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Loss of phytoplankton functional and taxonomic diversity
induced by river regulation in a large tropical river
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Abstract Human activities have disrupted the func-

tioning of river ecosystems around the world. In the

Amazon basin, hydropower expansion has affected

diversity patterns, but no study has investigated how

phytoplankton assemblages respond to impound-

ments. This study investigated the hypothesis that

phytoplankton diversity is highly sensitive to river

damming in large tropical rivers, declining in

impoundment areas. We examined patterns of taxo-

nomic diversity (i.e., richness, biovolume, and

composition), functional diversity (Reynolds Func-

tional Groups, RFGs), and functional redundancy (i.e.,

number of taxa in each RFG) along the Tocantins

River, before and after the construction of Estreito

Hydropower Dam. We monitored five sites along the

river (ca. 260 km) between December 2009 and May

2013. The dam changed environmental conditions

related to flow, nutrient supply, and depth. We

recorded 140 taxa and 26 RFGs in the area. Taxa

richness, biovolume, and the number of RFGs

declined significantly after river regulation. Compo-

sition and abundance ranks changed over periods, and

the codons C, Y, TC, W1, and LO were eliminated;

functional redundancy declined significantly. These

results show that phytoplankton diversity is sensitive

to river regulation in large tropical rivers, where
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changes in hydrology and environmental filters lead to

significant losses in taxonomic and functional

diversity.

Keywords Algae � Functional diversity � Reynolds

Functional Groups � River regime � Impoundment

Introduction

Human activities have degraded most freshwater

ecosystems in the world, changing biodiversity pat-

terns (Chapin et al., 2000; Dudgeon et al., 2005). The

construction of large dams in tropical rivers, in

particular, has been a major disturbance to aquatic

communities (Agostinho et al., 2016; Grill et al.,

2019). Dams have multiple negative effects because

they change the hydrological regime, habitat distribu-

tion, and dispersion dynamics (Poff et al., 1997;

Pelicice et al., 2015; Rahel & Mclaughlin, 2018). The

expansion of hydropower plants in the Neotropical

region is a matter of great concern, considering that

most basins are severely regulated and new dams have

been planned for the Amazon system (Winemiller

et al., 2016).

Phytoplankton diversity is greatly affected by

changes in hydrology, as the distribution of these

organisms is regulated by local (e.g., light, nutrients,

and herbivory) and regional filters (e.g., hydrological

regime, dispersion, climate) (Margalef, 1978; Rey-

nolds, 1999; Beyruth, 2000; Rodrigues et al., 2018;

Pineda et al., 2020). Because they have a short

generation time and respond quickly to disturbances

(Reynolds, 1997), they can be used as a model to

understand short-term impacts caused by river regu-

lation. In fact, phytoplankton respond rapidly to

environmental variation (Bicudo & Menezes, 2006;

Naselli-Flores & Barone, 2007; Kruk et al., 2010), and

previous studies have shown that impoundments

impact phytoplankton diversity (Braun & Schagerl,

2010; Nogueira et al., 2010; Okuku et al., 2016).

Reservoirs with lentic eutrophic conditions favor

algae growth, dominance, and the occurrence of

blooms (Lürling et al., 2018); in oligotrophic condi-

tions, impoundments may impact negatively algal

biomass and productivity (Teixeira de Oliveira et al.,

2011; Moreti et al., 2013). However, little is known

about how riverine assemblages respond to river

damming in the Neotropical region, especially

because few studies have compared pre and post

periods (Souza et al., 2016). Most studies investigate

algae diversity in the impoundment, especially in the

Paraná River Basin (Henry, 1992; Tundisi & Mat-

sumura-Tundisi, 2003; Soares et al., 2007; Rodrigues

et al., 2015). No study has investigated this question in

the megadiverse Amazon system, whose tributaries

show different trophic states (Forsberg et al., 2017),

including clear water systems.

Functional approaches constitute an important

complimentary method to understand the interaction

between diversity and disturbance (Mouillot et al.,

2013), because niche dimensions determine organ-

ism’s responses to environmental filters (Keddy, 1992;

Violle et al., 2007). Functional traits describe the bio-

ecological functioning of the species (Violle et al.,

2007), irrespective to its taxonomic identity and

phylogenetic position. A relevant aspect is the fact

that many species share traits, as a result of common

ancestry or convergent evolution (Winemiller et al.,

2015), allowing their classification into functional

groups, i.e., a set of species (monophyletic or

polyphyletic) that show similar ecological behavior.

