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RESUMO 
 

A presença de grandes quantidades de macrófitas aquáticas em reservatórios 
pode desencadear diversos impactos no ecossistema local e o uso de metodologias 
convencionais para seu monitoramento, como coletas in loco, retorna apenas 
informações do momento presente. Com isso em vista, este estudo teve como objetivo 
mapear a variação espaço-temporal da cobertura de macrófitas utilizando imagens 
Landsat 5, 7 e 8 para o período de 1984-2021 no reservatório Jupiá. Também foram 
verificadas como algumas variáveis ambientais que impactam no crescimento de 
macrófitas (como variação do uso do solo, temperatura, precipitação e vazões de 
entrada no reservatório) se comportaram ao longo dos anos. Além disso, também 
foram construídas curvas e mapas da permanência de macrófitas nesse reservatório 
para serem usadas como base de comparação de novos mapeamentos. Para realizar 
isto, foi necessário determinar o melhor conjunto de índice espectral e intervalo de 
classificação das macrófitas. Como principais resultados, foram observadas variações 
interanuais na disposição espacial das macrófitas e tendência de crescimento da área, 
sendo este último possivelmente causado pela implantação de um reservatório a 
montante do reservatório Jupiá. Foi observado que além da magnitude da vazão, a 
forma como há incremento nas vazões também é relevante em termos de 
deslocamento de macrófitas dentro do reservatório. Apesar da quantidade de imagens 
sem interferências ter sido uma limitação, a construção de uma série histórica de 
ocupação de macrófitas se mostrou satisfatória e poderá auxiliar na tomada de 
decisões de manejo desses organismos. 
 
Palavras-chave: Sensoriamento Remoto, Macrófitas aquáticas, Reservatório Jupiá, 

Tendência de crescimento, Sazonalidade, Vazões. 
 
 

  



 
 

 
 

ABSTRACT 
 

The presence of large amounts of aquatic macrophytes in reservoirs can 
trigger several impacts on the local ecosystem and the use of conventional 
methodologies for their monitoring, such as in loco activities, only returns information 
from the present moment. With that in mind, this study aimed to map the spatio-
temporal variation of macrophyte cover using Landsat 5, 7 and 8 images for the period 
1984-2021 at Jupiá reservoir, in southeast of Brazil. It was also verified how some 
environmental variables that impact the growth of macrophytes (such as variation in 
land use, temperature, precipitation and reservoir inflows) behaved over the years. In 
addition, curves and maps of the permanence of macrophytes in this reservoir were 
also constructed to be used as a basis for comparing new mappings. To accomplish 
this, it was necessary to determine the best set of spectral index and classification 
range of macrophytes. As main results, interannual variations were observed in the 
spatial arrangement of macrophytes and the area's growth trend, the latter possibly 
caused by the implementation of a reservoir upstream of the Jupiá reservoir. It was 
observed that in addition to the magnitude of the flow, the way in which there is an 
increase in the flows is also relevant in terms of the displacement of macrophytes within 
the reservoir. Although the number of images without interference was a limitation, the 
construction of a historical series of macrophyte occupation proved to be satisfactory 
and could help in decision-making for the management of these organisms. 

 
Keywords: Remote sensing, Aquatic macrophytes, Jupiá Reservoir, Growth trend, 

Seasonality, Flows. 
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1 INTRODUCTION 
 

Brazil has more than 1300 power generation construction from hydraulic 

sources (ANEEL, 2019), in order to the energy matrix is composed of more than 65% 

of sources of this nature (BRASIL, 2021).  

Infrastructure for hydraulic energy generation, such as the damming of rivers 

to form reservoirs, causes changes in region's ecosystem and in the river’s 

hydrodynamics. The increased propensity to accumulate nutrients in the reservoir 

region is an imbalance that, combined with the characteristics of tropical and 

subtropical climates, such as high temperatures and high solar incidence, can trigger 

the proliferation of aquatic macrophytes. This happened at the Engenheiro Souza Dias 

Hydropower Plant - HPP (located on the border between the states of São Paulo and 

Mato Grosso do Sul, Brazil), witch in large quantities of aquatic macrophytes were 

responsible for interruptions in energy generation through the obstruction of the water 

intake conduits in May/2017, making a total of 10 generating units unavailable for about 

5 months and causing losses about R$ 3.8 million in maintenance only (CTG Brasil, 

2019). These organisms must be monitored as a result of negatively impact to the 

environment, reducing the diversity of floristic species, causing fauna's mortality, 

besides damage and interruptions in energy generation (ESTEVES, 1998). 

Conventional monitoring methodologies used to quantify aquatic macrophytes 

can be costly and time-consuming (LUO et al., 2016; ZHAO et al., 2012), given the 

extensive area of the reservoirs. Moreover, the sample universe obtained by 

conventional methodologies only includes present information. So, the use of remote 

sensing as a complementary tool to on-site monitoring has proved to be an interesting 

alternative to reduce this problem, both due to the amount and availability of data, as 

well as the possibility of recall old information and, which enables observing the 

historical evolution of macrophyte growth in reservoirs (BAI et al., 2020; COLADELLO 

et al., 2020; LUO et al., 2016). In addition, even using images taken from short periods, 

it is possible to verify the presence or absence of specific behaviors between different 

periods of the year (MINHONI et al., 2017; TENA et al., 2017) or even verify the 

influence of anthropic activities or climate change in the growth of macrophytes 

(BEZERRA JUNIOR, 2021; LIMA et al., 2018; MINHONI et al., 2018). 
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1.1 HYPOTHESIS  

 

It is considered that knowing the spatial and temporal evolution of macrophytes 

in reservoirs is relevant in decision-making regarding reservoirs operation and in the 

management actions of these organisms. 

 

1.2 OBJECTIVES  

 

In this context, the aim of the present study was to verify if there was trend 

growth of aquatic macrophytes through the determination of the historical series of the 

macrophytes area by remote sensing and the spatio-temporal variation of aquatic 

macrophytes in the Jupiá reservoir (Engenheiro Souza Dias HPP), between 1984-

2021. It was also analyzed if climatic characteristics of the region (precipitation and 

temperature) reproduced any interannual seasonal behavior in the macrophytes cover, 

and if the land use change and the operations of upstream hydropower plants 

contributed to the increase in the area of macrophytes over the years. 

Besides, permanence curves of the macrophyte area will also be constructed 

to serve as a tool for comparison with new monitored areas. In the same way, 

permanence maps will be do for the spatial distribution comparison of new mappings. 

For this, some intermediate points need to be met: 

a) Determine the best set of spectral index and respective range to identify 

macrophytes in the images. 

b) Analyze whether there are interannual patterns - like seasonality - in the 

spatial and temporal coverage of macrophytes.  

c) Check how some environmental variables impacted the growth of 

macrophytes over the years. 
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2 LITERATURE REVIEW 
 

In this chapter of literature review, initially and briefly, the description of basic 

concepts relevant to the topic addressed in this work will be presented, such as 

definitions of remote sensing and aquatic macrophytes. A review of previously 

developed studies that address the environmental monitoring of aquatic macrophytes 

and other studies that use remote sensing as a monitoring tool will also be presented. 

Finally, some benefits and uses of the Google Earth Engine tool in the processing of 

satellite images will be discussed. 

 

2.1 SENSORIAMENTO REMOTO 

 

The term remote sensing refers to “uma ciência que visa o desenvolvimento 

da obtenção de imagens da superfície terrestre por meio da detecção e medição 

quantitativa das respostas das interações da radiação eletromagnética com os 

materiais terrestres” (MENESES; ALMEIDA, 2012, p. 3). 

These images have spatial resolution, which is equivalent to the size of the 

smallest object that can be identified in an image. Images with large spatial resolution 

provide high detail of objects, while small resolutions generate less detail (MENESES; 

ALMEIDA, 2012). In other words, images with a resolution of 30 meters, such as 

Landsat images, are not able to identify objects with dimensions smaller than 30 x 30 

meters, but Sentinel-2 images would, because their resolution is 10 meters. Also, the 

temporal resolution is linked to the interval between two images, that is, the time 

interval in which two images are recorded in the same area. 

