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RESUMO

O Rio Araguaia representa o Ultimo e mais importante rio de fluxo livre localizado no ecdtono
Cerrado-Amazonia. A crescente influéncia humana sobre esse sistema fluvial constitui uma
ameaca iminente aos valiosos servicos ecossistémicos por ele fornecidos. Assim, torna-se
imprescindivel a producdo do conhecimento sobre a estrutura fisica e a funcdo desse rio, que é
base para a ocorréncia de porcdo significativa da biodiversidade do bioma. A presente tese
contribui para os campos da Geomorfologia e Hidrologia de grandes rios tropicais, trazendo
novas descobertas que enriquecem o corpo de pesquisa existente sobre o sistema Araguaia. No
primeiro artigo, realizamos uma avaliacdo das mudancas na morfologia bidimensional do
médio-curso superior entre 2001 e 2018, ampliando a série temporal dos dados sobre a evolugdo
das macroformas para um periodo de 53 anos. Verificamos que a atual fase de transi¢do do rio,
marcada pela contracdo da zona ativa do canal e pela perda parcial das caracteristicas de
entrelacamento, devido ao aumento da representatividade das ilhas, provavelmente esta
relacionada as mudancas no regime hidrossedimentar ocorridas nas ultimas duas décadas. Com
base em um conjunto de varidveis geomorfoldgicas do canal e da planicie de inundagéo, no
segundo artigo foi desenvolvida uma metodologia para subdividir o médio Araguaia em 19
trechos distintos (R1-R19), os quais foram estatisticamente agrupados em cinco grandes
segmentos fluviais (SI-SV). Constatou-se que as mudancas no gradiente do vale exercem uma
influéncia significativa na morfologia de SI, SlIl e SIV, enquanto a entrada de afluentes
importantes e a natureza do vale constituem os principais fatores de controle do estilo fluvial
em Sll e SV, respectivamente. Essa caracterizacao planialtimétrica em larga escala do médio
curso do rio complementa estudos geomorfologicos anteriores, fornecendo insights sobre a
diversidade morfoldgica e a sensibilidade de cada segmento as mudancgas ambientais. No
terceiro artigo, apresentamos uma nova abordagem para as classificacdes existentes na literatura
dos eventos de inundagdo no médio Araguaia. As inundacgdes de pequena escala (tipos B e D2)
demonstram padrdes de atenuacdo distintos associados & ocorréncia de anos mais secos (D2).
A atenuacdo das inundagOes de escala intermediaria (Tipos C e D1) e grande escala (tipo A) €
influenciada pela magnitude das vazdes maximas na estagdo fluviométrica a montante, sem
significancia estatistica para a influéncia dos afluentes nas mudangas do pico. As propriedades
do hidrograma de inundagdo mostraram responder a organizacdo geomorfoldgica regional do
sistema. Ao considerar 0s segmentos propostos no segundo artigo, observamos que a natureza
do vale desempenha um papel central na transmissao eficiente das inundac6es em Sl, SIV e SV.

A ampla e complexa planicie de inundacdo em SlI influencia significativamente a capacidade



de armazenamento, permitindo a dissipagdo gradual do excesso de &gua das inundages e a
atenuacdo dos picos. O desvio de agua para o antigo sistema (Rio Javaés) exibiu padrfes Unicos
de transferéncia em diferentes condi¢6es de fluxo, resultando em perdas e ganhos anuais globais
em SlII. As metodologias e os conhecimentos disciplinares gerados nesta tese poderéo subsidiar
futuros trabalhos e investigacOes interdisciplinares no contexto das ciéncias ambientais.

Palavras-chave: Grandes rios tropicais. Bioma Cerrado. Resposta geomorfica. Segmentacdo

fluvial. Abordagem hidrogeomérfica. Gestéo fluvial.



