This method has been
used to test the significance of bivariate associations. We used
9,999 permutations in all randomization procedures, and the false
discovery rate method (FDR; Benjamini & Hochberg, 1995) to
adjust p values for multiple testing.

RLQ and fourth-corner are complementary methods, and
their combined use may strongly improve the study of trait-
environment associations (Dray et al., 2014). For that, we used the
package ADE-4 (Dray & Dufour, 2007) in the R software (R
Development Core Team, 2014).

To elucidate how phytoplankton diversity (taxonomic and
functional) is affected by changes in the environmental
conditions, we generated generalized linear models (GLM). To
remove the spatial dependence of samples, we performed
multiple regressions among the response variables (TDPA,
TDBV; FDPA, FDBV) and spatial variables (latitude and
longitude), and we used the residuals generated from these
regressions as our response variables. For each response

variable, the best-approximation GLM was selected based
on the Akaike Information Criterion, corrected by the
sample size and the number of parameters in the model
(AICc; Burnham & Anderson, 2002). All the six previously
selected environmental variables were initially included in a
full model, and a stepwise selection was used to find the
optimal models by AICc. The variance explained by the
model was defined by deviance (D2), an analog to the R2

determination coefficient. We used R software version 3.0.1
(R Development Core Team, 2013) to perform GLM and AICc,
using the {MASS} and {AICcmodavg} packages.

RESULTS

Response Variables
A total of 469 phytoplankton species (39% chlorophyceans, 26%
cyanobacteria) were recorded in the eight systems during the
study period. The remaining species were chrysophyceans (11%),
cryptomonads (7%), diatoms (7%), desmids (6%), dinoflagellates,
xanthophyceans, and euglenoids (2% each). Total biovolume
values ranged from 0.02 to 28.80 mm3 L−1 with high TP, TN,
TU, and low GP.

Across all reservoirs, TDPA ranged from 5 to 85 species/
sample, with higher median values in the reservoirs located in
the Amazon region (TUC and BAL, 44 and 43 species/sample,
respectively) than in the southern region (ITA and SEG, 10 and
12 species/sample, respectively). TDPA was standardized (0–1)
and ranged from 0.06 to 0.93. TDBV ranged from 0.15 to 0.94,
with higher median values in the Amazonian TUC and BAL (0.89
and 0.86, respectively) than in the others (0.42–0.79). FDPA

ranged from 0.49 to 0.83, with higher median FUN, XIN, and
TUC (0.77–0.79) than in the remaining reservoirs (0.59–0.68).
FDBV ranged from 0.04 to 0.77, with higher median values in
TUC (0.68) and SER (0.67) than in the other systems (0.33–0.61).
Therefore, most reservoirs showed intermediate to high median
values of diversity, except TDPA (standardized), which ranged
from low to high (Figure 2).

Median values of FR were low in TMA, FUN, XIN, and SER
(0.07–0.11) and intermediate in ITA, TUC, BAL, and SEG
(0.19–0.25) (Figure 2). About 75% of the samples in ITA and
SEG and about 90% in all other reservoirs showed functional
redundancy values lower than 0.3 (Figure 2), which indicates a
high number of species with different traits, i.e., a low number of
redundant species in these samples.

Explanatory Variables
This section describes the six selected environmental
variables included in the general linear models to explain
the diversity metrics (Table 3, next section). Seasonal water-
residence time ranged from 0.1 to 1,577 days (Table 2). At
each sampling station, the subsurface water temperature
ranged from 16.2 to 34.8°C, with high median values in
systems located at lower latitudes. Turbidity was generally
low and went from 0.1 to 7.4 NTU (Table 2). TP ranged from
6.0 to 247.6 μg L−1, and TN from 235.0 to 5,415.8 μg L−1. The
total zooplankton biomass at each sampling station went

Frontiers in Environmental Science | www.frontiersin.org July 2022 | Volume 10 | Article 8995715

Santos et al. Functional and Taxonomic Phytoplankton Diversity

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


from zero to 4,535 µg dry weight L−1 among systems (data not
shown). Medium-sized filter-feeders were the most important
fraction of zooplankton (39% of the total zooplankton

biomass). Grazing pressure estimated for medium-sized
filter-feeders ranged from zero to 42 in the whole dataset,
but the median value was only 0.2 (Table 2).