The different types of matter existing on the Earth's surface have different 

reflectances, that is, they stand out at different wavelengths, and it is this characteristic 

that allows their distinction. In this context, the spectral resolution of an image is the 

property that relates the amount of subdivisions of wavelengths into spectral bands 

and the size of the length of each band (MENESES; ALMEIDA, 2012) . 

The result of some algebraic operations with the spectral bands can give rise 

to a spectral index, which relate one or more bands in order to highlight a particular 

object, such as water or vegetation. Of the spectral indices most commonly used to 

identify vegetation, one can cite the NDVI - Normalized Difference Vegetation Index - 

which uses the red and near-infrared bands due to chlorophyll activity, because the 
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healthier the vegetation, the more it absorbs light in the red region and reflects in the 

near-infrared region. As the index can vary between -1 and 1, results close to 1 indicate 

areas with healthy vegetation, negative values represent areas such as water and 

clouds, while null values indicate absence of vegetation (CORDEIRO et al., 2017; 

ROUSE et al., 1973). 

 

 

 

in which R is the reflectance and NIR and Red are the near infrared and red bands, 

respectively. 

In the same logic is the GNDVI index - Green Normalized Difference 

Vegetation Index - which also results in values between -1 and 1 and has the same 

classifications as the NDVI, but is more sensitive to the variation of chlorophyll activity 

(GITELSON; KAUFMAN; MERZLYAK, 1996). It is recommended to use this index for 

well-developed vegetation, while the NDVI for younger vegetation. 

 

 

 

in which R is the reflectance and NIR and Green are the near infrared and green bands, 

respectively. 

The SAVI index – Soil-Adjusted Vegetation Index - was developed based on 

the NDVI, but considering a correction factor for soil effects (L) such as color, moisture 

and spatial variability (HUETE, 1988). This factor varies between 0 and 1 depending 

on the density of the vegetation cover (1 for denser vegetation and 0 for less dense), 

but has been used as 0.5 in most cases (LIMA et al., 2017). Like GNDVI, GSAVI is a 

modification of the original index using the green band instead of the red band: 

  

 

 

in which R is the reflectance and NIR and RED are the near infrared and green bands, 

respectively. 
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2.2 AQUATIC MACROPHYTES 

 

Aquatic macrophytes are highly adaptive organisms that, throughout the 

evolution process, migrated from water to the terrestrial environment, and then 

returned to water. For this reason, they are found in places with different characteristics 

such as brackish and salty environments, in hot springs, in rivers and lakes, among 

others, and are classified into ecological groups, according to the degree of adaptation 

to water: emerged, with floating leaves, submerged rooted, submerged free and 

floating (FIGURE 1) (TUNDISI; TUNDISI, 2008). 

 

FIGURE 1 - TYPES OF AQUATIC MACROPHYTES  

 
SOURCE: BRIX; CHIERUP (1989). 

 

Within the reservoirs, the coastal region, which comprises the banks, is the 

region with the highest propensity to find macrophytes, since this area has greater 

interaction between water and land. In addition, macrophytes play an important role for 

other organisms by providing a reduction in water turbulence, by contributing to the 

cycling of nutrients through the pumping effect, by having high rates of primary 

productivity and by serving as food and refuge for other organisms (ESTEVES, 1998).   

The aquatic macrophytes life cycle is slightly short and their growth is limited 

by factors such as temperature, nutrient availability, light availability and the action of 

herbivores (TUNDISI; TUNDISI, 2008). Besides, there are factors that provide the 
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permanence and development of these organisms, such as ponds or more sheltered 

areas, and others that cause their displacement, such as wind or current speed 

(FIGURE 2). In scenarios with intense macrophyte occupation, when these are in the 

process of decomposition, there is an increase in the amount of available organic 

matter, contributing to the growth of new individuals (BIANCHINI JUNIOR, 2003). 

 

FIGURE 2 - FACTORS THAT MAY CONTRIBUTE TO THE GROWTH AND DISPLACEMENT OF 
MACROPHYTES  

 
SOURCE: The Author (2022). 

 

2.3 MONITORING OF MACROPHYTES 

 

The monitoring of aquatic macrophytes is one of the tools that serves as a 

basis for various decision-making in the management of the water uses, such as 

actions to manage these organisms (POMPÊO, 2017). The use of aquatic 

macrophytes as bioindicators of water quality is one of the most relevant reasons for 

monitoring, either because of the presence or absence of these organisms, or because 

of their dynamics in the environment (CAMARGO; PEZZATO; HENRY-SILVA, 2003). 

A portion of the studies that involve the monitoring of aquatic macrophytes 

verify the factors that influence the growth of the plants, in laboratory scale. Samples 

of these vegetables are grown in controlled conditions, using different concentrations 
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of nutrients (BIUDES; CAMARGO, 2008; FREITAS; SIDINEI, 2011; GIMENES et al., 

2020 ), temperature, due to the speed of chemical reactions in organisms (MACHADO, 

2020) and time of sun exposure, the main source of energy for photosynthetic 

processes (CANCIAN; CAMARGO; SILVA, 2009). In general, it was noted that 

anthropic activities and artificial eutrophication provide greater growth of different types 

of aquatic macrophytes. The damming of rivers was a highlight, which through changes 

in level and speed, in addition to accumulating nutrients, impact the production of these 

organisms (FIGURE 3). Furthermore, these studies highlight two points: the lack of 

studies on what impacts the activities of these vegetables in Brazil; and that existing 

studies focus on abundant organisms in their respective study regions. 

 

FIGURE 3 - SOME TRANSFORMATIONS IN RIVERS RESULTING FROM THE FORMATION OF 
RESERVOIRS AND THEIR EFFECTS ON AQUATIC MACROPHYTES 

 
SOURCE: THOMAZ (2002). 
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Another group of studies sought to carry out the mathematical modeling of 

aspects of aquatic macrophytes, such as growth estimation (LACTEC, 2019b), 

interaction with other organisms such as phytoplankton and epiphyton (ASAEDA et al., 

2000; ZHANG et al., 2015) decomposition of vegetables (CUNHA-SANTINO; 

BIANCHINI JR, 2006) according to single and double exponential models, and mainly 

of nutrients (GIUSTI; MARSILI-LIBELLI, 2005; SILVA , 2015; ZHANG et al., 2016). In 

these cases, a relevant differential of the modeling is the possibility of estimating the 

consequences in different scenarios, either with actions or in the absence of them, 

serving as a basis for interventions. 

The SuMa model (Submerged Macrophyte), developed by LACTEC (2019a), 

is a mathematical model of macrophyte dynamics aimed at predicting biomass. For 

that, factors favorable to growth such as luminosity (Secchi disk), nutrients 

(phosphorus and nitrogen), temperature and depth of the site, and unfavorable factors 

implemented such as losses by waves and wind (FIGURE 4) are considered. The 

model was spatially evaluated by comparing its results and estimates of macrophyte 

coverage by satellite images, and so far, has had satisfactory results for the presence 

and absence of macrophytes in 93% of cases. However, the modeling results were 

overestimating the macrophyte area compared to the satellite image result, and the 

authors assume that this is due to the 200m resolution of the adopted grid. 

 

FIGURE 4 – CONCEPTUAL DIAGRAM OF THE SUMA MODEL  

 
SOURCE: LACTEC (2019a). 
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ASAEDA et al. (2000) performed the modeling of a hypothetical lake to assess 

how the external load of nutrients, water temperature, depth and water retention time 

would imply the growth of macrophytes and phytoplankton, given predetermined 

biological characteristics. It was observed that, slowly, the amount of macrophytes 

decreases as there is an increase in the entry of nutrients and an increase in the 

amount of light penetration due to the phytoplankton biomass. In the same way, higher 

temperatures have a harmful effect on phytoplankton flowering, reducing their 

shadows, and promoting the consequent growth of macrophytes. 

