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Abstract: The demand for electricity grows with human expansion. Hydroelectric 
plants harness river energy but impact freshwater ecosystems. Reservoirs alter water 
flow, sediment, and local aquatic communities. Environmental variables affect aquatic 
macrophytes, which play crucial roles in ecosystem balance. This study examines the 
effects of pH, conductivity, oxygen, temperature, and depth on macrophytes in Belo Monte 
reservoirs. The study sampled 34 sites in the Xingu and Intermediate reservoirs, measuring 
the variables pH, conductivity, oxygen, and temperature. We used linear models to assess 
the relationship between macrophytes and environmental characteristics. Aquatic 
macrophytes, identified and categorized into life forms, showed significant variation 
in species richness. Results indicated that pH negatively affects macrophyte richness. 
Most species were emergent, belonging to Poaceae and Cyperaceae families. The study 
underscores the importance of pH in determining macrophyte diversity, possibly due 
to the ecophysiological responses of macrophyte to ionic variations. Temperature was 
a determining factor for the occurrence of emergent species. We highlight the need for 
further research on how environmental changes impact aquatic ecosystems, especially 
considering ongoing and future dam projects in the Amazon biome.

Key words: Altered aquatic environments, Aquatic plants, Freshwater biodiversity, Hydro-
electric power plant, Xingu River.

INTRODUCTION
The electricity demand grows alongside human 
expansion. Meanwhile, the construction of 
hydroelectric power plants stands out as a 
viable solution for power generation by making 
the energy potential of rivers usable. Despite 
the importance of freshwater ecosystems for 
power generation, we mustn’t lose sight of 
its importance in biodiversity maintenance. 
In recent decades, anthropogenic changes 
have significantly affected natural aquatic 
environments. Freshwater environments are 
among the most impacted by these changes, 
and the threats become even clearer when water 

quality and biodiversity losses are analyzed 
(Allan 2004, Dudgeon 2006).

The primary purpose of building large 
reservoirs is to generate energy and enable 
multiple uses of a waterbody, including 
recreation, irrigation, public supply, or industrial 
activities, which alter the lotic environment 
(Wetzel 2001). Reservoirs are closed systems that 
exhibit physical (morphometry, water retention, 
coupling with the watershed, hydrodynamics) 
and chemical differences (modification of water 
pH and turbidity, nutrient concentration) from 
natural environments (Cunha-Santino et al. 
2017). Changes made to the riverine ecosystem 
upon reservoir formation include reduced water 
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flow, changes in the coastal zone, sediment 
accumulation, reduced water transparency, 
and significant effects on the local aquatic 
community (Agostinho et al. 2007, Cunha-
Santino 2017). 

Environmental characteristics of ecosystems, 
including productivity and disturbance levels, 
explain the biodiversity differences that exist 
between locations and/or through time (Myers 
et al. 2000). Understanding which factors are 
the most relevant in structuring a community 
can help predict community structure and 
ecosystem functioning (Díaz et al. 2007). Given 
global environmental changes, the need for 
information on the relationship between 
species and the environment has increased, 
and understanding how different variables 
can affect species’ composition has become a 
necessity (Alahuhta et al. 2018).  The dynamics 
of species richness in reservoirs are strongly 
influenced by abiotic factors, such as water 
level fluctuations, nutrient availability, and 
temperature, which shape the composition and 
distribution of aquatic communities (Hobæk et 
al. 2002, Thomaz et al. 2003).

Studies have shown a relationship between 
environmental characteristics and aquatic 
macrophytes in tropical reservoirs. Changes in 
water and sediment quality caused by reservoir 
formation benefit the macrophyte community 
by enabling their rapid colonization (Rørslett 
& Johansen 1996, Thomaz & Bini 1998). Aquatic 
macrophytes play important roles in maintaining 
and balancing aquatic environments, increasing 
environmental complexity, providing food and 
habitat for fish, zooplankton, and other aquatic 
invertebrates, and participating in nutrient 
cycling (Bento et al. 2007, Mormul et al. 2010, 
Padial et al. 2009, Pelicice & Agostinho 2006, 
Thomaz et al. 2002, 2008).  