FIGURE 2 | Variations in phytoplankton diversity indices and functional redundancy in the reservoirs studied. In each reservoir, the variation for a given variable is
caused by seasonal and spatial variation. The horizontal line inside the boxes indicates the median, and the boundaries indicate the 25th and 75th percentiles. Whiskers
indicate the 90th and 10th percentiles, and dots indicate outliers. (A) TDPA = taxonomic diversity based on presence and absence (species richness); (B) TDBV =
taxonomic diversity based on biovolume (Gini-Simpson Index); (C) FDPA = functional diversity based on presence and absence (Rao index); (D) FDBV = functional
diversity based on biovolume (Rao Index); (E) FR = functional redundancy (TDBV—FDBV). Reservoirs were ordered according to the increase in TDPA. Abbreviations of
reservoir names as in Table 1.

TABLE 2 |Median, minimum (Min) andmaximum (Max) values of the main explanatory variables in the reservoirs during the study period. Reservoirs name abbreviations as in
Table 1.

BAL TUC XIN SER TRM FUN SEG ITA

Residence timea (days) Median 813 81 23 712 378 30 0.4 29
Min-Max 154–1,577 28–82 22–25 228–1,559 162–709 22–37 0.1–0.7 28–31

Water temperature (°C) Median 31.6 30.8 27 28 27 23 25 27
Min-Max 29–35 29–32 25–28 21–32 23–30 21–27 16–29 21–31

Turbidity (NTU) Median 0.4 1.7 0.1 0.1 7 7 5 4
Min-Max 0–6 0.1–21 0.1–0.4 0–58 1.1–40 0.5–36 0.9–19 0.1–48

Total nitrogen (mg L−1) Median 753 595 650 766 1,219 1,493 1,591 658
Min-Max 370–1,152 350–1,200 517–1,162 295–1717 361–5,416 859–4,033 1,057–2,403 235–3,521

Total phosphorus (mg L−1) Median 11 23 13 12 19 41 24 18
Min-Max 6–19 9–46 7–18 7–32 10–103 14–248 13–53 8–103

Grazing pressure Median 0.12 0.5 0.13 0.2 1.0 0.3 0.1 0.03
Min-Max 0–0.4 0.04–2 0–26 0–7 0.1–42 0–9 0–0.4 0–3

aData obtained from the Agência Nacional de Energia Elétrica (ANEEL), with daily values, and were averaged for each sampling month.
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The PCA using six environmental variables explained
61.6% of data variability in the first two axes (axis 1 =
41.2%; axis 2 = 20.4%). The first axis was positively related
to TP (0.68), TN (0.76), turbidity (0.74), and negatively to
water temperature (0.74). The second axis was positively
associated with grazing pressure (0.87) and seasonal water
residence (0.60) (Figure 3).

Relationships Among Functional Traits and
Environmental Variables
We performed an RLQ analysis to determine the relationship
between the phytoplankton traits and the environmental
variables based on the species’ biovolume. The results of the
RLQ indicated a significant relationship between phytoplankton
functional traits and environmental variables (p = 0.0001), with
the first two axes accounting for 98.6% of the trait-environment
relationship (axis 1: 79.8%; axis 2: 18.8%), showed that
phytoplankton traits are dependent of the environmental
variables.