The modeling carried out in the study by SILVA (2015) uses a predator-prey 

system that encompasses the population dynamics of two species of macrophytes 

(prey) that are in competition for an available pollutant load, and the population 

dynamics of fish (predators). The solution of the equations on the spatial scale is given 

by the linear triangular Finite Element Method, while on the time scale it is by the 

Crank-Nicolson Method. The author corroborated the use of macrophytes as an 

indicator of water quality, since in his results, there was an increase in the biomass of 

these organisms in the places affected by the pollutant, in addition to punctuating the 

presence of wind as a limiting factor to the growth of macrophytes. 

In the last decades, the use of satellite images as a tool has been widely used 

for several purposes, among which the assessment of possible consequences of 

climate change, monitoring of vegetation cover in forests, mapping of land use, and 

numerous applications in agriculture (PAN et al., 2018; WANG et al., 2018; WU et al., 

2019).  

GALO et al. (2002) used ETM+ Landsat orbital images to verify the occurrence 

of aquatic macrophytes in reservoirs of hydroelectric power plants of the Tietê complex, 

in São Paulo, Brazil, and determined strategic points of in loco monitoring. The results 

were obtained by the Spring software and pointed to the use of satellite images in the 

monitoring and management of large reservoirs as something very useful and to 

supplement field activities. 

Also making use of Landsat images and Spring software, MESQUITA et al. 

(2013) monitored the occupation of macrophytes in the Umarí dam (Rio Grande do 

Norte, Brazil), in different periods of drought and rain. For the detection of 

macrophytes, the near infrared, red and green bands were used. Results obtained 

showed that the spatial distribution of rainfall was one of the limiting factors for 
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vegetation growth, and periods of low rainfall were considered favorable for 

development. 

Likewise, ROSA et al. (2017) verified whether hydrological conditions of 

drought and rain influenced the dynamics of aquatic macrophytes in Banhado do Taim 

(Rio Grande do Sul, Brazil), also using Landsat satellite images and over a period of 

approximately 20 years. The analyzes were carried out in ArcGIS software and 

hydrological conditions considered within the normal range were related to a good 

biodiversity in the region, while in periods of drought there was an increase in the area 

of occurrence of some species. 

The work developed by LIMA; LIBORIO; HADAD (2018) verified the presence 

of macrophytes in the Paraíba do Sul River through high resolution images (GeoEye-

1 sensor) and related the results with water quality monitoring data obtained by the 

local utility. According to the authors, the increase in population in the cities of the 

region may have contributed to the increase in the coverage of aquatic macrophytes, 

since there was an increase in the concentration of nutrients in the water as a result of 

human activities. 

COLADELLO et al. (2020) verified the temporal and spatial evolution of the 

coverage of aquatic macrophytes in the reservoir of the Salto Grande hydroelectric 

plant in Campinas (São Paulo, Brazil), an area with high industrial and urban activity. 

For the detection of macrophytes, images from Landsat 5, 7 and 8 satellites were used 

and the NDVI was calculated, from 1984 to 2017, on a quarterly scale. With these data, 

analyzes were later carried out to verify trends, in addition to the occurrence and 

persistence of plants in certain regions. As one of the results, the areas with the 

presence of plants considered as critical were mapped. 

Another important study that also has the Jupiá reservoir as its object of study 

was the previously mentioned P&D 10381-0317, which applied remote sensing 

techniques to monitor the growth and displacement of aquatic macrophyte banks and 

has as main result the implementation of a Macrophyte Monitoring System (SMM). 

Therefore, hydrodynamic and hydrological modeling were carried out, as well as 

limnological, floristic and bathymetric surveys, in addition to the detection of 

macrophytes from Sentinel-2 multispectral images and biotic parameters, such as 

Secchi disk, absorption coefficient, turbidity and total solids suspensions. However, 

despite the high spatial resolution that Sentinel-2 images present, the operation of this 

satellite only started in 2017, which makes analysis prior to that date impossible. 
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Another point of this project that deserves to be highlighted is the elaboration of an 

alert system that gathers meteorological data, flow from plants, water quality 

parameters and area occupied by macrophytes, to calculate the criticality of the growth 

and detachment of the banks. of macrophytes in the reservoir. This system gathers the 

variables that most significantly interfere in the alert calculation in a very intuitive 

interface, which makes it possible to take emergency operational actions (CTG Brasil, 

2021). 

On the other hand, the use of the Google Earth Engine (GEE) platform has 

been shown to be an indispensable instrument, given the possibilities provided by the 

rapid cloud processing of large amounts of data, making the use of supercomputers 

unnecessary (MUTANGA; KUMAR, 2019; TAMIMINIA et al., 2020) . 

LOBO et al. (2021), cited above, developed a free platform on the GEE (Algae 

Bloom Monitoring Application – AlgaeMAp) that provides water quality parameters, 

such as information on algal blooms, chlorophyll and turbidity. The Sentinel-2 satellite, 

with data from August 2015 onwards, is used to calculate the Normalized Difference 

Chlorophyll-a Index (NDCI), which serves as the basis for calculating chlorophyll and 

Trophic State Index. This application includes the main reservoirs in the state of São 

Paulo and is expanding its database to encompass the main reservoirs in Latin 

America. 

The work by LI et al. (2021) has Lake Chad as a study area , located in the 

Sahara desert and used for supply in Nigeria, Niger, Cameroon and Chad. The GHG 

was used to obtain the water cover series, in addition to flood areas that include, 

among other aspects, waters under macrophytes. The period analyzed was between 

the years 1980 and 2020, with NDVI images from several satellites. 

In the same way, other authors used the GHG together with artificial 

intelligence methods to obtain the surface water extension, such as WANG et al. 

(2018) who processed 2,343 Landsat images from the 1990s, 2000s and 2010s, which 

underwent treatments to minimize cloud interference, in the Yangtze River basin 

(680,000 km²), in China. 

Therefore, to condense the studies analyzed in this literature review, the main 

points to be highlighted in each study will be summarized below. The studies were 

grouped into categories: limiting factors for the growth of aquatic macrophytes (TABLE 

1), modeling and hydroacoustic surveys of aquatic macrophytes (TABLE 2), various 

applications that made use of remote sensing (TABLE 3), water quality parameters 
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with use of remote sensing (TABLE 4), monitoring of macrophytes using remote 

sensing (TABLE 5) and remote sensing using Google Earth Engine (GEE) (TABLE 6). 

It is noteworthy that the differential of this dissertation for the studies presented 

is to associate several points presented (such as limiting factors, remote sensing and 

analysis of long periods of time, facilitated by the GEE platform) in a single analysis. 
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3 MATERIAL AND METHODS 
 

Initially in this chapter, the characteristics of the study area will be described – 

the reservoir of Engenheiro Souza Dias HPP, also known as Jupiá. This region is target 

of a research project in progress (Research and development project - P&D ANEEL 

10381- 0819/2019), by Lactec and the concessionaire that manages and operates the 

Engenheiro Souza Dias HPP, CTG Brasil, related to the development of an 

Emergencies Action Plan for Macrophytes. It is noteworthy that the activities developed 

in this dissertation are included in this P&D ANEEL project.  

This study follows on from another P&D project (nº 10381-0317 - Monitoring 

the development and displacement of aquatic macrophyte banks in reservoirs using 

geotechnologies and remote sensing techniques). Together, of the numerous products 

developed in these two studies, we can mention the diagnosis of water quality and a 

floristic survey, through onside collections (LACTEC, 2019b), a Macrophyte Monitoring 

System through remote sensing, which was implemented to an alert system (LACTEC, 

2019c) currently used by the concessionaire in the HPP operation, in addition to the 

determination of critical locations for monitoring through the spatial analysis of 

macrophyte permanence (LACTEC, 2020). 

Afterwards, the procedures and criteria used to identify aquatic macrophytes 

in satellite images are presented, as well as information on the set of images used. 