ABSTRACT

The Araguaia River represents the last and most important free-flowing river located in the
Cerrado-Amazon ecotone. The increasing human influence on this river system poses an
imminent threat to the valuable ecosystem services it provides. Therefore, it is essential to
produce knowledge about the physical structure and functioning of this river, which serves as
a basis for a significant portion of the biome's biodiversity. This thesis contributes to the fields
of Geomorphology and Hydrology of large tropical rivers, bringing new discoveries that enrich
the existing body of research on the Araguaia system. In the first paper, we conducted an
assessment of the planform morphology changes in the upper-middle course between 2001 and
2018, expanding the temporal data series on the evolution of macroforms to a 53-year period.
We found that the current transition phase of the river, characterized by the contraction of the
channel's active zone and the partial loss of braiding due to a higher representativeness of the
islands, is likely related to changes in the hydro-sedimentary regime over the last two decades.
Based on a set of channel and floodplain geomorphological variables, in the second paper we
developed a methodology to subdivide the middle Araguaia into 19 distinct reaches (R1-R19),
which were further clustered into five major segments (SI-SV). We found that changes in valley
gradient have a significant influence on the morphology of Sl, SliI, and SIV, while the inflow
of important tributaries and the nature of the valley floor are the main controlling factors for
the fluvial style in Sll and SV, respectively. This large-scale planimetric characterization of the
river's middle course complements previous geomorphic studies, providing insights into the
morphological diversity and sensitivity of each segment to environmental changes. In the third
paper, we present a new approach to the existing classifications in the literature of flood events
in the middle Araguaia. Small-scale floods (types B and D2) exhibit distinct attenuation patterns
associated with the occurrence of drier years (D2). The attenuation of intermediate-scale floods
(types C and D1) and large-scale floods (type A) is influenced by the magnitude of maximum
flows at the upstream river gauge station, with no statistical significance for the influence of
tributaries on peak changes. Flood hydrograph properties were found to respond to the regional
geomorphological organization of the system. When considering the segments proposed in the
second paper, we observed that the nature of the valley floor plays a central role in the efficient
transport of floods in Sl, SIV, and SV. The wide and complex floodplain in SII significantly
influences the storage capacity, allowing for gradual dissipation of floodwater excess and peak
attenuation. Water diversion to the old system (Rio Javaes) exhibited unique transfer patterns

under different flow conditions, resulting in overall annual losses and gains in SlIl. The



methodologies and disciplinary knowledge produced in this thesis can support future
interdisciplinary work and investigations in the context of environmental sciences.
Keywords: Large tropical rivers. Cerrado biome. Geomorphic response. Fluvial segmentation.

Hydrogeomorphic approach. River management.
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1 INTRODUCAO

O Programa de Pos-Graduacdo em Ciéncias Ambientais (CIAMB) da Universidade
Federal de Goias (UFG), estrategicamente localizado e inspirado pela tradigdo de pesquisa de
seus docentes, é reconhecido por sua identidade de pesquisa interdisciplinar, desempenhando
um papel fundamental na compreensao integrada dos aspectos econémicos, sociais e fisico-
naturais do Bioma Cerrado. Além disso, 0 programa busca ativamente solucBes para a
conservacao e gestao dos recursos naturais e sociais, com énfase nesse importante bioma (UFG,
[s. d.]).

No ambito das pesquisas desenvolvidas no CIAMB, merecem destaque aquelas
relacionadas a hidrogeomorfologia do sistema Araguaia, que abrange aproximadamente 77%
de sua area total de drenagem (~ 385.000 km?) no Cerrado. Iniciadas ao final da década de 1990,
essas pesquisas contribuiram significativamente para elucidar aspectos do sistema até entdo
desconhecidos no cenario académico mundial. Dentre os aspectos abordados, podemos
mencionar a compreensdo da geomorfologia geral da bacia hidrogréfica (LATRUBESSE;
STEVAUX, 2002), a investigacdo da historia quaternaria e do carater avulsivo do sistema
(VALENTE; LATRUBESSE, 2012), a analise da hidrologia do canal principal (AQUINO;
STEVAUX; LATRUBESSE, 2005) e de seus tributarios (AQUINO et al.,, 2009), a
caracterizacdo das grandes unidades morfossedimentares que compdem sua planicie aluvial
(BAYER, 2002, 2010), a avaliacdo da transmissdo das ondas de inundagédo e seu impacto no
complexo sistema lacustre da planicie (AQUINO; LATRUBESSE; SOUZA FILHO, 2008;
LININGER; LATRUBESSE, 2016; MORAIS et al., 2005), a investigacdo da influéncia da
geomorfologia nas unidades vegetacionais da paisagem fluvial (MORAIS; AQUINO;
LATRUBESSE, 2008; VALENTE; LATRUBESSE; FERREIRA, 2013), bem como as
respostas hidroldgicas (COE et al., 2011) e morfossedimentares (LATRUBESSE et al., 2009)
do sistema diante do desmatamento na bacia hidrografica.