Environmental variables are known 
to structure the assemblage of aquatic 

macrophytes (Bando et al. 2015); however, the 
different life forms of macrophytes exhibit 
different responses (Alahuhta et al. 2018, 
Pozzobom et al. 2020). Emergent macrophyte 
species are dispersed through anemochory, 
more tolerant of environmental conditions, 
and are good colonizers (Soons et al. 2016). In 
contrast, free-floating or submerged species rely 
on other dispersal vectors and are sensitive to 
the connectivity between aquatic environments, 
making them more responsive to changes in 
water quality (e.g., water transparency) (Soons 
et al. 2016, Trindade et al. 2018). In addition, the 
formation of a reservoir often leaves increased 
submerged plant biomass that takes years to 
decompose, affecting environmental variables 
(Abril et al. 2013).

Given this context of differentiated responses 
to the environment, we aimed to assess the 
effect of environmental variables (specifically 
pH, conductivity, dissolved oxygen, temperature, 
and depth) on the richness and life forms of 
aquatic macrophytes present in the Belo Monte 
Hydroelectric reservoirs (Amazon biome, state 
of Pará, Brazil). Our hypothesis was that the 
number of species in a plot was a consequence 
of variations in the limnological characteristics 
of the waterbody (i.e., environmental filtering).

MATERIALS AND METHODS
Study area
The Xingu River, a right-bank tributary of the 
Amazon River, is the second largest clear-water 
river in the Amazon basin (Sioli 1985). Clearwater 
rivers have neutral to slightly alkaline pH values, 
low solids concentration, and a high radiation 
penetration into the water column (Sioli 1984). 
The region experiences an equatorial climate, 
characterized by distinct dry and rainy seasons 
(INMET 2019). Over ten years from 2004 to 2014, 
the monthly mean rainfall and temperatures 
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averaged approximately 188 ± 145 mm and 27.5 ± 
1.0 °C, respectively (INMET 2019). The vegetation 
of the region comprises shrubs that become 
naturally flooded during the rainy season, a 
pasture area (secondary vegetation), and an 
extensive area covered by dryland forest (a term 
used to describe areas within the Amazon that 
do not undergo periodic flooding) (Eletrobrás 
2009).

Belo Monte is the third-largest hydroelectric 
power plant in the world in terms of hydroelectric 
potential, with an installed capacity of 11,233 
MW (equivalent to 25.4 km²/MW, Eletrobrás 2009, 
Lessa et al. 2015, Ritter et al. 2017). It operates as 
a run-of-the-river complex, which is known for 
its shorter water residence time compared to 
traditional reservoirs. Unlike traditional dams, 
run-of-river hydroelectric facilities generate 
energy from the natural flow of the river without 
regulating its flow (EIA RIMA 2009). The water 
flow at the Belo Monte power plant varies 
throughout the year, and during the rainy period 
in the region, the plant operates at its full 
capacity (EIA RIMA 2009).

The construction of Belo Monte began in 
2011, and its reservoirs were flooded in 2015 (EPE 
2011). The Xingu Reservoir has a maximum depth 
of 20.5 m and the Intermediate Reservoir of 58.3 
m. Together, the two reservoirs occupy an area 
of 516 km² and are connected by a derivation 
channel (Eletrobrás 2009, EPE 2009).

Sampling of macrophytes and environmental 
variables
The sampling procedures were conducted 
upstream of the Belo Monte Hydroelectric power 
plant, specifically in the Xingu and Intermediate 
reservoirs, both located near the municipality 
of Altamira, Pará (Fig. 1). Field expeditions 
occurred in July 2019, marking the beginning of 
the dry season in the region. A total of 34 sites 
were sampled, chosen for having the highest 

availability of macrophyte banks, typically found 
in the littoral zones of the reservoir. 

Four limnological variables, pH, conductivity 
(μS/cm), dissolved oxygen (mg/l), and water 
temperature (°C), were affered using a 
multiparameter Horiba U50 device. Additionally, 
transparency (measured in centimeters) was 
determined using a Secchi disk, and the depth 
was measured with a 2-meter measuring tape at 
each sampling site.