Finally, the chapter ends with a description of the methodology used to construct 

macrophyte cover permanence curves and how environmental and operational 

variables will relate to the macrophyte area historical series. 

 

3.1 STUDY AREA DESCRIPTION 

 

Formed in 1968 by the damming of the Paraná, Tietê and Sucuriú Rivers 

(FIGURE 5), the Jupiá reservoir has a storage volume of 904 hm³, spread over 330 

km² with 482 km perimeter and it is located between São Paulo and Mato Grosso do 

Sul states (Mustafa et al., 2010). Its main use is power generation at the Engenheiro 

Souza Dias HPP, which operates as a run-of-the-River reservoir with constant power 

generation, with an average annual water residence time of 6.39 days (CESP, 2009). 

The water level near the dam (altitude of 229 m) remains on average at 279.6 m, with 

minimum depletions of ± 0.50 m, and as a consequence, there is no formation of 
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intermittent ponds. Besides, a significant part of the reservoir has depths of around 

3.50 m and reaches up to 45 m in a small branch of the Paraná River. 

 

FIGURE 5 - LOCATION, SOME OF THE MACROPHYTE SPECIES FOUND AND THE DEPTH OF THE 
JUPIÁ RESERVOIR. 

 

SOURCE: The Author (2022). 

LEGEND: (A): field research photographic records (04/05/2022) of Egeria densa and Typha 
domingensis near Ferradura island, in the Paraná River; (b): field research photographic records 
(04/06/2022) of Egeria densa and Egeria najas upstream of the Tietê River bridge, on the Tietê River; 
(c): field research photographic records (04/06/2022) of Egeria densa, Egeria najas and Pistia stratiotes 
downstream of the Tietê River bridge, on the Tietê River and; (d): field research photographic records 
(04/06/2022) of Egeria densa, Egeria najas and Pistia stratiotes upstream of the Tietê River bridge, on 
the Tietê River. 

 

The climate in the region is tropical savannah (Aw), according to the Köppen-

Geiger classification. The region has an average annual rainfall of around 1200 mm, 

with rainy Summers and dry Winters (FIGURE 6), with an average annual temperature 

of 24°C. 

Jupiá’s water quality is characterized by high water transparency, in which in 

some regions it is possible to see the Riverbed even at depths of 3 to 5 m (total Secchi 

Disk). Regarding the amount of nutrients available, it was observed that phosphorus 

was the limiting element in most of the monitored period (2018-2019). Concentrations 

above 0.050 mg/L (class 2 freshwater limit by CONAMA resolution nº 357/2005) were 
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found in 4 of the 6 campaigns carried out, with the highest value of 1.56 mg/L on 

Ferradura Island in December/2018. As for total nitrogen concentrations, in no sample 

the legislated limits for fresh waters of Classes 1 and 2 (2.18 mg/L) were exceeded 

(LACTEC, 2019b). 

Due to these characteristics, the Jupiá reservoir has an abundant occupation 

of aquatic macrophytes that can detach and move to the dam following the flow. This 

amount is so expressive that in 2017, this phenomenon was responsible for stop the 

energy generation due to the clogging of the water intake structures (CTG Brasil, 

2019). 

LACTEC (2019a) carried out a floristic survey in which the species of aquatic 

macrophytes with the highest occurrence were identified (Egeria densa, Egeria najas 

and Typha domingensis (FIGURE 5) and the characteristic of the place where they 

were found. Free submerged species were found on the banks, and submerged ones 

rooted in the central area of the reservoir. The floating and rooted ones were found in 

more protected areas, such as shores and ponds. 

 

FIGURE 6 - AVERAGE MONTHLY INFLOWS¹ INTO THE JUPIÁ RESERVOIR BETWEEN 1984-2021; 
ANNUAL AND MONTHLY PRECIPITATION BETWEEN 1984-2021² AND AVERAGE MONTHLY 
TEMPERATURE³ AT ILHA SOLTEIRA STATION BETWEEN 1991-2021 

 

SOURCE: CTG Brasil (2022) ¹, CHIRPS (2022) ² e UNESP (2022) ³. 
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3.2 MACROPHYTES IDENTIFICATION IN LANDSAT IMAGES 

 

The macrophyte identification procedure in the satellite images consisted of 14 

steps (FIGURE 7) and the use of images from the USGS Landsat 5, 7 and 8 collections 

(Collection 2, Level 2), orbit 223 (WRS PATH), which have spectral resolution of 30 m 

and with previous atmospheric surface reflectance corrections (BoA) by the TM, ETM+ 

and OLI/TIRS sensors, respectively. Since the aim is the historical knowledge of the 

region, preference was given to these collections over other options due to the interval 

of data availability being over 30 years. These images were processed using the 

Google Earth Engine – GEE (Google, 2022) due to the wide catalog of satellite images 

and, mainly, because the processing is carried out in the Google cloud, which enables 

the use of many images, since downloading them is not necessary. It should also be 

noted that the R-4.1.3 and Python 3.9.7 languages were used for statistical analysis 

and data visualization. 

 

FIGURE 7 - AQUATIC MACROPHYTES CLASSIFICATION PROCESS FLOWCHART IN LANDSAT 
5, 7 AND 8 IMAGES. 

 

SOURCE: The Author (2022). 
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Initially, images from March/2016 to June/2020 that had cloud cover up to 2.5% 

were selected for the insertion of sample points of three classes: water, macrophyte 

and “other vegetation”. This procedure was carried out with the objective of verifying 

the limit of the separation between the classes in the spectral indices. 

Cloud cover was limited in order to reduce data interference. The time period 

used coincides with data compiled in maps of permanence (in regions with probability 

of occurrence of water, macrophytes and other vegetation) reported in (LACTEC, 

2020). 

Thus, of the 65 images available, after a visual analysis, 32 were discarded 

due to the failure of the ETM+ sensor and 6 due to cloud interference in the reservoir 

region. In all, 27 images were considered suitable for use, and different sets of samples 

were inserted in each of them: 150 water points, 150 of macrophytes and 150 of other 

vegetation; based, in addition to the analysis of macrophyte permanence (LACTEC, 

2020), field photographic records (FIGURE 8). These known sampling points were 

used as input in a supervised classification. As the study area is limited to the reservoir, 

in addition to the differentiation between water and macrophytes, it was considered 

convenient to distinguish between macrophytes and other vegetation, the latter 

presented and fixed on islands inside the reservoir (FIGURE 9). 

To verify the boundaries between classes, for each class, from 4050 points 

(150 points in 27 images), 70% were randomly selected to observe the frequency of 

the spectral indices NDVI, GNDVI and GSAVI and in the bands that compose them: 

Red (0.63 to 0.69μm), Green (0.52 to 0.60μm) and Nir (0.77 to 0.90μm). To these data, 

it was verified which probability distribution would best fit the sample of each class, 

considering the result of the Anderson-Darling adherence test, in order to verify the 

limit values that characterize the class of macrophytes. This test is used to check 

whether a data set comes from or belong to a certain probability distribution 

(NAGHETTINI; PINTO, 2007). 

The best index-interval was defined through a validation, in which, with the 

remaining 30% of points, the confusion matrices and the Cohen's kappa coefficient 

(LANDIS; KOCH, 1977) (TABLE 7) of each model were calculated. 
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FIGURE 8 - FIELD RESEARCH PHOTOGRAPHIC RECORDS AND DETAILS OF WATER, AQUATIC 
MACROPHYTES AND OTHER VEGETATIONS SAMPLE POINTS 

 

SOURCE: The Author (2022). 

LEGEND (1): GSAVI Landsat image (03/05/2017) of the Tietê River region with the sampling points; (2): 
GSAVI Landsat image (03/05/2017 of the Tietê River region with the macrophyte permanence areas 
(LACTEC, 2020) in which red represents low permanencies, green represents intermediaries 
permanencies, blue represents high permanencies and white areas without macrophytes, and; (A, B, C, 
D, E, F, G, H, I, J): Field research photographic records (06/04/2022). 