O objetivo central desta tese é enriquecer a compreensdo sobre a hidrogeomorfologia
do Araguaia, trazendo novas descobertas que complementam os esfor¢os de pesquisa anteriores
dedicados a esse sistema. Para alcancar este objetivo, nossas contribui¢fes abrangem trés areas-
chave: em primeiro lugar, ampliamos a escala temporal das caracterizacdes morfolégicas
(Artigo 1). Em segundo lugar, propomos uma abordagem sistematica para a definicdo dos

segmentos fluviais do Rio Araguaia (Artigo 2). Por fim, aprofundamos os conhecimentos sobre
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a hidrologia de inundacdo desse rio, baseando-nos em uma perspectiva geomorfoldgica (Artigo
3).

Latrubesse et al. (2009) realizaram uma analise morfossedimentar integrada ao longo
de 570 km do medio curso do Rio Araguaia. Os resultados revelaram que, em resposta ao
acelerado desmatamento na bacia hidrografica a partir da década de 1970, ocorreu um aumento
significativo no balanco positivo de sedimentacdo na planicie aluvial, um incremento no
transporte de sedimentos de fundo e uma transformacdo na morfologia do canal entre os anos
de 1965 e 1998. A relevancia dessas descobertas no contexto da pressao antropica atual sobre
o sistema fluvial (LATRUBESSE et al., 2019) nos levou a formular a hipo6tese de que as
respostas morfossedimentares do Rio Araguaia, observadas no estudo anterior, tenham se
intensificado nas Ultimas duas décadas.

Assim, o primeiro artigo da tese, intitulado "Resposta da morfologia do médio-curso
superior do Rio Araguaia as mudancas no regime hidrossedimentar no periodo 2001-2018"
(SUIZU et al., 2022), teve como objetivo avaliar as mudancas na morfologia bidimensional do
médio-curso superior do Rio Araguaia ao longo do periodo de 2001 a 2018, utilizando imagens
multitemporais de sensoriamento remoto e aplicando novos parametros morfométricos. Ao
realizar essa andlise, fornecemos informacGes sobre as tendéncias atuais da dinamica
morfolégica da zona ativa do canal e sua possivel relacdo com as alteracbes no regime
hidroldgico.

Ao apresentar sua andlise geomorfologica detalhada, Latrubesse et al. (2009)
subdividiram o rio em dez compartimentos geomorfolégicos. Embora essa primeira subdivisdo
do médio-curso superior tenha sido de grande importancia para identificar areas mais ou menos
suscetiveis ao armazenamento de sedimentos e mudancas no canal, até o presente estudo ndo
havia na literatura um estudo geomorfico abrangente que capturasse a diversidade longitudinal
de todo o médio curso desse grande sistema fluvial. Além disso, Valente e Latrubesse (2012)
ja haviam destacado o carater avulsivo do sistema, que culminou no abandono em curso de
parte da antiga faixa fluvial do médio Araguaia (Rio Javaés). As implicacfes desse desvio em
larga escala sobre o estilo fluvial e os ajustes do canal a jusante também ndo haviam sido
investigadas, 0 que nos conduziu a postular a hipdtese de que existe uma pronunciada
variabilidade longitudinal do continuum fluvial fortemente influenciada pela historia avulsiva
desse rio durante o Pleistoceno tardio—Holoceno.

Diante dessa conjuntura, no segundo artigo da tese, intitulado "Geomorphic diversity of
the middle Araguaia River, Brazil: A segment-scale classification to support river
management” (SUIZU; LATRUBESSE; BAYER, 2023), caracterizamos a geodiversidade do
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médio Araguaia com base em uma abordagem sistemética de identificacdo de segmentos
geomorficos. Os objetivos especificos desse estudo foram: (i) obter unidades de trecho do rio
(river reaches) e avaliar suas tendéncias longitudinais por meio da aplicacdo de métricas de
canal e planicie de inundacéo; (ii) realizar uma analise de agrupamento (cluster analysis) para
classificar de forma objetiva os trechos do rio com atributos morfoldgicos relativamente
uniformes em grandes segmentos fluviais; e (iii) identificar os principais fatores de controle do
estilo fluvial em cada uma das classes de segmento.