The aquatic macrophyte banks evaluated 
were selected and georeferenced using a GPS 
device (Global Positioning System) (Fig. 1). The 
composition and species richness of aquatic 
macrophytes were determined following Fidalgo 
& Bononi (1989), and Westlake (1971). A one-
square-meter quadrant made of polyvinyl 
chloride (PVC) was used to determine each 
sampling point. The quadrant was randomly 
placed over the macrophyte bank at each 
site, and the species present were recorded 
(Michelan et al. 2010, Bando et al. 2015, Fares 
et al. 2020). Species were identified in the field 
using specialized literature and by consulting 
macrophyte taxonomists (Flora e Funga do Brasil 
2024, Moura-Júnior et al. 2015, Pott & Pott 2000). 
The macrophytes were categorized according 
to their life forms, i.e., emergent, free-floating, 
rooted with floating leaves, submerged rooted, 
or free-submerged species (Moura-Júnior et al. 
2015).

Data analysis 
To address collinearity among limnological 
variables and reduce the number of variables 
we checked for variables with zero and near-
zero variances (function nearZeroVar() , 
Package Caret) and removed those with linear 
dependencies (Pearson correlation). When two 
variables were correlated (r<0.7, Dormann 2013) 
we retained for analysis the one deemed most 
relevant considering our research questions and 
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the environment being studied. Accordingly, we 
retained the variables water temperature (°C), 
dissolved oxygen (mg/l), electrical conductivity 
(μS/cm), pH, and depth (cm) after removing those 
that showed signs of collinearity. The variables’ 
depth and transparency exhibited a correlation 
value above 0.7 (Table I). Thus, we retained 
the variable depth and removed transparency 
because the environment studied is of clear 
water, such that the Secchi disk touched the 
bottom of the water body. Therefore, we did not 
expect transparency to be a relevant/limiting 
factor in determining species richness in this 
study.

We performed a Multiple Regression 
(function glm(), package Stats) to assess 
which variables affect the species composition 
of aquatic macrophytes after determining 

that the premises were met. In addition, we 
used a multinomial regression (function 
multinom(), package Nnet) to assess which of 
the environmental variables (if any) filtered the 
occurrence of the different life forms recorded 
and used the forward selection protocol to 
select the variables to be included in the model. 
We conducted the forward selection protocol 
manually, and to make result interpretation 
clearer. All variables used for the analysis were 
standardized (function decostand(), package 
Vegan) and expressed in the logit scale to ensure 
a 0 to 1 outcome expressed as a probability 
(Stoltzfus 2011). All analyses were performed in 
the R environment (R Development Core Team 
2016).

Figure 1. Geographic location of the reservoirs and sites sampled in 2019.
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RESULTS
A total of 15 families, 20 genera, 25 species, and 
four biological forms of aquatic macrophytes 
were recorded (emerging, free-floating, rooted 
with floating leaves, and submerged). The 
species Salvinia auriculata (17 occurrences), 
Hymenachne amplexicaulis (11 occurrences), 
Ludwigia sp. (10 occurrences), and Eichhornia 
crassipes (8 occurrences) were the most 
frequent. The species Echinodorus grandiflorus, 
Poligonum sp., Spermacoce verticillata, Najas 
guadalupensis, and Hyptis brevipes were each 
found only once among the samples.

Most species recorded were of the family 
Poaceae (58%), followed by Salviniaceae (50%), 
Onagraceae (41%), and Pontederiaceae (29%). 
The most dominant life form category comprised 
emerging species (19 species, 76%), followed by 
floating species (four species, 16%), and species 
that are submerged and rooted with floating 

leaves (one species each). The environmental 
variable with the highest standard deviation 
was depth (91.26±50.10). pH values also varied 
from very acidic (2.20) to neutral (6.97), and 
temperature from 15.7 to 35.2 oC (see Table II).

The multiple regression analysis showed 
that pH explained 14% of the variation in species 
richness (Table III, Fig. 2). This variable negatively 
affected the richness of macrophytes (t=-2.17, 
P=0.04). Temperature was associated with the 
occurrence of emergent macrophyte species 
(P=0.01, Table IV).