This aspect also creates functional redundancy in local

assemblages, an important mechanism generating

community stability and resilience against distur-

bances and species removal (Walker et al., 1999;

Fonseca & Ganade, 2001). The functional approach

can be applied to study freshwater phytoplankton, as

these organisms show a diversity of traits related to

floatability (e.g., cell size, shape and surface–volume

ratio), motility (e.g., flagella and aerotopes), nutrient

demands, and nitrogen fixation (e.g., heterocytes)

(Naselli-Flores & Barone, 2011; Kruk & Segura,

2012; Naselli-Flores et al., 2020). In addition, several

species share functional traits, allowing their classifi-

cation into functional groups (Reynolds et al., 2002;

Kruk et al., 2010; Salmaso et al., 2015; Naselli-Flores

et al., 2020). Reynolds et al. (2002) proposed a broad

classification for phytoplankton groups, which was

reviewed by Reynolds (2006) and updated by Padisák

et al. (2009). This classification proved to be useful,

widely used in ecological studies and applicable to

different types of environments worldwide (Kruk

et al., 2017)—including impoundments (Dantas et al.,

2012; Souza et al., 2016). This approach may reveal

how phytoplankton diversity responds to river regu-

lation, in terms of environmental tolerance, habitat
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characteristics, and trophic status (Reynolds, 2006;

Padisák et al., 2009). Its application may improve

predictions about population dynamics and species

occurrence under regime-shift scenarios (i.e., lotic to

lentic conditions; Kimmel et al., 1990).

In this sense, this work investigated the response of

phytoplankton diversity to the regulation of a large

tropical river. We investigated variations in taxonomic

(i.e., taxa richness, biovolume and composition) and

functional diversity (Reynolds Functional Groups—

sensu Reynolds et al., 2002; Padisák et al., 2009)

between periods that preceded and followed the

construction of Estreito Hydropower Dam, Tocantins

River, a clear water Amazonian system. Previous

studies in this basin have reported the loss of fish

diversity in impounded areas (Araújo et al., 2013;

Lima et al., 2016; Perônico et al., 2019), and this work

investigated the hypothesis that phytoplankton diver-

sity is also sensitive to river regulation and declines in

the impoundment, because riverine species depend on

specific hydrological conditions (Poff et al., 1997),

and riverine algae are adapted to live in flowing waters

(Reynolds et al., 1994; Soares et al., 2007; Brasil &

Huszar, 2011; Souza et al., 2016). Specifically, we

investigated the following predictions: (i) changes in

the hydrological regime negatively affect species

richness, biovolume, and functional diversity, which

decline in the impoundment; (ii) composition and

biovolume ranks (species and functional groups)

change in the impoundment, considering that these

algae are adapted to lotic waters; and (iii) due to

reductions in species richness, we expect decreased

functional redundancy in the impoundment.

Materials and methods

Study area

The Tocantins River is the main axis of the Tocantins-

Araguaia hydrographic basin, the largest watershed

located entirely within Brazilian territory, with

approximately 918,273 km2 (10.8% of the country)

(MMA—Ministério do Meio Ambiente & Secretaria

de Recursos Hı́dricos, 2006). Savanna vegetation is

the main biome (Cerrado), but Amazonian rainforests

cover north and northwest regions. The Tocantins

River is a clear water river (Sioli, 1984) with average

discharge ranging between 13,624 m3/s in the rainy

season and 2,412 m3/s in the dry season (ANA, 2009).

The river flows through 1,960 km from its sources in

central Brazil to the Marajó Island in the Lower

Amazon, near the Atlantic Ocean. Irrigation, agricul-

ture, and hydropower production are the main activ-

ities in the basin, which developed markedly during

the last 20 years. The basin has the second largest

hydroelectric potential installed in the country, with

seven large dams on the main channel of the Tocantins

River, and several small dams on tributaries (Wine-

miller et al., 2016).

The present study was carried out in the area

affected by Estreito Hydropower Plant, Middle

Tocantins River, the sixth dam along the cascade.

Completed in 2011, the dam converted the main

channel of the Tocantins River into a huge, lentic, and

long impoundment (400 km2 and ca. 260 km long). It

affected hydrological conditions, as minimum flows

decreased from 2,412 m3 s-1 (monthly averages

between 1931 and 2015; Brasil—Agência Nacional

de Água—ANA, 2018) to 744 m3 s-1 (Brasil—

Agência Nacional de Água—ANA, 2014). It is a

run-of-the-river hydropower dam, with a retention

time of 15 days (Pelicice et al., 2015). Large tribu-

taries flow to the studied stretch, such as the Manuel

Alves Grande, Manuel Alves Pequeno, and Farinha

Rivers, which have economic and touristic relevance.

Sampling and laboratory analysis

Five sampling sites were established along the

Tocantins River, between Tupiratins and Babaçulân-

dia municipalities, Tocantins State (Fig. 1).These sites

covered the stretch affected by the impoundment, in a

linear distance of 138 km: one site in the lotic region

upstream (S1—08� 230 22.400 S—48� 060 38.600 W),

two in the transition region (S2—07� 510 29.600 S–47�
550 17.000 W and S3—07� 410 02.200 S–47� 400 58.10

W), and two located in the lacustrine region near the

dam (S4—07� 200 08.500 S–47� 280 32.000 W and S5—

07� 110 55.600 S–47� 450 02.700 W).