Em seus estudos sobre a hidrologia do sistema, Aquino, Latrubesse e Souza Filho (2008)
ja haviam demonstrado que as variagfes longitudinais nos estilos fluviais do Rio Araguaia
desempenhavam um papel importante no controle da dindmica das inundacgdes. Esses autores
identificaram uma transmissdo atipica das inundacBes ao longo de um trecho de
aproximadamente 430 km no médio-curso superior, no qual as estac6es fluviométricas a jusante
registraram vazfes de pico menores em relacdo as estacfes a montante, mesmo diante do
aumento da area de drenagem e da entrada tributaria, um fenémeno conhecido como atenuacao
do pico de vazdo. Essa reducdo no fluxo foi atribuida ao armazenamento de d4gua na planicie
aluvial e, secundariamente, a perda de vazdo para o Rio Javaés. O grau de reducdo das vazdes
maximas, a medida que as enchentes avangam, ainda levou os autores a categorizar 0s eventos
de inundacéo em trés tipos (A, B e C). Posteriormente, Lininger e Latrubesse (2016) realizaram
novas contribuicGes a compreensdo da atenuagdo do pico de vazao no médio-curso superior do
Rio Araguaia, utilizando um balanc¢o hidrico simplificado e investigando a conectividade e as
variacGes sazonais na area dos lagos da planicie de inundacdo. Além disso, Lininger (2013)
introduziu duas novas categorias de tipos de enchentes (D1 e D2), complementando as
categorias anteriormente definidas por Aquino, Latrubesse e Souza Filho (2008).

No terceiro artigo da tese, intitulado "The role of geomorphology on flood propagation
in a large tropical river: the peculiar case of the Araguaia River, Brazil", apresentamos uma
abordagem inovadora ao integrar e aprimorar 0s métodos anteriores de classificagdo dos tipos
de inundag&o no médio Araguaia. Ampliamos o periodo de anélise (1975-2014) e monitoramos
0 comportamento de todos 0s eventos de inundacdo ao longo de todo o curso médio do rio.
Buscamos também uma distin¢do mais sistematica dos atributos-chave e dos fatores de controle
de cada tipo de inundacdo, examinando diferentes propriedades do hidrograma de inundacéo,
realizando analises estatisticas e fornecendo insights sobre a influéncia dos afluentes na
atenuacdo dos picos de vazdo. Além disso, investigamos a hipotese de que a propagacgdo das
ondas de inundacdo a jusante é condicionada pelos distintos segmentos geomdrficos definidos

em nosso estudo anterior (Artigo 2). Ao concentrarmos nossos esfor¢os na interface dindmica
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entre hidrologia e geomorfologia, aprimoramos significativamente nossa compreensdo das
funcdes fluviais que operam no sistema.

As pesquisas realizadas nas ultimas duas décadas, assim como o0s resultados
apresentados nesta tese, destacam a singularidade do Rio Araguaia em relacéo a outros grandes
rios tropicais do mundo e sua imensa importancia como um sistema ambiental. A ascenséo do
Brasil como principal exportador mundial de soja e carne bovina resultou na devastagéo de
extensas areas de vegetacdo no Cerrado. Com quase metade de sua area original ja ocupada por
atividades agropecuarias (LAPOLA et al., 2014), as planicies do Rio Araguaia e do Bananal
representam a Ultima fronteira ambiental desse bioma (LATRUBESSE et al., 2009;
LATRUBESSE et al., 2019). Nenhum outro bioma no mundo foi destruido com tamanha
rapidez na histéria humana. Em resposta a essa devastacdo generalizada, Latrubesse et al.
(2009) identificaram duas caracteristicas peculiares do Rio Araguaia: (i) sua alta sensibilidade
geomorfica as perturbagdes antrépicas; e (ii) o curto periodo de reacdo (aproximadamente uma
década) ap6s a perturbacdo, similar ao observado em bacias hidrograficas de pequeno e médio
porte.