Only significant correlations among traits and environmental
variables were considered in this section. Traits related to body
size (MDL), the presence of mucilage, aerotopes, and blue
pigments were positively related to turbidity and TN. While
water temperature was positively related to single-celled
species and negatively related to phytoplankton species with
heterocytes, aerotopes, and blue pigment (Figure 4;
Supplementary Figure S1). These associations among traits

and increased water temperature, turbidity, TN, and TP were
associated mainly with the sample points of SER, XNG, ITA, and
FUN reservoirs (data not shown).

FIGURE 3 | Plot of the Principal Components Analysis showing the
distribution of the eight hydroelectric reservoirs studied, according to the
environmental gradients. RT = seasonal water residence time; WT = water
temperature; TU = turbidity; TN = total nitrogen; TP = total phosphorus;
GP = grazing pressure. Abbreviations of reservoir names as in Table 1.

FIGURE 4 | Results of the fourth-corner tests. Significant (p < 0.05)
positive associations are represented by Gy cells and negative associations
by black cells. Non-significant associations are in white. Black lines separate
different variables; light gray lines separate modalities for categorical
variables. p values were adjusted using the FDR (false discovery rate)
procedure for multiple comparisons. MLD, maximum linear dimension; SV,
surface volume ratio; he, presence of heterocyte; sd, silica demand; BF. col,
biological form—colonies; BF. fil, biological form—filaments; BF. uni,
biological form—unicells; mu, mucilage presence; ae, aerotopes; fl, flagella;
pig. bl, blue pigment; pig. gr, green pigment; pig. br, brown pigment; and pig.
mx, mixed pigment. Abbreviations of environmental variables as in Figure 2.

TABLE 3 | Best multiple general linear models (GLM) for the relationships between
diversity and environmental explanatory variables, using Akaike Information
Criterion.

Metric Variable Estimate Std Error p Value D2

TDPA RT 0.019 0.006 0.006 4
TU 0.017 0.011 0.134
GP -0.036 0.02 0.081

TDBV WT 0.086 0.0353 0.015 7
TN 0.064 0.043 0.136
TP -0.133 0.046 0.004

FDPA RT 0.006 0.003 0.001 4
TP 0.033 0.01 0.002

FDBV WT 0.11 0.029 0.0002 11
TU -0.063 0.02 0.002
TN 0.097 0.0388 0.012

FR RT -0.015 0.006 0.019 3
TP -0.039 0.022 0.08

SE = standard error, D2 = deviance accounted for, RT = seasonal water-residence time,
WT =water temperature, TU = turbidity, TN = total nitrogen, TP = total phosphorus, GP =
grazing pressure, TDPA = taxonomic diversity (richness), TDBV = taxonomic diversity
(Gini-Simpson), FDPA = functional diversity (identities), FDBV = functional diversity (relative
biovolume), FR = functional redundancy. Significant values are in bold in p < 0.05.
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Relationship Between Taxonomic and
Functional Diversity Versus Environmental
Variables
The relationships between diversity indices and environmental
variables were assessed with multiple generalized linear models
(GLM). The variance explained by environmental conditions was
higher for diversity indices based on biovolume than for identities
(Table 3), fluctuating between 4% (D2 for TDPA and FDPA) and
11% of the explained variance (D2 for FDBV). Most diversity
indices were positively associated with water residence time,
water temperature, and, concerning productivity, TN and TP.
The indices were negatively related to turbidity (except TDPA,
positively) and grazing pressure (except TDPA, not related).
Functional redundancy was negatively associated with water
residence time and TP concentrations (Table 3).

DISCUSSION

In this study, we investigated the responses of phytoplankton
diversity to environmental gradients. Functional and taxonomical
diversity were affected by changes in environmental conditions,
confirming our first hypothesis. We found that taxonomic (TD)
and functional (FD) diversities were explained mainly by the
same physical (water temperature, turbidity, and residence time)
and chemical (TP and TN) variables. Higher TD and FD occurred
in high-temperature conditions, high and low turbidity, and high
TP. In addition, our findings indicated significant correlations
between functional traits and the variation of environmental
conditions. Our second hypotheses was, however, only
partially confirmed. Although FD based on biomass has been,
in fact, better predicted by environmental variables than TD also
based on biomass, the variance explained in FD based on
identities was equal to species richness. Confirming our third
hypothesis, within each diversity dimension (taxonomic and
functional), indices based on biomass were better related to
the environment than their counterpart based on identities.