Phytoplankton and limnological variables were

sampled at the subsurface (30 cm deep) in the central

region of each sampling site. We sampled 4 years

(December 2009–May 2013), quarterly during the pre-

damming (PRE: December 2009–September 2010;

N = 20 samples) and post-damming periods (POST:

January 2012–May 2013; N = 20 samples), and

monthly during the filling period (FILL: February–
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May 2011; N = 20 samples). In total, 60 samples were

collected and analyzed. Phytoplankton samples were

fixed in situ with acetic lugol. Taxa were identified

under microscope to the lowest taxonomic level, based

on morphological characteristics and specialized lit-

erature. Individuals (cells, colonies, or filaments) were

counted randomly under inverted microscope (Lund

et al., 1958; Utermöhl, 1958). Species biovolume was

estimated by multiplying the number of individuals by

mean unit volume (Sun & Liu, 2003).

Water temperature (�C), pH, dissolved oxygen

(mg l-1), electrical conductivity (lS cm-1), and tur-

bidity (NTU) were measured in situ using a multipa-

rameter probe (YSI 6920). Maximum depth (Zmax -

Fig. 1 Map and location of the sampling sites (S1–S5) in the Tocantins River, in the area affected by Estreito Hydropower Dam, Brazil
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m) at each site was estimated using a 10-kg ballast

attached to a graduated rope. Water samples were

taken concomitantly with phytoplankton sampling to

determine dissolved nutrients. In the laboratory, water

samples were filtered through a pre-calcined Whatman

GF/F filter and divided into two portions, one for

immediate analysis (N-NH4
? and N-NH3) and the

other was refrigerated for further analysis (P-PO4).

Dissolved nitrogen (ammonium N-NH4
? and nitrite

N-NH3 - mg l-1) was determined by the method of

Koroleff, (1978) and Mackereth et al. (1978), respec-

tively, using Cadmium treated with copper sulfate for

the reduction. Total phosphorus (mg l-1) was deter-

mined by the colorimetric method after digestion with

sulfuric acid (H2SO4) (Chapman, & Pratt, 1961); the

determination of inorganic phosphorus (P-PO4)

(mg l-1) followed Golterman et al. (1978).

Classification into Reynolds Functional Groups

(RFGs)

Species that summed more than 5% of total biovolume

were grouped into Reynolds Functional Groups

(RFGs). Taxa were classified in codons based on

information provided by Reynolds et al. (2002) and

Padisák et al. (2009). The number of RFGs was

considered as a measure of functional diversity (FD)

(Reynolds et al., 2002), and the number of taxa in each

RFGs as measure of functional redundancy (FR)

(Fonseca & Ganade, 2001).

Data analysis

The euphotic zone (Zeu, m) was calculated by multi-

plying water transparency (Secchi depth, m) by 2.7

(Cole & Weihe, 2016). The mixing zone (Zmix, m) was

calculated based on the thermal profile; the ratio

between the euphotic and mixing depths (Zeu:Zmix)

was used as a measure of light availability in the

mixing zone (Jensen et al., 1994).

All analyses focused on environmental conditions

and phytoplankton diversity (taxonomic and func-

tional) considering periods (PRE, FILL, and POST)

and sites (S1–S5) as factors.

To characterize the environmental conditions, we

calculated mean values and standard deviation for

each abiotic variable. Principal Component Analysis

(PCA) was also applied to investigate spatial and

temporal gradients. For this analysis, we considered

the following variables: ammonium, nitrogen ammo-

nia, conductivity, inorganic phosphorus, total phos-

phorus, dissolved oxygen, pH, water temperature,

turbidity, total depth, euphotic zone, and mixing zone.

All variables, except pH, were log-transformed.

To investigate the first prediction (i.e., loss of taxa

richness, biovolume, and FD after river regulation),

we used two-way Analysis of Variance to test the

effect of sites, periods, and their interaction on taxa

richness, biovolume, and FD. Taxa richness is the

number of taxa, and FD is the number of functional

groups in each sample. Tukey’s test compared means

among groups.

To investigate the second prediction (i.e., changes

in composition and biovolume ranks), we examined

temporal variations in composition and dominance

patterns among taxa and functional groups. A Non-

Metric Multidimensional Scaling (NMDS) analysis

was applied to analyze variations in taxonomic and

functional structure (composition and biovolume),

based on Bray–Curtis similarity. The effect of period

on assemblage structure was tested with one-way

Analysis of Similarity (ANOSIM). We also calculated

abundance ranks based on the distribution of biovol-

ume among taxa and RFGs, comparing the rank

observed in PRE (reference) with the others periods.

To test the third prediction (i.e., lower functional

redundancy (FR) after river regulation), we evaluated

temporal variations in the number of taxa within each

functional group. A one-way ANOVA was used to test

the effect of period on FR.