Uma outra caracteristica unica do Rio Araguaia, em compara¢do com outros grandes
rios aluviais da América do Sul, como o Rio Parana e muitos dos rios amazonicos, € a sua alta
proporcdo de carga arenosa transportada, representando até ~57% do total de carga de
sedimentos, em contraste com a carga em suspensdo que corresponde, em média, a 43-49% do
total (AQUINO; LATRUBESSE; BAYER, 2009). Além disso, a forma como as ondas de
inundacdo se propagam pelo médio curso torna este rio distinto em relacdo a outros sistemas
aluviais axiais, especialmente na regido tropical da América do Sul (LININGER,;
LATRUBESSE, 2016).

Os mecanismos geomorficos que atenuam os picos de inundacdo, como as
caracteristicas geomorfoldgicas lacustres da planicie aluvial e sua conexdo com o canal
principal, desempenham um papel fundamental na manutencéo ecoldgica do corredor fluvial
(AQUINO; LATRUBESSE; SOUZA FILHO, 2008; LININGER; LATRUBESSE, 2016;
MORAIS et al., 2005). Nesse Vviés, pesquisas anteriores destacaram o impacto significativo do
ciclo anual de inundagdo no médio Araguaia em varios aspectos ecolégicos, incluindo a
organizacdo espacial das formacdes vegetais (MORAIS; AQUINO; LATRUBESSE, 2008;
KURZATKOWSKI; LEUSCHNER; HOMEIER, 2015), concentracbes de nutrientes e
comunidades fitoplancténicas (NABOUT; NOGUEIRA; OLIVEIRA, 2006), estrutura da
comunidade de peixes (TEJERINA-GARRO; FORTIN; RODRIGUEZ, 1998), habitats de
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nidificagdo de tartarugas gigantes do Rio Amazonas (FERREIRA; CASTRO, 2005) e estrutura
genética de populacgdes de roedores (ROCHA et al., 2014).

Apesar de sua imensa importancia para a conservacao de espécies e fornecimento de
servigos ecossistémicos, a Bacia do Araguaia emerge como um sistema ambiental do Cerrado
que enfrenta forte pressdo das atividades antropicas. De acordo com dados de 2019,
aproximadamente 49% da area da bacia é ocupada por pastagens e monoculturas (ASSIS,
2022). Além disso, estima-se a ocorréncia de cerca de 14.472,03 km? de desmatamento
acumulado e o registro de 114.326 focos de queimadas e incéndios florestais entre os anos de
2012 e 2020 (ASSIS; FARIA; BAYER, 2021). No alto e médio-curso superior do Araguaia,
aproximadamente 38,5% de sua &rea total permanece preservada, e 61,5% de sua extensao
sofreu algum tipo de perturbacdo ambiental, incluindo 44,6% da vegetacdo ribeirinha
(FERREIRA et al., 2008).

Concomitantemente a fragmentacdo da paisagem, a expansdo da fronteira agricola,
iniciada na década de 1970, ndo foi acompanhada por praticas adequadas de conservacdo dos
solos arenosos que caracterizam a alta bacia, resultando em sua degradacdo com a formacao
generalizada de feicdes erosivas lineares (CASTRO et al., 1999; MARINHO; CASTRO;
CAMPOQOS, 2006; NUNES, 2015). Como consequéncia do desmatamento massivo e da erosao
dos solos, foram observadas profundas alteracfes na carga sedimentar e no padréo de canal do
Rio Araguaia (LATRUBESSE et al., 2009).

Além do impacto direto do desmatamento na erosao e transporte de sedimentos, as acdes
antropicas na bacia hidrografica também provocaram alteracBes na hidrologia do sistema.
Nesse contexto, Coe et al. (2011) observaram um aumento de 25% na vazao do Rio Araguaia
na estacdo Aruand entre as décadas de 1970 e 1990, sendo que dois tercos dessa mudanca
hidrolégica foram atribuidos as mudancas no uso e cobertura da terra na bacia hidrografica, e
ndo as mudancas climaticas, uma vez que as alteracdes na precipitacdo foram de apenas 2,5%
no mesmo periodo.

