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Abstract

Aquatic macrophytes are important components of wetland ecosystems, and
studying them contributes to a better understanding of ecological succession in the
Pantanal. The function and history of floating macrophytes on the shores of Lake Uberaba,
located on the Paraguay River floodplain, were examined. A multitemporal analysis of
Landsat satellite images in the years 1984-2015 was conducted. For the analysis, a land
cover map was generated with three classes: water, aquatic macrophytes, and surroundings
(undefined vegetation). The results revealed ~21.4% decrease in open water area of
the lake over a period of 26 years (-4.7 km?/yr.). The expansion of vegetation helps
explain the loss of open water and the recent shrinkage of Lake Uberaba. Macrophyte
surface area along the lake margins grew by 1.4 km?/yr. Through ecological succession,
the growth and decay of aquatic plants (r-strategists) along the lake shore likely provided
the soil substrate needed for colonization by terrestrial plant assemblages (k-strategists).
This hypothesis that we propose to describe the evolution of dynamic geomorphological
processes in Lake Uberaba should be tested in other areas to verify its applicability to
similar systems.
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Resumo

Evolucdo espaco-temporal das margens do Lago Uberaba,
planicie do Pantanal (Brasil)

As macrofitas aquaticas caracterizam-se como importantes componentes do
ecossistema Umido e seu estudo contribui para compreender o processo de sucessao
ecoldgica no Pantanal. Visando isto, o foco deste estudo foi determinar o papel das
macrofitas aquaticas flutuantes nas margens do Lago Uberaba, localizado na planicie
fluvial do rio Paraguai. Através de andlise multitemporal foram avaliados os anos entre
1984 a 2015, sendo utilizados para isto imagens da série de satélites Landsat. Para a
analise, foi gerado o mapa de cobertura do solo com trés classes: agua, macrofitas
aquaticas e entorno (vegetagdo indefinida). Os resultados revelaram decréscimo de
21,4% na lamina de agua do lago num periodo de 26 anos (-4,7 km?/ano). A expansdo
da vegetacdo ajuda a explicar a redugdo na lamina de agua e consequente diminuigdo
na area do lago. A cobertura de macrofitas no lago aumentou por 1,4 km?/ano. Na
sucessdo ecoldgica, o crescimento e morte de plantas aquaticas (r-estrategistas) nas
margens do lago provavelmente colaborou para a formagdo do substrato de solo, entdo
colonizado por plantas terrestres (k-estrategistas). Esta hipdtese que formulamos para
descrever a evolugdo de processos geomorfoldgicos dinamicos no Lago Uberaba deve
ser testada em outras areas para verificar sua aplicabilidade em sistemas similares.

Palavras-chave: Pantanal. Sensoriamento remoto. Sucessdo ecoldgica.
Geomorfologia. Macrofitas aquaticas.

INTRODUCTION

Floodplain lakes are the second most common type of lake in the world and are
particularly abundant in association with the large tropical rivers of central South
America (COHEN et al., 2015, p.2). Few studies have been conducted about the extant
lakes on the Pantanal floodplain, which originates from Andean tectonics (COHEN et
al., 2015, p.10). Regional (e.g., Andean mountain building) and local tectonic activity
influence the formation of numerous lakes in the Pantanal basin (MCGLUE et al., 2015,
p.56). These water bodies are often shallow and ephemeral over geologic time (COHEN,
2003, p.42). Several factors can influence the characteristics and longevity of floodplain
lakes. Erosional and sedimentary processes from fluvial systems may isolate and
create the accommodation necessary to form lake basins. By contrast, river-derived
sediments may also fill floodplain lakes over very short timescales (10:-10* yrs).