 

FIGURE 9 - VEGETATION AND PERMANENT SETTLEMENT DETAILING AT FERRADURA 
ISLAND, ON PARANÁ RIVER. 

 

SOURCE: The Author (2022). 

LEGEND (1): (A): GSAVI Landsat image (03/05/2017) from the Ferradura island region, on the Paraná 
River with the sampling points in which pink points represents vegetation and green points macrophytes; 
(B): CNES image (Google Earth Engine, 2022) Vegetation and permanent settlement detailing at 
Ferradura island, on Paraná River and; (C): Ferradura island field research photographic with large 
vegetation fixed to the ground and Typha domingensis in the water (05/04/2022). 
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After defining the best index and range for macrophyte identification, all 

images between the years 1984 and 2021 (597 images) were clipped, in order to 

encompass only the representative polygon of the reservoir area to the height 280 m 

(operational quota), and a cloud mask was applied to select only cloud-free images. 

Images that met this condition (179 images) underwent a visual analysis and it was 

necessary to discard the images which presented interference due to the sunlight (5 

images), by the attenuation of the color (30 images) and images that did not 

contemplate the entire reservoir (2 images) (FIGURE 10). Next, a macrophyte mask 

was applied to the remaining images (142 images), so that the macrophyte area was 

calculated by counting pixels. 

 

TABLE 7 - COHEN'S KAPPA COEFFICIENT REFERENCES. 

Kappa Strength of Agreement 
≤ 0,00 Poor 

0,01 - 0,20 Slight 
0,21 - 0,40 Fair 
0,41 - 0,60 Moderate 
0,61 - 0,80 Substantial 
0,81 - 1,00 Almost Perfect 

SOURCE: Adapted from Landis & Koch (1977, p. 165). 

 

FIGURE 10 - EXAMPLE OF ERRORS PRESENT IN IMAGES WHICH WERE DISCARDED AFTER 
VISUAL ANALYSIS 

 

SOURCE: The Author (2022). 

LEGEND (A): GSAVI Landsat image (24/11/2010) with sunlight interference in the northern region of 
the Paraná River; (B): GSAVI Landsat image (24/11/2010) with erroneous macrophytes classification 
due to sunlight interference in the northern region of the Paraná River, and; (C): GSAVI Landsat image 
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(28/08/1984) which did not contemplate the entire region of the Jupiá reservoir, in addition to presenting 
a more attenuated color (shades of green) in comparison to A. 

 

3.3 CURVES AND MAPS OF MACROPHYTE AREA PERMANENCE 

 

After calculating the area of macrophytes in each image, a permanence curve 

was calculated by ordering the values in descending order and calculating the 

frequency, using Kimbal's method. In this method the frequency is calculated so that 

the denominator is the sum of the sample size plus 1. 

Additionally, by mapping the spatial distribution of macrophytes in each image, 

the permanence of macrophytes in each pixel was calculated. This could be done 

because the macrophyte classification returns a binary result of the presence or non- 

presence of macrophyte in each pixel. The procedure was performed using the 'raster 

calculator' tool of QGIS 3.16.16-Hannover software, through the sum of all macrophyte 

masks and frequency calculation was also done by the Kimbal method. 

In both analyses, in addition to observing the complete series, the data were 

also grouped seasonally, to verify if there were interannual variations, and also by 

decades to evaluate. 

 

3.4 ENVIRONMENTAL VARIABLES EFFECTS ON MACROPHYTE GROWTH 

 

There are some physical and environmental characteristics that influence the 

growth of macrophytes for example the availability of nutrients (both those disposed in 

the sediment and those dissolved in the water), the availability of light (which in turn 

depends on factors such as incident solar radiation and water turbidity), temperature 

(as it acts as a catalyst in photosynthetic processes), hydrodynamic and hydrological 

conditions (either by the variation of levels or by the speed of current, such as by the 

rainy and dry seasons), and also the action of predators (BIANCHINI JUNIOR, 2003; 

ESTEVES, 1998; TUNDISI; TUNDISI, 2008). 

One of the indirect ways of verifying changes in nutrient availability is through 

changes in land use, since the increase in human activities, such as urbanization and 

agriculture, is a factor that can cause eutrophication of water bodies. To investigate 

this phenomenon, the watershed of the Jupiá reservoir was delimited (considering the 

dam as an outlet), and the incremental areas of each contribution from the reservoir 
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were also calculated: Sucuriú River (considering the beginning of the reservoir as an 

outlet) and the reservoirs of Ilha Solteira and Três Irmãos (both considering the dam 

as an outlet for the basin). In these areas, changes in land use were verified with 

MapBiomas data over the years 1985-2020, also through the GEE platform. 

As there is no variation in Jupiá level, to verify the influence of the reservoir 

hydrodynamics on the macrophytes growth, the average monthly outflows of the 

upstream plants of Jupiá (Ilha Solteira HPP and Três Irmãos HPP) were analyzed, 

while, to assess the influence of climatological conditions, temperature and 

precipitation were analyzed. 

 

4 RESULTS AND DISCUSSIONS 
 

The results will be presented below according to the disposition of the 

methodology. First, the best index and its respective range will be defined for the 

classification of macrophytes in the images. Next, the macrophyte area historical series 

and seasonality analyzes will be illustrated, as well as the permanence curves for each 

season and for each decade covered. In the same way, the maps of permanence will 

also be presented. As a conclusion, it will be exposed how the macrophytes historical 

series was related to changes in land use, precipitation and temperature, and also to 

the operation of HPPs upstream of the Jupiá reservoir. 

 

4.1 MACROPHYTES IDENTIFICATION IN LANDSAT IMAGES 

 

To verify the boundary between the classes (water, macrophyte and 

vegetation), the 70% of sampling points frequency of the NDVI, GNDVI and GSAVI 

spectral indices were analyzed, in addition to the bands that compose them: Red, 

Green and Nir (FIGURE 11). 

In the histograms, it can be seen there was a massive overlap from three 

classes for Green, while for Red, the overlap was not so great between the macrophyte 

and vegetation classes, although it still exists. For the Nir band, the overlap was smaller 

when compared to the visible bands (Green and Red). 

The values recorded in the water class correspond to the spectral behavior 

expected by this class: great absorption of Nir radiation and low reflectance in the 
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visible bands (NOVO, 1989); which implies negative and close to zero values of the 

analyzed indices (GITELSON et al., 1996; HUETE, 1988; ROUSE et al., 1973). 

FIGURE 11 - FREQUENCY DIAGRAMS OF RED, GREEN AND NIR BANDS, AND NDVI, GNDVI 
AND GSAVI SPECTRAL INDICES CONSIDERING 70% OF THE WATER, MACROPHYTE AND 

OTHER VEGETATION DATA. 

 

SOURCE: The Author (2022). 

 

The macrophytes and other vegetation values followed the general behavior 

of vegetation: they reflect a lot of Nir radiation and little of visible radiation; which 

implies positive values for the analyzed indices (GITELSON et al., 1996; HUETE, 

1988; ROUSE et al., 1973). The difference between these classes may be in the color 

of each species (Red) as well as in the water interference on macrophytes (NOVO, 

1989). 

For the three spectral indices, it was possible to observe an overlap between 

the macrophyte and other vegetations classes and a distinct separation between the 

water and macrophyte classes, which is the reason why only the intersection between 

the macrophyte classes and other vegetations was verified. With these data, for each 

index, 16 probability distributions were adjusted and the value of the Anderson-Darling 

(AD) adherence test (NAGHETTINI; PINTO, 2007) was evaluated. For all indices, of 
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the curves tested with data from other vegetations, none showed an acceptable p-

value (p-values < 0.05), while for macrophytes data, only the 3-parameter Weibull 

distribution met the test (p -value = 0.073). Anyway, it was found that in the region of 

intersection between the classes, both macrophytes and other vegetation data can be 

approximated by a normal distribution (FIGURE 12). 

 

FIGURE 12 - FIT OF MACROPHYTE AND OTHERS VEGETATION DATA TO NORMAL 
DISTRIBUTIONS. 