All analyses were performed using the software

Past version 2.16 (Hammer et al., 2001) and Statistica

version 7.1 (StatSoft, 2005). Statistical differences

implied P\ 0.05.

Results

Environmental conditions

Most abiotic variables (temperature, pH, oxygen,

turbidity, and conductivity) showed little variation

over periods (Fig. 2). Light availability was low across

sampling sites (Zeu:Zmix\ 1) in the POST period. The

ratio between the euphotic zone and maximum depth

decreased in the reservoir. Mean depth increased after

river regulation, especially at sites near the dam
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(Online Resource 2). The water column was not

stratified throughout the study period.

Considering the trophic status, ammonium (N-

NH4
?) concentration was higher during the PRE

period, declining markedly after river regulation.

Total and inorganic phosphorus (P-PO4) showed a

weak increase in the FILL and POST periods (Fig. 2).

The first two axes of the Principal Component

Analysis (PCA) explained 86% of data variability

(Table 1). The first axis summarized a strong temporal

gradient, separating samples according to each period

(Fig. 3). This axis was affected by N-NH4
?, oxygen,

NO3, and turbidity, which correlated with PRE

samples. Other variables correlated with FILL and

POST samples, such as PT, PO4, Zmax, Zmix, and pH.

The second axis summarized a limnological gradient

affected mainly by conductivity, Zeu and NO3, but it

was not related to temporal gradients (Fig. 3).

Taxonomic and functional diversity

We recorded 140 taxa (Online Resource 1) and 26

RFGs (Table 2). The PRE period was the most diverse

with 117 taxa and 23 RFGs; the FILL period had 40

taxa and 17 RFGs, and the POST 37 taxa and 14 RFGs.

We observed higher values of taxa richness,

biovolume, and functional diversity (number of RFGs)

before river regulation, with little variation among

sites (Fig. 4). Biovolume, in particular, showed a

sharp decrease in the impoundment. ANOVA results

confirmed that these metrics differed significantly

over periods, with no significant effect of Site and the

Fig. 2 Environmental conditions along the Tocantins River

(sites S1–S5), before (PRE), during (FILL), and after (POST)

the construction of Estreito Hydropower Dam. Mean values and

standard deviation are shown. Variables: NH4
? (ammonium

mg l-1), NO3 (nitrate mg l-1), Cond (conductivity lS cm-1),

P-PO4 (inorganic phosphorus mg l-1), PT (total phosphorus

mg l-1), OD (dissolved oxygen mg l-1), pH, Temp (water

temperature �C), Turb (turbidity NTU), Zmax (maximum depth,

m), Zeu (euphotic zone, m), and Zmix (mixing zone, m)
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interaction Period x Site (Table 3). Tukey’s test

indicated that PRE samples differed from other

periods, with higher values.

Taxa abundance changed over periods, considering

that biovolume ranks showed different patterns

(Fig. 5). Diatoms (especially Aulacoseira ambigua

(Grunow) Simonsen - 29% of total biovolume) dom-

inated in the PRE, but they declined after river

regulation. Actually, all taxa showed low biovolume

values during the FILL and POST periods; Raphid-

iopsis raciborskii (formerly Cylindrospermopsis raci-

borskii) (Wołoszyńska) Aguilera, Berrendero Gómez,

Kastovsky, Echenique & Salerno (36%), and Aulaco-

seira granulata var. granulata (Ehrenberg) Simonsen

(31%) dominated in the FILL, while Aulacoseira sp.

(16%), Staurastrum sp. (15%), Trachelomonas armata

(Ehrenberg) F. Stein (14%), Raphidiopsis raciborskii

(13%), and A. granulata var. granulata (12%) were

the main taxa in the POST.

Biovolume ranks among RFGs also changed over

periods (Fig. 6). Codons C (30%), P (18%), and W2

(12%) showed greater biovolume in the PRE period,

while Sn (39%) and P (34%) dominated during the

FILL. In the POST period, the main codons were

P (30%), N (18%), W2 (15%), and Sn (13%). Groups

C, Y, TC, W1, and LO were exclusive to the PRE

period.

Non-Metric Multidimensional Scaling (NMDS)

indicated temporal changes in taxonomic (stress =

0.107; Fig. 7a) and functional structure (stress =

0.097; Fig. 7b). In both cases, greater dissimilarity

was found between PRE and POST periods. ANOSIM

confirmed significant differences among all periods

for the taxonomic (R = 0.98; P\ 0.0001) and func-

tional structure (R = 1; P\ 0.0001).