Ressalta-se que os modelos de cenérios futuros da mudanca climatica antropogénica
revelam modificagdes diretas no regime de precipitagio e em outros aspectos do ciclo
hidrologico na regido dos trépicos (IPCC, 2018; WOHL et al., 2012). As proje¢des para o
Tocantins-Araguaia sugerem reducdes na vazdo durante a estacdo seca (HO; THOMPSON,;
BRIERLEY, 2016), e os modelos de series temporais de vazdo em estacdes fluviométricas
distribuidas ao longo da Bacia do Araguaia mostram que, com exce¢do da alta bacia, hd uma
tendéncia generalizada de redugdo nas vazdes no periodo 1965-2019 (LIMA; CRIBARI-
NETO; LIMA-JUNIOR, 2022).
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O uso excessivo de &gua para fins de irrigacdo exerce uma pressdo adicional sobre 0s
recursos hidricos. Para 0 ano de 2020, Guimardes e Landau (2020) identificaram 738 pivos
centrais em funcionamento na Bacia do Araguaia, abrangendo uma area total potencialmente
irrigada de 82.414,7 hectares. E importante ressaltar que o nimero de pivos de irrigagio em
operacdo ilegal no Cerrado é desconhecido, mas sabe-se que somente no estado de Goias, mais
de 2.600 pivos estdo operando sem as devidas licengcas ambientais (LATRUBESSE et al.,
2019). A extracdo direta de dgua dos canais também é uma pratica comum. O Projeto de
Irrigacdo de Luiz Alves do Araguaia (PILAA) beneficia-se da captacdo de agua do curso
principal e, atualmente, abrange uma area irrigada de aproximadamente trés mil hectares. O
governo estadual tem como objetivo ampliar esse projeto a fim de alcangar uma extenséo de
quase sete mil hectares destinados a atender as demandas hidricas dos produtores da regido
(CODEVASF, 2022).

Hé& ainda o interesse na exploracao do potencial hidrelétrico da Bacia do Araguaia. Na
sub-bacia do Tocantins, j& existem grandes barragens, como as de Tucurui, Estreito e Serra da
Mesa, e estdo planejadas mais 90 barragens nessa mesma sub-bacia (LATRUBESSE et al.,
2019). O Rio Araguaia, que atualmente possui nove pequenas usinas hidrelétricas a montante,
é 0 Unico grande sistema no Cerrado de fluxo livre de barramentos a jusante. No entanto, com
as propostas de construcdo de 70 barragens, incluindo quatro de grande porte no canal principal
do rio, a sua preservacdo enfrenta sérios desafios (LATRUBESSE et al., 2019).

Latrubesse et al. (2019) realizaram importantes consideracdes sobre as ameacas
ambientais aos recursos hidricos do Cerrado derivadas das atividades e praticas correntes no
bioma. Essas ameagas podem resultar em alteracdes significativas no funcionamento do sistema
fisico, como mudangas no regime hidrolégico, na morfodindmica, nos fluxos de sedimentos,
nos padrbes de conectividade e na extensdo da planicie de inundagdo. Tais alteracdes
representam um risco iminente para a perda irreversivel dos valiosos servicos ecossistémicos
fornecidos pelo Rio Araguaia (vide Tabela 1 em Latrubesse et al., 2019 para maiores
detalhamentos desses impactos), sendo imprescindivel a implementacdo, de forma efetiva e
integrada, de iniciativas como o Corredor Araguaia-Bananal, o Corredor de Biodiversidade do
Araguaia e 0 Arco das Nascentes.

Além dos avancos tedrico-metodologicos nos campos da Hidrologia e Geomorfologia
de grandes rios tropicais, os resultados disciplinares desta tese tém o potencial de integrar
futuras investigacdes na interface com outros ramos do conhecimento, como ecologia,

sedimentologia e engenharia. Essa abordagem interdisciplinar sera fundamental para aprimorar
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projetos de manejo sustentavel e subsidiar politicas publicas eficazes diante dos desafios

ambientais complexos e multifacetados apresentados por esse imponente sistema fluvial.
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2 DESENVOLVIMENTO

2.1 Artigo 1 — Resposta da morfologia do médio-curso superior do Rio Araguaia as
mudancas no regime hidrossedimentar no periodo 2001-2018*