In the context of the niche theory, our study is more in line
with Grinnellian concept, which describes the myriad of
environmental requirements of species (i.e., abiotic factors,
resources, and predators), than Eltonian concept of the niche,
which represents the effect that a given species has on the
community (i.e., trophic level in a food chain) (Leibold, 1995;
Soberón, 2007). Grinnell’s view of the niche is similar to the
concept of fundamental niche proposed by Hutchinson (1957),
the hypervolume n-dimensional whose axes are the
environmental variables affecting the species.

The positive influence of temperature is well recognized as a
determinant for diversity in macroorganisms (Allen et al., 2002;
Currie et al., 2004; Mittelbach et al., 2007). Particularly for
phytoplankton, the temperature is among the major
determinants of growth rates, nutrient stoichiometry, and the
mixing regime of the waterbody, shaping the spatial and temporal
distribution of populations in freshwater systems (Schabhüttl
et al., 2013; Kruk et al., 2017). Several phytoplankton studies
have shown positive relationships between taxonomic diversity

and temperature (Ptacnick et al., 2010; Thomas et al., 2012;
Weyhenmeyer et al., 2013; Kruk et al., 2017). Our findings
agree with the primary literature indicating that taxonomic
diversity, based on biovolume, is higher in warmer
temperatures. We can relate our results for taxonomic
diversity (species richness) to a study by Kruk et al. (2017) of
a latitudinal gradient in shallow lakes along a broad latitudinal
gradient (6,000 km). These authors found an increase in species
richness from subpolar to subtropical and tropical regions, with
no changes in functional diversity (as the richness of functional
groups). They also found a higher functional redundancy in
warmer areas due to the increase in the number of species in
each functional group, which is related to lower and less-variable
grazing pressure (Kruk et al., 2017). In our reservoirs, functional
diversity (biovolume) was positively related to water temperature.
This finding was related to unicellular species (biological forms)
in warmer systems and the presence of heterocytes, aerotopes,
and blue pigment in systems with lower water temperatures. We
recorded a higher biovolume of different traits in warmer
systems—high FDBV—which was positively related to
temperature, enabling us to connect this result to high trait
complementarity, which allows species to exploit different
resources (Loreau, 2004; Petchey, 2004; Mason et al., 2005).
The increase in temperature can result in the formation of
several habitat layers for phytoplankton through stratification
of the water column, contributing to the rise in species richness
and traits to occupy different niches (Longhi & Beisner, 2010).
Therefore, temperature acts as an essential selective agent in
species adaptation, influencing the occurrence of particular traits
(Schabhüttl et al., 2013) and maximizing the performance and
maintenance of species in the system (Thomas et al., 2012;
Schabhüttl et al., 2013).

Another critical variable acting upon phytoplankton diversity
is the seasonal water-residence time, which affects the system
volume and area (Thomaz et al., 2004), and the availability of light
and nutrients (Descy, 1993; Schindler, 2006; Obertergger et al.,
2007). In general, a higher water flow is an additional factor in
removing phytoplankton biomass and populations from
reservoirs with a shorter residence time (Obertergger et al.,
2007; Rangel et al., 2012). However, systems with a long
seasonal water-residence time have patches with greater
physical stability, which leads to the formation of horizontal
(Kalff, 2002) and vertical gradients (Longhi & Beisner, 2010), and
allows increases in species richness and abundance (Dunck et al.,
2013; Stević et al., 2013). Our results showed greater taxonomic
and functional diversity, in identities, in our mainly stratified
systems with longer residence times. It suggests that more-stable
conditions might favor the differentiation of niches that different
species can fill, with less competition and greater efficiency in
resource use (Loreau, 2004; Mason et al., 2005; Kruk et al., 2017).