Table 1 Contribution of environmental variables (eigenval-

ues) to main axes of the Principal Component Analysis (PCA)

Variables Axis 1 Axis 2

N-NH4
? (ammonium – mg l-1) 2 0.828 2 0.183

N-NO3 (Nitrate - mg l-1) 0.111 2 0.514

Conductivity (lS cm-1) 0.331 0.205

P-PO4 (inorganic phosphorus - mg l-1) 0.600 0.368

Total phosphorus (mg l-1) 2 0.389 0.525

Dissolved oxygen (mg l-1) 2 0.433 2 0.401

Water temperature (�C) 0.262 2 0.346

Turbidity (NTU) 2 0.234 2 0.125

pH 2 0.568 0.698

Zmax (maximum depth - m) 0.142 2 0.423

Zeu (euphotic zone - m) 0.304 0.226

Zmix (mixing zone - m) 0.295 0.266

Higher values are highlighted in bold

Fig. 3 Principal

component analysis (PCA)

applied to investigate

variation in environmental

conditions along the

Tocantins River (sites S1–

S5), before (PRE), during

(FILL) and after (POST) the

construction of Estreito

Hydropower Dam.

Variables: electrical

conductivity (Cond.); total

depth (Zmax.); euphotic zone

(Zeu); mixing zone (Zmix);

ammonium (N-NH4
?.);

nitrate (N-NO3); dissolved

oxygen (DO); total

phosphorus (PT); inorganic

phosphorus (P-PO4); water

temperature (Temp.);

turbidity (Turb.)
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Table 2 Reynolds Functional Groups (RFGs) recorded in the Tocantins River before (PRE), during (FILL), and after (POST) the

construction of Estreito Hydropower Dam

RFG PRE FILL POST Habitat template

A 0.070

(0.65)

– – Clear, often well-mixed, base poor lakes; species tolerant to nutrient deficiency and sensitive

to pH rise

B 0.130

(1.20)

0.006

(0.36)

0.001

(0.37)

Vertically mixed, mesotrophic small-medium lakes; species tolerant to light deficiency and

sensitive to pH rise and Si depletion

C 3.207

(29.57)

0.001

(0.04)

– Mixed, eutrophic small-medium lakes; species tolerant to light and carbon deficiencies, and

sensitive to Si exhaustion and stratification

D 0.027

(0.25)

– – Shallow enriched turbid waters, including rivers; species tolerant to flushing and sensitive to

nutrient depletion

E 0.379

(3.50)

0.025

(1.57)

0.001

(0.34)

Usually small, oligotrophic, base poor lakes or heterotrophic ponds; species tolerant to low

nutrients and sensitive to CO2 deficiency

F 0.351

(3.24)

0.006

(0.39)

0.009

(3.14)

Clear, deeply mixed meso-eutrophic lakes; species tolerant to low nutrients and high

turbidity, and sensitive to CO2 deficiency

H1 0.011

(0.10)

– – Eutrophic, both stratified and shallow lakes with low nitrogen content; species tolerant to low

nitrogen and sensitive to mixing and poor light

J 1.203

(11.09)

0.119

(7.52)

0.012

(4.02)

Shallow, mixed, highly enriched systems, including low-gradient rivers; species sensitive to

low light

K 0.059

(0.54)

– 0.0008

(0.00)

Shallow, nutrient-rich water columns; species sensitive to deep mixing

Lm – – 0.019

(6.60)

eutrophic to hypertrophic, small- to medium-sized lakes; species tolerant to low carbon and

sensitive to mixing and poor light

Lo 0.032

(0.29)

0.014

(0.88)

– Deep and shallow, oligo to eutrophic, medium to large lakes; species tolerant to segregated

nutrients and sensitive to mixing

MP 0.343

(3.16)

0.029

(1.82)

0.015

(5.30)

Frequently stirred up, inorganically turbid shallow lakes

N 0.964

(8.89)

0.181

(11.38)

0.052

(18.20)

Mesotrophic epilimnia; species tolerant to segregated nutrient deficiency and sensitive to

stratification and pH rise

P 1.937

(17.86)

0.533

(33.55)

0.085

(29.54)

Similar to codon N but at higher trophic states; species tolerant to mild light and carbon

deficiency, and sensitive to stratification and Si depletion

S1 0.042

(0.39)

– 0.0002

(0.06)

Turbid mixed environments. This codon includes only shade-adapted cyanoprokaryotes;

species tolerant to highly light deficiency and sensitive to flushing

S2 0.055

(0.50)

– – Warm, shallow, and often highly alkaline waters; species tolerant to light deficiency and

sensitive to flushing

Sn 0.030

(0.28)

0.615

(38.69)

0.037

(13.02)

Warm mixed environments; species tolerant to light and nutrient deficiencies and sensitive to

flushing

TB 0.005

(0.05)

0.0003

(0.01)

– Highly lotic environments (streams and rivulets)

TC 0.175

(1.61)

– – Eutrophic standing waters, or slow-flowing rivers with emergent macrophytes

TD – 0.013

(0.82)

0.001

(0.46)

Mesotrophic standing waters, or slow-flowing rivers with emergent macrophytes

W1 0.137

(1.26)

0.004

(0.26)

– Small organic ponds; species tolerant to high BOD and sensitive to grazing

W2 1.313

(12.11)

0.036

(2.24)

0.043

(14.92)

Shallow mesotrophic lakes
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Functional redundancy declined over periods

(Fig. 8) for the most redundant RFGs. ANOVA results

confirmed that the mean number of taxa/RFGs was

higher in the PRE period (F = 4.75; P\ 0.01). Many

RFGs recorded in the PRE were not registered in the

POST period.