In terms of hydrology and geomorphology, measuring the extent of aquatic
macrophyte surface area can indicate the stage of ecological succession and longevity
of oxbow lakes and other floodplain lakes. The water hyacinth Eichhornia crassipes is
one of the most abundant aquatic macrophytes that compose camalotes (floating
islands lacking soil development) in the Pantanal wetlands (CASTRO et al.,, 2010, p.1;
PIVARI et al., 2008, p.564; POTT; SILVA, 2015, p.121). It is particularly effective at
producing organic material (i.e., histosols) that becomes a substrate for other vegetation
to grow (e.g., ANDERSON, 2014, p.373). This species can be considered a pioneer in
ecological succession, which is fundamental to the development of the varied Pantanal
biomes.

In the Pantanal, ecological succession can be triggered by avulsive processes
described by Assine et al. (2015a, p.107) (2015b, p.479) that cause flooding across
vast plains, which may be occupied by aquatic, semi-aquatic, and terrestrial
macrophytes. However, other more complex relations exist depending on factors such
as connection between floodplain and main river channel, nutrient exchange, and the
amount of sediments exported or stored (e.g., WARD et al., 1999, p.125; AMOROS
and BORNETTE, 2002, p.762; HEILER et al.,, 1995, p.352).
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In a succession originating from avulsions, the landscape and the composition
of its plants change over time, from flora composed predominantly of r-strategists
(i.e., species that invest energy in reproduction, marked by short life cycles), to more
terrestrial vegetation (e.g., grassy and woody vegetation) dominated by k-strategist
species (i.e., species that invest energy in biomass fixation, characterized by long life
cycles) (Figure 1). The r-strategist plants reproduce rapidly, whereas k-strategist plants
allocate resources to growth, resulting in increased longevity and size of the individuals
(GADGIL; SOLBRIG, 1972, p.14).
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Figure 1 - In this conceptual model, the dominance of k-strategist plants
relative to r-strategists over time in lacustrine areas of alluvial plains
were expressed as a function of sediment and organic matter
accumulation. The k-strategist plants have a greater chance
of success as accumulated sediment and organic matter
increasingly favor the terrestrial phase

Geotechnology is an important mechanism to analyze environmental change
due to ecological succession. The use of geotechnology such as remote sensing, image
processing, and geographic information systems (GIS) helps with monitoring and
identifying environmental changes in riverine ecosystems (e.g., GALO et al., 2002,
p.9). Not surprisingly, remote sensing is an approach widely used in various fields of
Pantanal research, since many areas of the wetlands are undeveloped and difficult to
access (COPATTI et al., 2015, p. 39; PALACIOS et al., 2016, p. 29; AYACH et al., 2014,
p. 140; ALMEIDA et al., 2003, p. 85).

Souza et al. (2011, p.2038) used images from the Thematic Mapper (TM) sensor
on the LANDSAT-5 satellite to map aquatic macrophytes in the Paraguay-Corixo Grande
sub-region (ASSINE; SOARES, 2004, p.25) over two decades. This research revealed
a positive correlation between the annual arrival of flood waters and the quantity of
aquatic macrophytes and identified 70 km? of permanent aquatic macrophytes in the
Paraguay River floodplain. Permanent macrophyte areas are a reliable source of biomass
energy (SOUZA et al.,, 2011, p.2041).

The objective of this study was to evaluate how the hydrogeomorphology of
free-floating aquatic macrophytes affects the evolution of the Lake Uberaba fluvial-
lacustrine system. Over time, we hypothesize that the successive accumulation of
senescent remains of r-strategist aquatic macrophytes after each annual flood pulse
can cause a nearly complete closure of the lake’s open water area, leading to
sedimentation and terrestrialization with predominantly k-strategist terrestrial
macrophytes. This type of analysis has important implications for ecohydrology, a
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concept that relates ecology and hydrology in the interpretation of geomorphic
processes (MORAES, 2009, p.677).