 

SOURCE: The Author (2022). 

LEGEND: the upper limit of each index was obtained at the point where the probabilities of the curves 
were equal, and the lower limit was determined at the value where 90% of the data were encompassed. 

 

Thus, for each index, the upper limit of the macrophyte class was determined 

from the value where the macrophyte classes and other vegetations PDF curves 

(probability density function) coincided. The macrophyte class lower limit was given by 

the PDF curve, in order to encompass 90% of the data, based on the value of the upper 

limit. With the limits of each index determined, to find out which index-interval set 

presented the best behavior, the 30% remaining points of each class were used to 

calculate the confusion matrix and the Kappa coefficient. 

It was observed that three index-interval sets presented high values for the 

Kappa coefficient (TABLE 8), being the use of any of them very satisfactory for aquatic 

macrophytes identification in Landsat images (LANDIS; KOCH, 1977). 

Therefore, the GSAVI index-interval set (0.024 to 0.294) was adopted, 

because its kappa result’s was superior to the others. For the water classification, all 

values below 0.024 were considered, while for other vegetation, all values above 
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0.294. For instance, two images were selected - being: one before (FIGURE 13) and 

another after the May/2017 event (FIGURE 14) – in which it is possible to notice the 

macrophytes cover change in the region of the Paraná River, and of even more 

substantially on the Tietê River. 

 

TABLE 8 - AQUATIC MACROPHYTE CLASSIFICATION CONFUSION MATRICES AND MODEL 
ACCURACY 

 

SOURCE: The Author (2022). 

LEGEND: W¹ = Water; A.M.² = Aquatic Macrophyte and; O.V.³ = Others Vegetation. 

 

FIGURE 13 - AQUATIC MACROPHYTES IDENTIFICATION IN THE LANDSAT 8 IMAGE FOR 
03/05/2017. 

 

SOURCE: The Author (2022). 

 

Index NDVI  
(0.045 – 0.249) 

GNDVI 
 (0.028 – 0.239) 

GSAVI 
 (0.024 – 0.294) 

Actual W¹ A.M.² O.V.³ W A.M. O.V. W A.M. O.V. 

Pr
ed

ic
te

d 
C

la
ss

 W 1,252 0 0 1,252 0 0 1,252 0 0 
A.M. 0 1,169 71 0 1,173 41 0 1,176 37 
O.V. 0 71 1,181 0 67 1,211 0 64 1,215 

Kappa 0.962 0.971 0.973 
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FIGURE 14 - AQUATIC MACROPHYTES IDENTIFICATION IN THE LANDSAT 8 IMAGE FOR 
06/07/2017. 

 

SOURCE: The Author (2022). 

 

4.2 MACROPHYTE AREA HISTORICAL SERIES 

 

Between 1984-2021, 142 images were considered able for use. These images 

are heterogeneously distributed over time (TABLE 9), since in 2003, 2011, 2012 and 

2013 there were no appropriate images, also there are different amounts of images 

between years, and in a year, between seasons. 

Macrophytes identification in these images was performed by applying the 

macrophyte mask using the GSAVI index (0.024-0.294), while the area was 

determined by counting pixels. It was possible to notice a growth trend (stationarity 

hypothesis rejected) with the advancement of time (FIGURE 15), in which, by adjusting 

a linear trend (R² = 0.41) the growth rate is 4.55 10-4 km²/day. The highest recorded 

area value was 26.57 km² on 12/21/2020 (8% of the reservoir area) while the smallest 

mapped area was on 03/14/1987 with 10.52 km² (3% of the reservoir area), 

accumulating a difference of more than 50%. The average area observed throughout 

the period was 16.83 km² (5% of the reservoir area). Other authors who used similar 

methodologies, and Landsat set images, also observed growth over the analyzed 
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period (COLADELLO et al., 2020; LIMA et al., 2018; LUO et al., 2016; MINHONI et al., 

2017, 2018). 

 

TABLE 9 - QUANTITY AND TEMPORAL IMAGES DISTRIBUTION USED TO COMPOSE THE 
MACROPHYTE COVERAGE TIME SERIES BETWEEN 1984-2021. 

 

SOURCE: The Author (2022). 

 

With the seasonality analyses throughout the historical series, it was possible 

to notice that there were decrease in areas in Winter and Spring, while in Autumn there 

was an increase (FIGURE 15). Furthermore, until 1996, the largest areas occurred in 

Winter and/or Spring, however there was an inversion and since then these values 

have been recorded in Summer and/or Autumn. This is similar to what was described 

by Rosa et al. (2018) who found an increase in the area between March and April 

followed by a decrease between April and September in a branch of the Itaipu 

reservoir. 

Likewise, from 2014 onwards, a greater number of elevated area is registered 

in Autumn, while smaller areas are registered in Winter, which could be a potential 

indicator that there is detachment and/or transport of macrophytes between these 

seasons 
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FIGURE 15 - MACROPHYTE COVERAGE AREA HISTORICAL SERIES FOR THE 142 IMAGES 
SELECTED USING GSAVI INDEX (0.024 - 0.294) AND PRESENTED BY SEASON. 

 

SOURCE: The Author (2022). 

 

Furthermore, a growth trend over time it was also verified (stationarity 

hypothesis rejected) for the maximum and minimum values of each year. Curves were 

fitted for those data, which in, for the maximum annual area data, the fit was superior 

to the curve containing the complete series (FIGURE 16). 

 

FIGURE 16 - MAXIMUM AND MINIMUM AREAS OF MACROPHYTES AND LINEAR TREND CURVE 
FIT. 

 

SOURCE: The Author (2022). 

 

4.3 MACROPHYTE AREA PERMANENCE CURVE 

 

Macrophyte area permanence curves were calculated for the entire period 

analyzed and seasonally, separating all data into distinct curves for each of the 

decades and for each season. 

Considering the complete series, the data could be satisfactorily fitted by a 

polynomial of third degree (R² = 0.98) (FIGURE 17), although the maximum values 

were being underestimated. The curve showed a smooth behavior and similar to an S, 
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which implies that intermediate values have little variation between them, and more 

accentuated variations at the ends. 

Observing the behavior over the decades, it is possible to see the areas 

increased over the decades, especially when it comes to areas with the highest 

macrophytes cover, that is, frequencies < 50% and at maximum values (FIGURE 17). 

For most of the time (frequencies > 50%), the 2000s presented values slightly higher 

than the 2010s, followed by the other decades in descending order. It is also 

noteworthy the curve of the 2010s was always higher than the historical series curve, 

corroborating the growth trend observed in the stationarity test. 

 

FIGURE 17 - MACROPHYTE COVERAGE AREA PERMANENCE CURVES FOR EACH DECADE 
(1984-1989, 1990-1999, 2000-2009 AND 2010-2021), FOR THE ENTIRE HISTORICAL SERIES (1984-
2021) AND ITS RESPECTIVE POLYNOMIAL ADJUSTMENT CURVE 

 

SOURCE: The Author (2022). 

 

In addition, the area variation was greater (σ = 3.17 km²) in the 2010s, which 

is the broader curve than the others (FIGURE 18). The 1990s and 2000s had 

intermediate behavior and similar variations (σ = 1.92 km² and σ = 1.79 km², 

respectively), with the difference in the 2000s having values slightly higher than the 

previous one. Corroborating previous results, the 1980s were the decade that 

presented, besides the smallest variation (σ = 1.12 km²), the smallest minimum, 

average and maximum values. 
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FIGURE 18 - BOXPLOT OF THE MACROPHYTE AREAS VARIATION EACH DECADE 

 

SOURCE: The Author (2022). 

 

When it is analyzed seasonally, it can be seen again that the highest 

macrophyte areas were recorded in Summer and Autumn. In most of the analyzed time 

(84%), for all seasons, the occupancy area was greater than 14 km² (4% of the 

reservoir area), and in 50% of the time the macrophyte occupancy area remained 

between 16 and 18 km² (FIGURE 19). This curve overlapping in the highest frequency 

region could may be a reflection of area variation between the seasons being smaller 

in the first half of the series (1985-2005) when compared to the final period (2005-

2021). 