Discussion

The construction of Estreito Hydropower Dam caused

the loss of phytoplankton taxonomic and functional

diversity along the Tocantins River, a clear water

tributary of the Amazon system. In general, total

biovolume, taxa richness, and the number of func-

tional groups declined consistently after river regula-

tion, confirming the prediction that changes in

hydrology negatively impact algae diversity. We also

Table 2 continued

RFG PRE FILL POST Habitat template

X1 0.126

(1.17)

0.007

(0.47)

0.011

(3.77)

Shallow, eu-hypertrophic environments; species tolerant to stratification and sensitive to

nutrient deficiency and filter feeding

X2 – 0.0001

(0.01)

– Shallow, meso-eutrophic environments; species tolerant to stratification and sensitive to

mixing and filter feeding

Y 0.249

(2.30)

– – Usually small enriched lakes, but include almost all lentic ecosystems when grazing pressure

is low; species tolerant to low light and sensitive to phagotrophs

Z 0.0003

(0.00)

– – Metalimnia or upper hypolimnia of oligotrophic lakes; species tolerant to low nutrient and

sensitive to light deficiency

Numbers represent average biovolume (mm3 ml-1) and relative contribution (% 2 between parentheses) of each RFG. Description

of habitat templates followed Reynolds et al. (2002) and Padisák et al. (2009)

Fig. 4 Variations in the structure of phytoplankton along the

Tocantins River, before (PRE), during (FILL), and after (POST)

the construction of Estreito Hydropower Dam. Taxa richness,

functional diversity (number of RFGs), and biovolume (mm3 -

ml-1). Symbols are mean values and bars represent the standard

error

Table 3 Two-way ANOVA applied to test the effect of sites

and periods on phytoplankton biovolume, taxa richness, and

functional diversity (number of RFGs)

Variables DF F P

Biovolume

Period 2 36.807 0.0001

Site 4 0.581 0.8473

Period 9 site 8 0.641 0.8927

Taxa richness

Period 2 11.006 0.0001

Site 4 0.12052 0.9992

Period 9 site 8 0.42818 0.9648

Functional diversity

Period 2 8.028 0.0008

Site 4 0.207 0.9785

Period 9 site 8 0.624 0.7993
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detected strong changes in composition and abun-

dance ranks, confirming the prediction that commu-

nities are reassembled in the impoundment. Finally,

functional redundancy declined, confirming the pre-

diction that RFGs become less diverse in the reservoir.

Taken together, these results show how algae diversity

respond to river damming in the Amazon river system,

and support the hypothesis that riverine phytoplank-

ton, a group poorly known in the region (de Cunha

et al., 2013), is highly sensitive to changes in

hydrology. Previous studies have shown dramatic

changes in fish diversity after river regulation (Lima

et al., 2016; Perônico et al., 2019), and our study

confirmed that phytoplanktonic diversity (taxonomic

and functional) is also deeply impacted by the

impoundment.

Large dams impact the functioning of river ecosys-

tems, because the hydrological regime, sediment

loads, and local environmental conditions are perma-

nently changed (Poff et al., 1997). This impact is

Fig. 5 Biovolume ranks among taxa before (PRE), during (FILL), and after (POST) the construction of Estreito Hydropower Dam. The

rank is based on the sequence observed in PRE, maintaining taxa positions over periods

Fig. 6 Biovolume ranks among functional groups before (PRE), during (FILL), and after (POST) the construction of Estreito

Hydropower Dam. The rank is based on the sequence observed in PRE, maintaining species positions over periods

Fig. 7 Non-metric multidimensional scaling (NMDS) applied

to investigate variations in taxonomic (a) and functional

(b) composition in phytoplankton assemblages along the

Tocantins River, before (PRE), during (FILL), and after (POST)

the construction of Estreito Hydropower Dam. The line

connecting sites represents the river corridor (S1 upstream; S5

downstream)
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pronounced in tropical regions (Turgeon et al., 2019),

where a new community state may emerge rapidly

(Perônico et al., 2019). Estreito Hydropower Dam

created a large lentic impoundment (400 km2 and ca.