Beyond temperature and water residence time, resources such
as light and nutrients, bottom-up controls on phytoplankton
growth also affect species richness (Tilman & Pacala, 1993;
Rosenzweig, 1995; Worm et al., 2002). Taxonomic diversity,
i.e., species richness, and the system productivity relationships
depend on the range of productivity, which is usually recorded in
only part of a gradient (Smith, 2007). For a broad trophic gradient
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- from oligotrophic to hypereutrophic - a unimodal relationship
between species richness and productivity is expected, as
recorded for phytoplankton in continental aquatic systems
(Dodson et al., 2000; Smith, 2007; Stomp et al., 2011; Soininen
& Luoto, 2012), as well as for terrestrial and marine communities
(Grime, 1973; Rosenzweig, 1995; Mittelbach et al., 2001; Irigoien
et al., 2004). Most of our reservoirs are mesotrophic, based on the
nitrogen and phosphorus concentrations (Nürnberg, 1996),
except Funil, which is eutrophic. Although the reservoirs
showed a range of productivity, this was not sufficiently wide
to capture the unimodal variation in diversity. Instead, high
values of functional diversity (identities and biomass) were
found in the higher TP and TN ranges, respectively. These
high values mean that most species have different traits, which
indicates a complementarity of species in those conditions
(Loreau, 2004; Petchey et al., 2007; Kruk et al., 2017).
Surprisingly, taxonomic diversity based on biovolume was
negatively related to phosphorus concentrations and indicated
the decrease of total phytoplankton biomass in this condition, but
the trend was unclear.

Light availability is essential for phytoplankton and can
modify the community composition in the pelagic zone
(Loiselle et al., 2007; Stomp et al., 2007; Filstrup et al.,
2016). In experimental studies, the most efficient use of
light was reported in cultures with a high richness of both
species and functional groups (Stockenreiter et al., 2013). Only
a few species can survive in systems with high turbidity
(Weithoff et al., 2015), which should favor species with
large, elongated bodies and a high surface-volume ratio that
deviates from the spherical shape, making them good light
antennae (Reynolds, 2006; Kruk et al., 2010; Colina et al.,
2015). In this study, we could observe that traits associated
with high productivity and low light availability were
particular to cyanobacteria (blue pigment, aerotopes,
mucilage, and large body size). Therefore, high turbidity
should lead to low functional diversity, with species shared
traits common to a single group—Cyanobacteria, as confirmed
by the negative relationship between turbidity versus
functional diversity (biovolume) in our GLM models.

Biotic interactions also determine the phytoplankton diversity
(Vogt et al., 2010; Kruk et al., 2017). A negative relationship of
both taxonomic and functional richness to grazing pressure is
expected (Padisák, 2003; Muylaert et al., 2010; Özkan et al., 2013;
Gianuca et al., 2016), because grazing affects the body-size
structure of the community, as a large maximum linear
dimension serves as an obstacle to grazing (Vanni, 1987). We
observed a negative relationship between grazing pressure and
taxonomic diversity (identities), but this predictor did not
significantly affect the traits in our systems.

Despite a significant part of the variation in taxonomic and
functional diversity of phytoplankton in our datasets could be
explained by environmental variables, the largest proportion of
the variation in phytoplankton diversity (89–96%) remained
unexplained. A potential explanation for those high residual
values may be due unmeasured environmental variables, and
the inherent chaotic behavior of phytoplankton communities
(Beninca et al., 2008; Kosten et al., 2012).