The season that presented the greatest dispersion of values (σ = 4.89 km²) 

was the Summer, which englobe the historical series of maximum and minimum 

values, with an amplitude of 16.05 km². Spring was the season with the lowest data 

amplitude (σ = 1.93 km²) (FIGURE 20), with the difference between its extreme values 

being 6.74 km². It is noteworthy that Summer and Spring were the seasons that 

presented about 3.5 times less images than Autumn and Winter, as the presence of 

clouds was the limiting factor, due to greater precipitation in this period (FIGURE 6). 

This limitation was already expected as a consequence the interference of clouds in 

the optical sensors of orbital satellites and was a common factor for the image’s 

quantity used in several other studies (COLADELLO et al., 2020; ROSA et al., 2018). 
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FIGURE 19 - MACROPHYTE COVERAGE AREA PERMANENCE CURVES FOR EACH SEASON 
(SUMMER, AUTUMN, WINTER AND SPRING), FOR THE ENTIRE HISTORICAL SERIES (1984-2021) 
AND ITS RESPECTIVE POLYNOMIAL ADJUSTMENT CURVE. 

 

SOURCE: The Author (2022). 

 

FIGURE 20 - BOXPLOT OF THE MACROPHYTE AREAS VARIATION IN EACH SEASON OF THE 
YEAR. 

 

SOURCE: The Author (2022). 

 

Moreover, aiming at a trend analysis of extreme values, the permanence curve 

was also calculated for the maximum area recorded in each year (FIGURE 21). The 

curve followed a decreasing linear behavior and was fitted to a 1st degree polynomial 

(R² = 0.94). Although the coefficient of determination is high, by the linear adjustment, 

the low frequency values (0% -10%, range that, for this analysis, is considered the 

most worrying) are underestimated when observed in the historical series. However, 

for the other frequencies, the adjustment was satisfactory. For most of the time 

(frequencies > 50%) the maximum area values ranged from 12 to 18 km², while for 

areas with higher macrophyte occupancy, that is, frequencies between 0 and 10%, 

there was a jump of 6 km². 
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As there is periodicity between the data in this series, the time of occurrence 

associated with the macrophytes permanence was also calculated (FIGURE 22). The 

data follow a similar behavior to a logarithmic growth and were also adjusted (R² = 

0.92). In this case, despite the coefficient of determination being high and well 

representative by the logarithmic adjustment for almost the entire series, the value 

associated with the longest time interval (35 years, a value that, for this analysis, is 

considered the most worrying) was overestimated. 

Once more, in both analyses, it was found that the areas with the highest 

values correspond to the most recent decades, while the smaller areas correspond to 

the 1980s. 

 

FIGURE 21 - PERMANENCE CURVE OF MAXIMUM MACROPHYTE AREAS AND ITS RESPECTIVE 
LINEAR ADJUSTMENT. 

 

SOURCE: The Author (2022). 

 

FIGURE 22 - RETURN TIME CURVE OF MAXIMUM MACROPHYTE AREAS AND ITS RESPECTIVE 
LOGARITHMIC FIT. 

 

SOURCE: The Author (2022). 
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4.4 MACROPHYTE AREA PERMANENCE MAPS 

 

Even before it is possible to calculate the area, the identification of 

macrophytes in the images through the application of the macrophyte mask using the 

GSAVI index (0.024-0.294) provides the spatial distribution in the reservoir, which 

made it possible to calculate the spatial shape permanence. For better visualization, 

the spatial distribution of macrophyte permanence was divided into three classes: low 

permanence (in blue), intermediate permanence (in green) and high permanence (in 

red) (FIGURE 23). 

In the entire reservoir, three regions are worth mentioning. The first one is a 

stretch of the Tietê River, where, even with low permanence values, at some point 

almost all its extension was already occupied by macrophytes. Besides this low 

permanence, these values represent more recent areas of occupation, which indicates 

that macrophytes are developing in new areas of the reservoir. Another highlighted 

region is the initial stretch of the Paraná River, where we can observe the presence of 

macrophytes with greater permanence near the bank, while more central regions 

present lower permanence. As for the initial stretch of the Sucuriú River, it stands out 

for the high number of regions with a high permanence of macrophytes. For the other 

areas, in general, there is a predominance of macrophytes at the reservoir banks 

(FIGURE 23). 

For each of these three regions, the permanence was mapped considering 

seasonal variations and variations over the decades (FIGURE 24, FIGURE 25 and 

FIGURE 26). 

In the Tietê River, it is noted from Spring to Summer there is an increase in the 

occupied area and permanence, while from Summer to Autumn there is an increase in 

area and a decrease in permanence. From Autumn to Winter, there is a decrease in 

both area and permanence, while from Winter to Spring there is a reduction in area, 

but an increase in permanence. These last two behaviors were also observed in a 

branch of the Itaipu reservoir, located about 550 km downstream from Jupiá (Rosa et 

al., 2018). It is also noteworthy there are regions in left bank which present intermediate 

permanence throughout all seasons, which may indicate regions of active renewal of 

these organisms (such as macrophyte nurseries) (FIGURE 24). 
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FIGURE 24 - PERMANENCE MAP DETAILING FOR THE TIETÊ RIVER REGION WITH VARIATIONS 
BETWEEN SEASONS AND DECADES. 

 
SOURCE: The Author (2022). 

 

Likewise, for the variation between decades, the general behavior over the 

years was an increase in occupied area and permanence. In the 1980s there was a 

predominance of macrophytes on the banks reaching high permanence values, while 

from the 1990s the area extends to the center of the channel. Subsequently, in the 

2000s, there was a clearer delimitation of macrophyte areas (such as island formations 

in the channel center) and an increase in permanence in regions close to the banks. 

This behavior became even more pronounced in the 2010s (FIGURE 24) and is 

associated with lower flow velocities that, due to the channel geometry, end up 

becoming shelters for the development and establishment of these organisms 

(THOMAZ, 2002). This result corroborates another study wherein it was found that the 

53% increase in the area of macrophytes in the São Francisco River was observed on 

the bank with lower speed and depth, rather than on the bank where there is navigation 

(MINHONI et al., 2018). 

Conversely, for the Paraná River (FIGURE 25), mainly in the region of 

Ferradura island and for the left bank (considering the river flow direction), from Spring 
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to Summer there is an increase in the area of occupation and a decrease in 

permanence, while from Summer to Autumn there is a decrease in the area of 

occupancy and increased permanence. This behavior is repeated from Autumn to 

Winter and from Winter to Spring (FIGURE 25). Variations in area and permanence 

over the decades occurred similarly to the Tietê River, with emphasis on the increase 

in area on the left bank and on Ferradura island. 

Otherwise, in the Sucuriú River the variation is not as pronounced as in the 

other analyzed regions, both for the variation between seasons and over the decades. 

Here it is noted that the Summer was the season that presented shorter permanence 

than others, and in the Spring, there were more areas with high permanence. As for 

the permanence variation over the decades, despite the areas remaining constant, it 

is noted the 1990s presented higher permanence for the areas occupied by 

macrophytes and that this value decreased over the following years, with the 2010s 

permanence lower than 2000s (FIGURE 26). 

 

FIGURE 25 - PERMANENCE MAP DETAILING FOR THE PARANÁ RIVER REGION WITH 
VARIATIONS BETWEEN SEASONS AND DECADES. 

 

SOURCE: The Author (2022). 
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FIGURE 26 - PERMANENCE MAP DETAILING FOR THE SUCURIÚ RIVER REGION WITH 
VARIATIONS BETWEEN SEASONS AND DECADES. 

 

SOURCE: The Author (2022). 

 

4.5 ENVIRONMENTAL VARIABLES EFFECTS ON MACROPHYTE GROWTH  

 

After verifying macrophyte area growth trends over time and seasonal 

variations, some limiting factors to macrophyte growth were analyzed in order to verify 

if and which environmental variable contributed to these processes. 