Resumo: O Rio Araguaia se caracteriza pela rapida resposta geomorfica a degradacdo pelas
atividades antropicas em sua bacia hidrografica. A morfologia bidimensional do médio-curso
superior do Rio Araguaia foi avaliada durante o periodo 2001-2018, ampliando para 53 anos a
série temporal preexistente na bibliografia da analise quali-quantitativa das macroformas desse
rio e de suas respostas as mudancas no uso e cobertura da terra. Com base no processamento de
imagens multitemporais de sensoriamento remoto, realizou-se a quantificagcdo dos parametros
morfométricos de ilhas e barras arenosas e a estimativa areal dos processos erosivos e
deposicionais no sistema fluvial atual. Entre 1965 e 1998, o rio alterou parcialmente o seu
padrdo anabranching, ampliando a tendéncia ao entrelacamento. No periodo 2001-2018, foram
identificadas mudancas na morfologia que denotam a uma fase transicional de contracdo da
zona ativa do canal e perda parcial das caracteristicas de entrelacamento devido a ampliacdo da
representatividade das ilhas. Tal conjuntura responde as alterac6es no regime hidrossedimentar
nas ultimas duas décadas. Diante do avanco da fronteira agricola e das propostas de construcéo
de quatro grandes barragens ao longo de seu curso, o atual estado de ajuste do sistema canal-
planicie aluvial deve ser considerado no manejo deste grande rio do Cerrado.

Palavras-chave: Rios multicanais; Resposta geomorfica; Morfometria do canal; Bioma

Cerrado.

Abstract: The Araguaia River is characterized by a rapid geomorphic response to the
degradation of the basin induced by land-use changes. The planform geometry in the upper
middle-course of the Araguaia River was assessed over the 2001-2018 period. Thus, we
extended to 53 years the pre-existing published time series data on the river’s morphology and
its response to land use changes. Based on the analysis of multi-temporal remotely sensing

images we quantified the morphometric parameters on islands and sandy bars and estimated

Artigo publicado: SUIZU, T. M.; LATRUBESSE, E. M.; STEVAUX, J. C.; BAYER, M. Resposta da
morfologia do médio-curso superior do Rio Araguaia as mudancas no regime hidrossedimentar no periodo
2001-2018. Revista Brasileira de Geomorfologia, vol. 23, no. 2, p. 1420-1434, 2022.
https://doi.org/10.20502/rbg.v23i2.2088.
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erosive and depositional areas in the actual river system. From 1965 to 1998, the river partially
changed its anabranching pattern, increasing the tendency toward braiding. The morphological
changes from 2001 to 2018 reveal a new transitional phase of contraction of the channel’s active
zone and a partial loss of braiding due to higher representativeness of the islands. This scenario
responds to changes in the hydro-sedimentary regime over the last two decades. Given the
expansion of the agricultural frontier and the proposals for the construction of four large dams
along its main stem, the current state of adjustment of the channel-floodplain system must be

considered in the management plans of this large river of the Cerrado biome.

Keywords: Anabranching rivers; Geomorphic response; Channel morphometry; Cerrado

biome.

2.1.1 Introducéo

O Rio Araguaia é o principal sistema fluvial do Brasil Central. A sua bacia hidrogréfica,
com 377.000 km?, esta majoritariamente inserida no Cerrado. Esse bioma, considerado a savana
tropical mais diversa do globo com um elevado grau de endemismo, contém a Planicie do
Bananal, uma das mais importantes areas Umidas da América do Sul (COLLI; VIEIRA;
DIANESE, 2020; LENTHALL; BRIDGEWATER; FURLEY, 1999; VALENTE;
LATRUBESSE, 2012).

A ascensao do Brasil como maior exportador de soja e carne bovina no mercado mundial
levou a eliminacdo de extensas areas de vegetacao do Cerrado, estimulada pela demanda global,
tecnologias agrondmicas e politicas governamentais favoraveis (BRANNSTROM et al., 2008).
Com a ocupacdo de ~50% de sua extensdo original por atividades agropecuérias (LAPOLA et
al., 2014), a planicie do Rio Araguaia e a Planicie do Bananal, detentoras de grande diversidade
fitofisionbmica em razdo da constate disponibilidade hidrica (FURLEY, 1999), atuam como a
ultima fronteira ambiental do bioma (LATRUBESSE et al., 2009; LATRUBESSE et al., 2019).