260 km long) in the main channel of the Tocantins

River, inducing significant reductions to river dis-

charge. Limnological conditions were also affected, as

ammonia (NH4
?) declined considerably and the water

column expanded (depth increased). It probably

affected nutrient supply for algae, and may explain

the sharp decrease in biovolume, taxa richness, and

functional groups in the impoundment. However, we

observed weak environmental gradients along the

reservoir. The formation of zones or environmental

gradients is a common pattern in large Neotropical

impoundments (Agostinho et al., 2008). Considering

that sites close to the dam (S4 and S5) showed

particular conditions after river regulation (Online

Resource 1), it is possible that longitudinal differences

emerge in next years (i.e., reservoir aging; Agostinho

et al., 1999). The expansion of human activities in the

region may also change limnological conditions in the

impoundment, particularly the input of pollutants and

nutrients from urban centers and agriculture (Trinh

et al., 2016), with effects on phytoplankton diversity

and productivity (Reynolds, 2006).

Impoundments change environmental filters and

select for novel aquatic communities (Pringle et al.,

2000; Arantes et al., 2019). In Neotropical rivers, the

lentic zone of large impoundments is shallow and vast,

with no water flow and high retention times (Pelicice

et al., 2015; Agostinho et al., 2016). These conditions

are unfavorable for the riverine biota, which rely on

the natural flow regime, fluvial habitats, and nutrient

dynamics to persist (Pringle et al., 2000). The

prominent decline in algae diversity indicates that

the impoundment was unfavorable for most taxa,

pointing to the action of severe filters, probably related

to the absence of flow, reduced nitrogen, and light

conditions. In flowing rivers, turbulence, light, and

nutrients are the main drivers of algae diversity and

growth (Soares et al., 2007; Barbosa & Chı́charo,

2012; Domingues et al., 2012). The impoundment

probably redistributed phytoplankton in the water

column, as adjacent areas were permanently flooded

and water level increased. In addition, nitrogen

deficiency may have imposed severe constraints on

algae growth, as many taxa are sensitive to variations

in nutrient supply (Padisák et al., 2009). The lower

retention time, in particular, may play a crucial role,

because some algae rely on the water flow to persist in

the column. When flow is reduced, they probably sink

to deep layers where solar radiation is limited. It might

be the case of the diatom Aulacoseira ambigua, which

declined and disappeared after river regulation. These

species, among other diatoms, are biological indica-

tors of physical changes in the environment, being

associated with turbulent waters (Tilman et al., 1982;

Costa-Böddeker et al., 2012; Souza et al., 2016), as

they have siliceous cell walls that protect against

abrasions (Reynolds et al., 2002; Hamm et al., 2003).

This siliceous wall, however, may increase sedimen-

tation losses in lentic waters (Margalef, 1978;

Reynolds et al., 2002; Padisák et al., 2003).

Variations in the biomass of RFGs illustrate how

phytoplankton algae respond to the disturbance. For

example, in a small reservoir in south Brazil (Souza

et al., 2016), the RFGs responded either positively or

negatively to the impoundment. In our study, however,

all RFGs were equally impacted and declined in the

Fig. 8 Functional redundancy (number of taxa) before (PRE),

during (FILL), and after (POST) the construction of Estreito

Hydropower Dam. The rank is based on the sequence observed

in PRE, maintaining species positions over periods. Mean

average number of taxa per functional group; SD standard

deviation
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impoundment. Codon C (diatoms) was the most

affected and disappeared from the impoundment,

probably because it needs more eutrophic conditions.

A similar pattern was observed by the study mentioned

above (Souza et al., 2016), where codon C dominated

riverine assemblages, but declined in the reservoir.

Codon J (non-mobile Chlorophycea) was another

highly impacted group, probably because it is com-

monly associated with enriched systems and clear

waters (Padisák et al., 2009). In the reservoir, the main

codons were P (diatoms and Zygnemaphycea),

N (Zygnemaphycea), Sn (nitrogen fixers cyanobacte-

ria), and W2 (Euglenophycea), although they showed

low biovolume. Some of these groups are sensitive to

nutrient limitation, column stratification, and alkaline

conditions (i.e., P and N), while others usually inhabit

shallow mesotrophic lakes (i.e., W2) (Reynolds et al.,

2002). These groups may sustain low biomass in

Estreito Reservoir while present conditions persist. If

eutrophication occurs, some groups may develop and

dominate, particularly Sn (Raphidiopsis raciborskii),

the most adapted to tropical eutrophic conditions. This

group is associated with warm, well-mixed environ-

ments (Padisák et al., 2009), rich in nutrients and

tolerant to vertical mixing (Reynolds et al., 2002).

The presence and persistence of the RFGs in the

system depend not only on population dynamics. The

functional redundancy is another crucial attribute, and

may explain the persistence of specific groups. For

example, the most redundant RFGs in the river

environment were J, F, N, MP, and P, but redundancy

reduced significantly in the impoundment, although

none of these groups were eliminated. On the other

hand, groups with few species in the PRE period (e.g.,

TB, A, Y, H1, S2) disappeared after river regulation.

Redundancy, in this case, might have increased the

persistence of certain groups, an important mechanism

(insurance effect; Johnson et al., 1996) against the

disturbance. It is able to maintain ecosystem functions

or functional diversity when species are lost and

composition is changed (Walker et al., 1999; Hooper

et al., 2005). However, overall functional redundancy

decreased after the disturbance, with most groups

summing less than two species. Therefore, the com-

munity became vulnerable to new disturbances or to

stochastic variation (demographic or environmental).