MATERIALS AND METHODS

Lake Uberaba (Figure 2) is situated near Morraria fnsua in the southern part of
the Pantanal of Caceres sub-region. It lies on the fringes of the Paraguay River fluvial
megafan, on the border between Brazil and Bolivia (ASSINE; SILVA, 2009, p.190). A
fluvial megafan is a large (> 103 km?) system of distributary rivers subject to seasonally
elevated discharge (LEIER et al., 2005, p.289; ASSINE and SILVA, 2009, p.193;
WEISSMANN et al.,, 2010, p.41; LATRUBESSE, 2015, p.2). Lake Uberaba is unique in
the Pantanal for being influenced by multiple active channels, such as Corixo Grande
and the recent Canzi River, identified by Assine et al. (2015a, p.100) (2015b, p.483).
The lake is situated in a strategic location for studying the distal toe of a tropical fluvial
megafan and primarily drains through Canal Dom Pedro II to Lake Gaiva. No information
in the published literature is currently available about the hydrosedimentology and
geological evolution of Lake Uberaba. The present elevation map was created based
on updated 1 arc-second SRTM (Shuttle Radar Topography Mission) with 30-m spatial
resolution (Figure 2).
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Figure 2 - Digital elevation map of the terrain at Lake Uberaba (outlined).
The southern and eastern margins contain higher relief, which is rare in
the Pantanal floodplain. The northern and western margins connect to
the floodplain and much of the Paraguay River megafan
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This study was based on a 30-year historic series of satellite images (1984-
2015) to map and quantify areas of open water and floating macrophytes in the lake
vicinity. Landsat satellite images were processed in GIS for temporal analysis. The
Landsat program is a series of environmental satellites developed by the United States
for terrestrial observations and monitoring (WOODCOCK et al., 2008, p.1011). The
first satellite of the program was launched in the 1970s, and the earliest satellite
images were taken in 1972.

Of the series of satellites, images were used from Landsat-5, Landsat-7, and
Landsat-8. Landsat-5 images from 1984 to 2011 were used except for the years 1999
and 2002 when Landsat-7 images provided better image quality. For the period 2013-
2015, images from Landsat-8 were examined. Suitable images were not available for
2012 because Landsat-5 was decommissioned in 2011, the scan line corrector was not
operational on Landsat-7, and Landsat-8 was not launched until 2013. Since the images
underwent a classification procedure, comparisons among the images from different
satellites (Table 1; PEREIRA et al., 2017, in press) were possible because spectral
analysis was not needed. To map the annual open water surface area of the lake,
images from the least rainy periods (decreased cloudiness) in the Pantanal dry season
between 7 July and 19 October (Table 2) were obtained (path 227, row 72),
georeferenced, and corrected from the USGS Global Visualization Viewer (GLOVIS,
http://glovis.usgs.gov/) catalog.

The images were processed in the open source GIS programs SPRING version
5.3 and QGIS version 2.8. False color composites were assembled (RGB-543 in Landsat-
5 and Landsat-7; RGB-654 in Landsat-8). To generate a land cover map, supervised
classification-based segmentation was applied to divide the images into regions
(objects), resulting in supervised classification oriented to object. Supervised
classification was accomplished in SPRING to map three thematic classes: water, aquatic
macrophytes, and surroundings (undefined vegetation). With this classification, the
land cover of each class could be estimated.

Table 1 - characteristics of the satellites that captured all
images used in this study

. Spatia_ll Radiome_tric NIR interval
Satellite Sensor Resolution Resolution Status
(m) (m) (m)
Landsat-5 ™ 30m 8m 0.76-0.90 inactive
Landsat-7 ETM+ L1T 30m 8m 0.76-0.90 inactive
Landsat-8 OLI_TIRS 30m 16 m 0.845-0.885 active

(PEREIRA et al., 2017, in press)

The Brazilian Navy provided Paraguay River stage height data measured at
Caceres, state of Mato Grosso (MT). These data were processed to obtain a historic
series of annual flood peaks. This was similar to the historic series presented by
Bergier and Resende (2010, p.39), who compared the Pantanal summer rainfall with
the flood peak measured at the gauge station in Ladario, state of Mato Grosso do Sul
(MS).
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Table 2 - Images used in this study were chosen from the USGS GLOVIS
catalog based on dates with minimum cloud cover during the dry season