The increase in FD is usually related to a higher degree of niche
differentiation, lower resource competition, and more efficient
use of resources (Mason et al., 2005; De Bello et al., 2006). As
found in previous studies (Petchey et al., 2004; De Bello et al.,
2006; Mouchet et al., 2010), the strength of the relationships was
usually greater for functional (D2 = 4 and 11%, identities and
biomass, respectively) than for taxonomic diversity (D2 = 4 and
7%, identities and biomass, respectively), when biomass was
considered responded more closely to environmental
gradients. Assuming that species are not equal in their effects
on ecosystem functioning (Mouchet et al., 2010), the trait
responses express species interactions with ecosystem
processes and the optimum use of resources (McGill et al.,
2006; Westoboy & Wright, 2006), leading to a closer
correlation between functional diversity and environmental
gradients. Additionally, mechanisms that support the
coexistence of many species do not necessarily support
functional differentiation among those species (Fukami et al.,
2005; De Bello et al., 2006; Guareshi et al., 2015). According to De
Bello et al. (2006), environmental gradients may limit the species
composition to a specific range of functional characteristics, thus
limiting the degree of variation of functional diversity concerning
taxonomic diversity.

One criterion that ecologists often use to organize the various
diversity measurements is whether the index is based on species
identities only or if the species abundances (or biomass) are
incorporated into the index. The idea behind the identity index is
that each species may strongly influence ecosystem functioning
and that rare species could have dominant effects on ecosystem
functioning. In contrast, indices based on species abundance
emphasize the role of dominant species, which are assumed to
have a more significant impact on ecosystem functioning than do
rare species (see Lohbeck et al., 2012 and references therein).

The patterns of the relationship between functional
redundancy and environmental conditions are not yet clear
because species that are functionally redundant in one
environment may become pivotal in another (Fetzer et al.,
2015). It has been suggested that in the tropics, the species are
primarily ¨neutral¨, and therefore, the number of redundant
species is high (Fauset et al., 2015; Scheffer et al., 2015). There
is no clear explanation for this high functional redundancy in the
tropics. Still, some authors have related this finding to the
increase of rare species and high trait similarity, which
indicate potential neutrality among species (Kruk et al., 2017).
Therefore further studies in different environmental situations
are needed, to understand this relationship.

Particularly for phytoplankton, more redundant species were
found during the low-water season, when productivity in
Amazonian floodplain lakes is higher, compared to the high-
water season when complementarity increases and grazing
pressure decreases (Cardoso et al., 2017). High
complementarity was also recorded in temperate shallow lakes
sheltered from wind mixing (Longhi & Beisner, 2010). In a
different approach, a higher functional redundancy for
subtropical and tropical shallow lakes has been related to a
combination of environmental stability (high temperature),
lower grazing pressure, and lower competition, which lead to a
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smaller variance in traits and a higher species richness in warmer
regions (Kruk et al., 2017). In contrast to other results for tropical
areas (Cardoso et al., 2017; Kruk et al., 2017), we found a high
complementarity in our large subtropical and tropical reservoirs,
rather than a low functional redundancy of species. High
complementarity may occur in systems at larger spatial and
environmental scales, allowing species to coexist in systems
with high environmental heterogeneity (Loreau, 2004).
Therefore, our stratified and horizontally heterogeneous
systems (e.g., Borges et al., 2008; Soares et al., 2009; Kemenes
et al., 2011; Brasil-MME, 2014) may have high niche
differentiation, enabling the coexistence of complementary
species with high dissimilarity among traits to more-efficiently
exploit different resources (Loreau, 2004; Petchey et al., 2007).

CONCLUSION

In summary, our results show that phytoplankton diversity, both
taxonomic and functional, is dependent on environmental
conditions. High functional and taxonomic diversities occur in
warm, clear, and enriched systems with low zooplankton grazing
pressure. Our results corroborate with other studies finding that
functional diversity may be better related to environmental
conditions than taxonomic diversity, at least when using indices
based on biomass. Our study also suggests that diversity metrics
(taxonomic or functional) based on biomass may be more suitable
for predicting changes in diversity from environmental conditions.
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