DISCUSSION
We observed a higher frequency of emergent 
species, followed by floating and submerged 
species, particularly those that tend to thrive in 
environments with some anthropic intervention. 
However, this pattern was not statistically 

Table I. Results of the correlation analysis conducted to select variables, removing collinearity.

Temperature Dissolved Oxygen Conductivity pH Transparency Depth

Temperature 1.000

Dissolved Oxygen -0.074 1.000

Conductivity 0.276 -0.603 1.000

pH -0.519 0.620 -0.312 1.000

Transparency -0.023 -0.292 -0.036 -0.210 1.000

Depth 0.164 -0.251 -0.059 -0.326 0.876 1.000

Table II. Values of limnological variables, means, standard deviation, and maximum and minimum values. 

Variables Mean SD Min Max

Temperature (°C) 30.70 3.00 15.70 35.20

Dissolved Oxygen (mg/l) 15.40 2.10 9.90 19.30

Conductivity (μS/cm) 13.80 3.40 10.00 23.00

pH 5.00 1.30 2.20 6.97

Depth (cm) 91.26 52.10 25.00 160.00
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tested. The macrophyte species recorded 
most frequently belonged to the Poaceae and 
Cyperaceae families, both known for having a 
high number of easily dispersed taxa, which 
potentially explains their prevalence in aquatic 
flora surveys (Lorenzi 2008, Campelo et al. 
2012, Valadares et al. 2011). Poaceae species 
have a high seed production that favors wind 
dispersal, and Cyperaceae species can easily 
propagate through rhizomes or stolons. Both 

families are categorized as being composed 
of emergent species, commonly found near 
aquatic environments subject to intense water 
level variations, such as reservoirs (Pitelli et al. 
2008, Pott & Pott 2000). The recent flooding for 
the construction of the Belo Monte reservoirs 
likely resulted in changes in water and sediment 
quality, which could potentially influence the 
establishment of various taxa. This possibility 
warrants further investigations. Similar findings 

Table III. Results of the Multivariate Regression analysis where species richness was the dependent variable and 
the limnological variables were independent variables. Statistically significant values are shown in boldface. 

  Estimate Std Error Value P r2

(Intercept) 3.00 0.25 11.88 0.00

Temperature -0.36 0.30 -1.17 0.25 0.05

Dissolved Oxygen (mg/l) 0.47 0.40 1.15 0.26 0.05

Conductivity (μS/cm) 0.57 0.37 1.54 0.13 0.08

pH -0.76 0.35 -2.17 0.04 0.14

Depth (cm) -0.06 0.32 -0.20 0.85 0.00

Model R2adj = 0.08, F= 1.595, P=0.19.

Figure 2. Relationship between species richness and pH.
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have been reported in other studies conducted 
in tropical reservoirs (Ferreira et al. 2010, Henry-
Silva et al. 2010, Mormul et al. 2010).

The aquatic macrophyte community is 
composed of species sensitive to changes in 
limnological variables, and that thus vary in their 
responses to different limnological contexts, 
such as variations in pH, light incidence, 
nutrient availability, water depth, and others 
(see examples of indicator species in Bini et al. 
1999, Bando et al. 2015, Lacoul & Freedman 2006, 
Søndergaard et al. 2010). Accordingly, different 
combinations of variables explain different 
attributes of the macrophyte assemblage 
(Kisson et al. 2013, Neiff et al. 2014, Rooney et al. 
2013, Steffen et al. 2014).

Our findings support the idea that the 
composition of aquatic macrophytes is related 
to at least one limnological variable (i.e., pH; 
Schneider et al. 2015, Wang et al. 2016, Riera et 
al. 2017). The capacity of aquatic plants to occur 
in acidic versus non-acidic waters is associated 
with their ability to use different forms of 
dissolved inorganic carbon (Lacoul & Freedman 
2006), once carbon is available in different forms 
in the water depending on pH levels (Pulido et 
al. 2016, Lacoul & Freedman 2006). However, 
most species we recorded were emergent or 
free-floating, which means that photosynthesis 
takes place with atmospheric carbon.