Satellite Date Satellite Date Satellite Date

Landsat-5 07/07/1984 Landsat-5 07/08/1995 Landsat-5 06/09/2006
Landsat-5 27/08/1985 Landsat-5 25/08/1996 Landsat-5 24/08/2007
Landsat-5 15/09/1986 Landsat-5 15/10/1997 Landsat-5 11/09/2008
Landsat-5 01/08/1987 Landsat-5 02/10/1998 Landsat-5 29/08/2009
Landsat-5 06/10/1988 Landsat-7 27/09/1999 Landsat-5 19/10/2010
Landsat-5 07/09/1989 Landsat-5 07/10/2000 Landsat-5 06/10/2011
Landsat-5 09/08/1990 Landsat-5 08/09/2001 Landsat-8 25/09/2013
Landsat-5 15/10/1991 Landsat-7 03/09/2002 Landsat-8 27/08/2014
Landsat-5 29/07/1992 Landsat-5 29/08/2003 Landsat-8 15/09/2015

Landsat-5 04/10/1993 Landsat-5 31/08/2004
Landsat-5 19/07/1994 Landsat-5 02/08/2005

In addition, fieldwork was conducted in September 2015 to verify the type of
terrestrial vegetation at select sites. This work mainly consisted of taking photos of
the shoreline vegetation, and making observations of the soil substrate along the
varied shores. The vegetation analysis in satellite images was done based on pixel
color. Therefore, fieldwork served to verify and minimize potential errors in supervised
classification, helping distinguish between aquatic macrophytes and undefined
vegetation.

Fieldwork was also an opportunity to conduct a bathymetric survey using a
Furuno model GP-1650WF (200 kHz) echo sounder. A depth sounding was collected
every 2 m along transects that spanned the lake. These depth data were interpolated
by kriging (TopoToRaster) in ArcGIS 10 and manual contouring in Adobe Illustrator
CS6 to generate the final bathymetric map.

RESULTS AND DISCUSSION

The evidence obtained from this study indicates that the open water area of
Lake Uberaba decreased ~21.4% over a period of 26 years (1985-2011), accompanied
by increased aquatic macrophyte surface area (Figure 3, Table 3). However, the advance
of the macrophyte coverage in the lake occurred independent of precipitation variability
and fluvial discharge. This finding was based on the Caceres, MT river level, which
was considered a proxy for some of the lake inflows.

Figure 4 presents the results obtained from Landsat image analysis and from
Paraguay River flood peaks at the Caceres gauge station. In Figure 4C, we interpret
that the macrophyte surface area will surpass 60% in the following decades. Considering
that the largest part of this advancement was due to baceiros of Cyperaceae (floating
islands with organic soil), the reduction in open water can represent an effect of
ecological succession from r-strategist to k-strategist vegetation in these hydrologically
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dynamic environments as a function of avulsive processes (ASSINE et al., 2015a,
p.87; PIVARI et al., 2008, p.564).

12006 “TE7S & ‘. ,
Qa2 km Bl Aquatic Macrophytes Bl Water

Figure 3 - Macrophytes (green) and water (blue) at the study site are
featured in this abbreviated series of images. The area of open water
reduced from 463 km? (1985) to 364 km? (2011), which represents
~21.4% loss. A large growth of aquatic macrophytes occurred
in the northern part of the lake. Aquatic plants spectrally
classified as terrestrial or surrounding areas (in
white) also increased from 1985 to 2011

Table 3 - Numerical comparison of open water to macrophyte surface
area shows an overall trend of decreasing open water area. Note
that in 1985 and 2011, the Paraguay River stage at Caceres, MT,

Brazil was similar, which allows us to directly compare
the land cover maps from those years

iaur Open water Macrophyte surface Paraguay R.

area (km?) area (km?) stage (cm)
1985 463 567 543
1991 504 572 565
1996 463 602 506
2001 343 738 463
2006 396 643 538
2011 364 644 540