In fluvial systems, phytoplankton evolved in a lotic

environment, controlled by hydraulic, limnological,

and sedimentological factors (Margalef, 1978; Soares

et al., 2007; Naselli-flores et al., 2020). The present

study provided strong evidence that algae are very

sensitive to changes in riverine conditions, because the

construction of Estreito Dam reduced taxonomic and

functional diversity in the Tocantins River. The loss of

algae diversity is concerning because these organisms

generate a number of ecosystem functions and

services, particularly primary and oxygen production.

Changes in producers induce bottom-up effects across

the food web, affecting direct consumers (e.g., zoo-

plankton, insect larvae, fish) and upper trophic levels

(Scheffer et al., 1993). We emphasize that phyto-

plankton algae support food webs in some systems,

including fish biomass in tropical river systems

(Benedito-Cecilio et al., 2000), in addition to regulat-

ing global atmospheric and climate regimes (Falk-

owski, 2012). Algae diversity is also closely related to

human health, since environmental degradation may

elicit algal blooms, including toxic cyanobacteria

(Carmichael, 1997; Errera & Campbell, 2011; Lürling

et al., 2018). We predict that the installation of future

hydroelectric plants in clear water rivers in the

Amazon system will cause the loss of phytoplankton

diversity, with risk of inducing blooms of noxious

species and bottom-up effects on the structure and

functioning of the system.
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Nacional das Águas., https://www.ana.gov.br/sala-de-

situacao/tocantins/colecao-para-boletim-diario-do-

tocantins?b_start:int=510.

Braun, B. & M. Schagerl, 2010. Algae-environment relation-

ships in an impoundment stretch of the River Grosse Erlauf

(Austria). River Systems 19: 3–13.

Carmichael, W. W., 1997. The Cyanotoxins Advances in

Botanical Research. Academic Press, London.

Chapin, F. S., E. S. Zavaleta, V. T. Eviner, R. L. Naylor, P.

M. Vitousek, H. L. Reynolds, D. U. Hooper, S. Lavorel, O.

E. Sala, S. E. Hobbie, M. C. Mack & S. Dı́az, 2000. Con-

sequences of changing biodiversity. Nature 405: 234–242.

Chapman, H. D. & P. F. Pratt, 1961. Plant analysis. Methods of

analysis for soils, plants and waters. Division of Agricul-

tural Sciences, Davis, CA.

Cole, G. A. & P. E. Weihe, 2016. Textbook of Limnology.

Waveland Press, Long Grove, IL.

Costa-Böddeker, S., H. Bennion, T. A. de Jesus, A. L. S.

Albuquerque, R. C. L. Figueira & D. C. de Bicudo, 2012.

Paleolimnologically inferred eutrophication of a shallow,

tropical, urban reservoir in southeast Brazil. Journal of

Paleolimnology 48: 751–766.

De Bicudo, C. E. M. & M. Meneze, 2006. Gêneros de algas de
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Utermöhl, H., 1958. Zur Vervollkommnung der quantitativen

Phytoplankton-Methodik. Mitteilungen der Internationalen

Vereinigung für Theoretische und Angewandte Limnolo-

gie 9: 1–38.

Violle, C., M. L. Navas, D. Vile, E. Kazakou, C. Fortunel, I.

Hummel & E. Garnier, 2007. Let the concept of trait be

functional! Oikos 116: 882–892.

Walker, B., A. Kinzig & J. Langridge, 1999. Adsorption

behavior of phenanthrene onto treated natrural sorbents.

Ecosystems 2: 95–113.

Winemiller, K. O., D. B. Fitzgerald, L. M. Bower & E.

R. Pianka, 2015. Functional traits, convergent evolution,

and periodic tables of niches. Ecology Letters. https://doi.

org/10.1111/ele.12462.

Winemiller, K. O., P. B. McIntyre, L. Castello, E. Fluet-

Chouinard, T. Giarrizzo, S. Nam, I. G. Baird, W. Darwall,

N. K. Lujan, I. Harrison, M. L. J. Stiassny, R. A. M. Sil-

vano, D. B. Fitzgerald, F. M. Pelicice, A. A. Agostinho, L.

C. Gomes, J. S. Albert, E. Baran, M. Petere. Jr., C. Zarfl, M.

Mulligan, J. P. Sullivan, C. C. Arantes, L. M. Sousa, A.

A. Koning, D. J. Hoeinghaus, M. Sabaj, J. G. Lundberg, J.

Armbruster, M. L. Thieme, P. Petry, J. Zuanon, G. T. Vi-

lara, J. Snoeks, C. Ou, W. Rainboth, C. S. Pavanelli, A.

Akama, A. Van Soesbergen & L. Sáenz, 2016. Balancing
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