 

4.5.1  Land use analysis  

 

For the four basins analyzed (Jupiá basin, and the incremental basins of the 

Ilha Solteira and Três Irmãos HPP and the Sucuriú River), in general, it was verified a 

decrease in natural areas of forest and non-forest natural formations (eg. fields and 

rock formations) while increasing the coverage of agricultural activities and non-

vegetated areas (eg. urban areas and mining) (FIGURE 27). 
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The incremental basin of the Sucuriú River (with the smallest area) was the 

one that presented the greatest variation in land use; however, this variation is small 

when compared to the basin total area (Jupiá). This fact may indicate the presence of 

agricultural activities in this region is contributing to the high permanence of 

macrophytes in this reservoir area. 

Macrophyte growth was also associated with nutrient concentration in the 

Paraíba do Sul River (São Paulo, Brazil) (LIMA et al., 2018), but due to population 

growth and, consequently, to environmental problems caused by it, such as incorrect 

disposal waste. Meanwhile, Minhoni et al. (2017) raised as a possible reason for 50% 

macrophytes area increase in Barra Bonita reservoir between 2014 and 2015, the 

decrease in the reservoir discharge (due to less precipitation in the period). The 

authors also noticed greater macrophytes agglomeration in places with less water 

volume and associated this with a greater nutrient’s concentration. 

 

FIGURE 27 - LAND USES VARIATION IN THE JUPIÁ WATERSHED AND IN THE INCREMENTAL 
WATERSHEDS (ILHA SOLTEIRA, TRÊS IRMÃOS AND SUCURIÚ) BETWEEN 1985 AND 2020. 

 

SOURCE: The Author (2022). 

 

4.5.2 Temperature and precipitation analysis  

 

Although Jupiá reservoir is in a tropical region, the macrophyte area showed 

similar behavior to macrophyte species from temperate climates over the last 8 years 

(FIGURE 28). In general, primary productivity reaches the highest rates during Spring, 

when shoots appear and, as temperature and solar radiation increase, leaves also 

develop. During the Summer, productivity is lower than in the previous season, 

however it's when the highest biomass values are recorded. At the end of this season, 
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the formation of debris begins, and by the end of Autumn the community is practically 

dead (ESTEVES, 1998). 

This cyclical and seasonal behavior coincides with what was observed in 

climatological variables such as precipitation and temperature, since the availability of 

light impacts photosynthetic processes and higher temperatures act as catalysts. 

However, Luo et al. (2016) found that the growth of certain macrophyte species 

responds faster to temperature than others, so that the cyclic behavior may be time-

shifted. 

 

FIGURE 28 - SEASONAL VARIATION OF MONTHLY PRECIPITATION, MONTHLY MEAN 
TEMPERATURE AND MACROPHYTE AREA OVER 2014-2021. 

 

SOURCE: The Author (2022). 

 

4.5.3 Upstream HPP discharge analysis 

 

When comparing the macrophyte area data with the operational discharge of 

the plants upstream Jupiá reservoir, it is worth highlight the first macrophyte area peak 

(October/1991) follows the filling (CESTARI JUNIOR; CELERI, 1999) and the 

beginning of the spill (April/1991) of the Três Irmãos reservoir (FIGURE 29). The 

interval between these events could be justified by the fact that spill started in a period 

when naturally there is senescence of these organisms (Autumn) and the macrophyte 

peak occurs in the season when primary production reaches the highest rates (Spring), 

as described above. 

Likewise, the formation of the Três Irmãos reservoir may have contributed to 

the increase in the amount of nutrients in the water, due to the biomass decomposition 
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process inside the reservoir, while the Tietê River damming may have caused the 

decrease of the downstream current velocity, providing a peaceful and more favorable 

environment for macrophytes development. 

Furthermore, in April/1991 there was also a peak of maximum monthly flows 

spillway and outflow at Ilha Solteira HPP, and the hourly value recorded (Qout max = 

23,526 m³/s e Qspill max = 17,000 m³/s) was the highest of all the historic serie. 

 

FIGURE 29 - MAXIMUM MONTHLY (HOURLY) OUTFLOW, SPILLWAY AND TURBINE DISCHARGE 
AT ILHA SOLTEIRA AND TRÊS IRMÃOS HPP. 

 

SOURCE: The Author (2022). 

 

When it is analyzed the flows from Três Irmãos HPP, there was a peak of 

maximum monthly flows spillway and outflow in June/2016, with the recorded hourly 

value (Qout max = 5,160 m³/s and Qspill max = 4,795 m³/s) was the highest of the entire 

historical series. When it is analyzed the 2017 event, although there was also a peak, 

the monthly maximum hourly flows (Qout max = 3,401 m³/s and Qspill max = 1,799 m³/s) 

were lower than those recorded in 2016. Although the effluent volume in 2017 was 

23.7% lower than in 2016, in the 2017 event there were consecutive abrupt increases 

in discharge, the first being at the beginning of the event (1,167 m³/s in 4h), followed 

by another 16h later (1,828 m³/s in 11h) in addition to 2 cycles of decrease and 

increase (1,209 m³/s in 2 and 3h, 961m³/s in 2h and 1,209m³/s in 4h) 39h after the start 

of the event (FIGURE 30). 
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However, when we consider the inputs through the Paraná River, despite a 

slight increase in spillway discharge in 2016, in 2017 the outflow discharge remained 

at the same magnitude (FIGURE 29). 

 

FIGURE 30 - COMPARISON BETWEEN JUNE/2016 AND MAY/2017 OPERATIONS IN TRÊS 
IRMÃOS HPP. 

 

SOURCE: The Author (2022). 

 

Considering that: (i) the mapped area close to the date of these two events is 

similar; (ii) that in terms of total area, they did not stand out throughout the historical 

series and; (iii) both events happen in Autumn; it is may be possible that the reason 

why, unlike in 2016, the 2017 event caused impacts both on the spatial arrangement 

of macrophytes (FIGURE 13 and FIGURE 14) on energy generation could be related 

to the outflow discharge to Jupiá reservoir. 
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5 FINAL CONSIDERATIONS 
 

In summary, the use of the GEE platform enabled the use of a significant 

number of images quickly, free of charge and without the need of computers with high 

processing power. Despite the amount of satellite images being a limitation, due to 

interferences such as sunlight or cloud cover, satellite images used to set up a 

historical series of macrophyte occupation in the Jupiá reservoir proved to be very 

satisfactory. This study can be widely expanded to other reservoirs, since nowadays 

there is still a lack of historical information about their evolution, despite the monitoring 

of these organisms being a current concern (given the damage caused to energy 

generation, for example). 

The knowledge of the total area and the spatial arrangement of macrophytes 

over the years allowed us to observe, besides the growth trend, cyclical behaviors 

coinciding with interannual climatic seasonality, such as detachment and/or death 

trends of organisms between two consecutive seasons. This information can and 

should be used as a basis for decision-making regarding monitoring, removal and 

management of these organisms, thus contributing to ensuring the multiple uses of 

water. 

Another factor to be highlighted is that the outflow discharge on may have 

caused the displacement of a significant amount of macrophytes from the Tietê River 

to the Jupiá dam in 2017, causing the interruption of energy generation. Even though 

the macrophyte mapped area in this event is high, it was not the largest recorded in 

the entire series. The realization of this fact raises an alert that, as there is a tendency 

for macrophyte areas to grow (regardless of the interannual variations verified), if in 

the future there is a need for a similar operation, the severity of the impacts on energy 

generation also tends to be greater than recorded in 2017. 

Although some limiting factors to the growth of macrophytes have been 

verified, due to the complexity of the interaction of macrophytes with the environment, 

the use of satellite images to analyze the temporal evolution of physicochemical 

variables is suggested as a topic for future research, to verify other reasons for the 

increase in the coverage of macrophytes, especially after the construction of the Três 

Irmãos reservoir. 
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