The annual flood peak at Caceres varied from 434 to 615 cm, with a slight
increase in the amplitude of the flood wave towards 2015 (Figure 4A). The annual
flood peak at Caceres correlated weakly with the total surface area of the lake (r =
0.142; p = 0.445). On the other hand, the total area of the lake diminished at an
annual rate of 3.33 km?/yr (Figure 4B). The area of open water varied between 317
km? and 642 km?, with a linearly decreasing rate of 4.7 km?/yr.,, whereas the area of
aquatic macrophytes varied between 405 km? and 772 km?, with a linearly increasing
rate of 1.4 km?/yr.
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Figure 4 - Comparison of variations in hydrologic indicators in the
interval 1984-2015: (A) level of the Paraguay River at Caceres, MT
(river stage, in centimeters) upstream of Lake Uberaba; (B) open
water area in Lake Uberaba; (C) relative areas of open
water and aquatic macrophytes in Lake Uberaba

The lake is shallow (Figure 5), with progressive change in depth due to low
slope along the Paraguay River megafan. This feature allows for macrophyte colonization
in regions with sufficient light reaching the lake bottom (1.4-2.1 m), mainly along the
northern margins. The shape of the depth contours suggests the presence of
paleochannels oriented in a NE-SW direction, indicating the existence of a subaerial
floodplain prior to lake inception. However, active processes such as Canzi River inflow
from the eastern margins likely continue to shape the bathymetry.

During fieldwork in September 2015, baceiros were identified as floating masses
of aquatic macrophytes (Figure 6A), predominantly with grasses of the Cyperaceae
family such as Scirpus sp. (Figure 6B) and water hyacinths (Figure 6C) on the northern
margin of Lake Uberaba. Masses of camalote primarily composed of water hyacinths
were observed near the lake’s largest island (Morro do Pato), in the northeast (Figure
2) (PIVARI et al., 2008, p.564).



Lo, Edward L. / Silva, A. / Bergier, I. / McGlue, M. M. /
Silva, Beatriz L. de P. / Silva, Ana P. S. / Pereira, Luciana E.
/ Macedo, Hudson de A. / Assine, Mario L. /
v. 42, n. 3, set./dez. 2017 Silva, Edson R. dos S. 167

0.0-0.7 m
0.7-14m

P 14-21m
B 21-28m
B 2s35m 55

Figure 5 - Bathymetric map of Lake Uberaba in September 2015, showing
the low slope of the lake bottom. Depth increases towards the south

Figure 6 - Field photos of baceiros in different phenological stages (A)
on the northern margin of Lake Uberaba (17.46°S 57.86°W)
on 3 Sept 2015. The vegetation was dominated by
Cyperaceae (B) and water hyacinths (C)

Photo credit: Edward Lo

The Landsat image analysis revealed the presence of areas influenced by
suspended sediment, which was confirmed in the field. Although the date of the image
(15 Sept 2015) and the date of the fieldwork (3 Sept 2015) were not the same, the
suspended sediments was the most appropriate interpretation to explain the visible,
light-colored eddies in Lake Uberaba satellite images (Figure 7). We suspect a change
in mixing intensity likely occurred between these two dates, but the main factor behind
eddy visibility was suspended sediment with higher reflectivity (e.g. CAI et al., 2015,
p.300; MIN et al.,, 2012, p.387).
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o33

Figure 7 - In this Landsat-8 image from 15 September 2015 (false color
RGB-654), eddies and billows are visible in the water column
of Lake Uberaba. We interpret the lighter hues of blue
as greater suspended sediment concentration

Figure 8 presents a conceptual model of ecological succession in fluvial megafan
lakes with avulsive processes. Initially, colonization is accomplished by camalotes of
water hyacinths including Eicchornia sp., Salvinia sp., and other species (CASTRO et
al., 2010, p.2). As these plants develop, some break away and float freely in the form
of smaller camalotes, and others perish onsite (CASTRO et al., 2010, p.2). Species of
Cyperaceae are also part of the initial colonization process. These r-strategist plants,
however, tend to form baceiros, which are larger, more aggregated banks of floating
plants that tend to build up in successive layers as each generation dies. This successive
process leads to the formation of histosols (Figure 9, see PIVARI et al., 2008, p. 565).