Low pH values in these Amazonian 
waters significantly affected the diversity and 
composition of macrophytes, favoring some 
species when pH values are lower. However, 
the low effect size obtained (r2=0.14) limits our 
ability to make generalizations and may be due 
to several reasons that include weak effect or 
strong parametric effect detected with small 
sample sizes and/or limited replicates within 
pH ranges. Thus, the results must be considered 
with caution. The variable pH is one of the most 
important predictors of macrophyte species 
distribution (Bini et al. 1999) and may affect the 
occurrence of macrophyte species even upon 
small variations. The species Eichhornia azurea 
(also recorded in our study), for example, has 
been reported to support pH>7 to an extent in 
a tropical environment, but as water alkalinity 
increases (even small increases from pH=7) 
phytoplankton blooms and/or deeper water 
and no macrophytes were reported (Bini et al. 
1999). Macrophytes develop morphological and 
physiological adaptations to manage acidity 
and nutrient availability. These adaptations 
can include variations in density, morphology 
and biomass, allowing the plants to maximize 
nutrient uptake and resist adverse conditions 
(Lopes et al. 2016, Nixdorf et al. 2001).

We have shown evidence (by testing the 
relationship between species richness and 

Table IV. Results of the multinomial regression analysis with temperature, conductivity, pH, depth, and dissolved 
oxygen as the explanatory variables for the occurrence of the different life forms of macrophytes. Significant 
values are shown in boldface.

Temperature Conductivity pH Depth Dissolved Oxygen

coef P coef P coef P coef P coef P

Emergent 4.99 0.01 -3.29 0.24 1.32 0.30 -3.62 0.13 -0.77 0.23

Free-floating 2.73 0.14 -2.56 0.37 1.61 0.24 -2.87 0.24 -0.06 0.94

Rooted -0.36 0.89 -2.76 0.36 0.92 0.62 -1.65 0.61 -1.70 0.35

Submerged -19.00 0.96 5.30 0.96 0.82 0.99 -3.95 0.98 -3.90 0.97
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the limnological variables) that pH values may 
determine macrophyte diversity (considering 
species richness as a measure of diversity). Other 
studies have shown that environmental filtering 
by pH also shapes the functional diversity of 
macrophyte communities (Chmara et al. 2015, 
Lopes et al. 2016, Nixdorf et al. 2001). However, 
only temperature was a filter for the occurrence 
of macrophyte life forms. 

The damming caused by the construction 
of a reservoir leaves a lot of submerged plant 
biomass that takes years to decompose (Abril 
et al. 2013). The decomposition of this organic 
matter influences and is influenced by the pH 
of the water, as is observed in the very low 
pH values recorded for the sites within the 
reservoir (See Fig.1). Belo Monte is a recently 
formed reservoir, with less than 10 years of 
flooding. Thus, the differences associated with 
pH recorded in this study may also be related 
to the decomposition of large trees remaining 
within the reservoir, consequently affecting the 
richness of the aquatic macrophytes found in 
this environment.

Environmental variables such as pH and 
water temperature can filter the occurrence 
of macrophyte species while also be affected 
by the presence of macrophytes. Therefore, in 
lentic environments, the macrophytes may be 
acting, to an extent, as ecosystem engineers. 
The occurrence of emergent species was 
associated with water temperature. Emergent 
aquatic macrophytes may reduce water 
temperature fluctuations stream heating, 
maximum temperatures, and temperature 
variability, by reducing solar radiation (Willis et 
al. 2017). Despite being associated with species 
richness, pH would not be a relevant factor 
in explaining the occurrence of different life 
forms of macrophytes. Some macrophyte life 
forms were very dominant while others were 
poorly represented. Thus, the lack of effect of 

environmental variables in some life forms may 
also be a numerical effect and not necessarily a 
biological lack of effect. 

Our results highlight the importance of 
pH for the richness of aquatic macrophytes 
in a reservoir and show that these important 
organisms can be affected differently 
depending on the aquatic ecosystem being 
studied. Biodiversity results for reservoirs are 
especially relevant within the Amazon biome 
due to existing projects for building dams in this 
biome. Understanding the impact of reservoir 
formation on the aquatic biota and its effect on 
limnology will help predict and understand the 
environmental changes that may occur.
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