Live plants are as important for sediment retention as plant remains, increasing
the capacity for histosols to sustain brushy and arboreal species (POTT; SILVA, 2015,
p.122). The growth of brushy and arboreal species can transform a system to a new
level of succession at the semi-terrestrial or purely terrestrial phase. Despite continued
influence from the annual flood pulse, the successional climax gives way to woody
vegetation, thereby transforming an environment preferentially aquatic to a
preferentially terrestrial one (Figure 8). This process may be one of the ways that
forested islands and corridors form in floodplains. The northern margins of Lake Uberaba
are dominated by floating aquatic grasses of the Cyperaceae family, which suggests
that this region is already in the second and third phases of ecological succession as
seen in Figure 8. Lake Uberaba’s southeastern margins (Figure 2) have terrestrial
vegetation that can result in an aquatic-terrestrial ecological succession process
originating from avulsion.
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Figure 8 - Conceptual model of formation of terrestrial vegetation
areas in wetlands, particularly in distal fluvial megafans

Figure 9 - Video frame of histosol collected from the Paraguay River near
Forte Coimbra. When the video was recorded in June 2011, the Paraguay
River flood reached a maximum stage of 554 cm at the Ladario, MS
gauge. During large annual floods when baceiros break away
from abandoned meanders and lakes, the baceiros can be
collected along the main trunk of the Paraguay River.

These histosols found along the river are locally
known as ‘batumes’ among the pantaneiros

Photo credit: Ivan Bergier.
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In the context of Riverine Ecosystem Synthesis (RES), watersheds contain
Functional Process Zones (FPZs). The RES is a concept that incorporates ecological
succession with the evolution of river-dominated ecosystems (THORP et al., 2006,
p.123). In the concept of the River Continuum, the characterization of a FPZ from the
source to the mouth of a drainage basin accounts for specific local differences in
discharge and sedimentation rates, climate, depth, and present species (VANNOTE et
al., 1980, p.131; THORP et al., 2006, p.128). Generally, FPZs have distinct functions
and are controlled by scale, so the surroundings of Lake Uberaba on the fringes of the
Paraguay River fluvial fan constitute a type of FPZ that should be naturally replicated
in other fluvial fans of the Pantanal and other wetland analogs. In terms of the aquatic-
terrestrial ecological succession model (Figure 8), the FPZs can evolve to become
other FPZs as a function of avulsive processes, such as those that occur in the Pantanal
(ASSINE et al., 2015a, p.107).

CONCLUSIONS

The role of floating aquatic macrophytes in open water reduction in Lake Uberaba
was verified with the use of Landsat series historic images. Over approximately three
decades, the area of the lake diminished ~21.4%. Considering the possibility of aquatic-
terrestrial ecological succession, the lake can radically change its configuration over
time. Terrestrial areas will increasingly be dominated by woody vegetation composed
of k-strategists growing on histosols.

The hypothesis of aquatic-terrestrial ecological succession in fluvial distributary
systems described in this study can help improve the description and understanding of
dynamic processes acting in tropical floodplain lakes in wetlands. New studies that
confirm, refute, or improve this model will be necessary to better understand ecosystem
evolution using new fieldwork and satellite (e.g., Synthetic Aperture Radar) images
with better spatial and spectral resolution.

Multidisciplinary studies help clarify issues about the dynamic geomorphic
processes acting on the Pantanal floodplain. The results and premises developed herein
increase the understanding of the role of aquatic macrophytes as geomorphic agents
in the Pantanal floodplain, influencing the trophic level, formation, and longevity of
alluvial floodplain lakes. Geo-ecological studies at various time scales linked to
hydrologic changes should also contribute to a greater understanding of the evolution
of the Pantanal as a natural system.
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