Em resposta ao acelerado desmatamento na bacia hidrografica a partir da década de
1970, o Rio Araguaia tem apresentado mudancas geomorfoldgicas, hidroldgicas e sedimentares
(LATRUBESSE et al., 2009; COE et al.,, 2011). Com base na analise morfossedimentar
integrada (descri¢cbes morfométricas, balanco entre 0s processos erosivos e deposicionais em
area e volume, e estimativas do transporte sedimentar), Latrubesse et al. (2009) verificaram, ao
longo de 570 km do médio curso do Rio Araguaia, um aumento substancial no balanco positivo
de sedimentacdo na planicie aluvial, o incremento do transporte de sedimentos de fundo e a

metamorfose na morfologia do canal entre os anos 1965 e 1998.
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O estudo de Latrubesse et al. (2009) revelou: (i) a elevada sensibilidade geomdrfica do
Rio Araguaia as perturbagdes antrépicas e; (ii) o reduzido periodo de reacdo (da ordem de uma
década) apos a perturbacéo, de modo bastante similar ao esperado para bacias hidrograficas de
pequeno e medio porte. A relevancia dessas constatacfes diante do atual quadro de
modificacOes antropogénicas (expansao da agricultura e captagdo de agua para irrigacdo) e das
acOes adicionais propostas (construcdo de barragens) para o sistema fluvial (LATRUBESSE et
al., 2019) resulta na necessidade da producdo de novos dados documentando as respostas
morfossedimentares do Rio Araguaia nas ultimas duas décadas.

Assim, o presente estudo objetiva avaliar as mudancas na morfologia bidimensional do
médio-curso superior do Rio Araguaia ao longo do periodo 2001-2018 com base no uso de
imagens multitemporais de sensoriamento remoto e na aplicacdo de parametros morfométricos.
A execucdo dessa proposicdo permite ampliar a escala temporal das caracterizacOes
morfolégicas conduzidas por Latrubesse et al. (2009), e fornece subsidios a gestdo ambiental
desse sistema fluvial de grande importancia para o Cerrado.

2.1.2 Area de Estudo

A &rea sob investigacdo compreende um segmento de 132,8 km no médio-curso superior
do Rio Araguaia (Figura 1A). Diversas razfes justificam a selecdo desse segmento fluvial. A
partir dos anos 2000, pesquisas (AQUINO; LATRUBESSE; BAYER, 2009; BAYER, 2002,
2010; COE et al., 2011; LININGER; LATRUBESSE, 2016; MORAIS, 2006) foram
desenvolvidas nessa regido, que atua como sistema coletor de dgua e sedimentos aportados pela
alta bacia (centro da expansdo agropecuaria do estado de Goias) e que sdo transferidos para o
médio curso (FERREIRA et al., 2013). Além disso, a area abrange a primeira estacdo
hidrométrica (estacdo Aruana — Figura 1A) operada pela CPRM-ANA no Rio Araguaia, a qual
registra a contribuicdo do alto para 0 médio curso do rio desde a década de 1970. O Rio
Araguaia também desempenha um papel central para o setor econdmico do municipio de
Aruand-GO (Figura 1B) por meio de uma consolidada atividade turistica fluvial (pesca
esportiva e uso recreativo).

A declividade do vale no segmento corresponde a 0,00017 m m™. O segmento é marcado
pela presenca de uma ampla planicie aluvial holocénica incidida nos depositos Quaternarios da
Formacdo Araguaia (VALENTE; LATRUBESSE, 2012).
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Figura 1. Localizacdo da area de estudo. A. Configuracdo multicanal (anabranching) da area
de estudo no médio-curso superior do Rio Araguaia; B. Detalhamento das unidades
morfossedimentares (I, Il e I1l) da planicie aluvial préximas ao municipio de Aruanda — GO
(BAYER, 2010). Imagens de fundo: Landsat 8 (25 jul. 2018).

Bayer (2002) e Latrubesse e Stevaux (2002) realizaram a distingdo dessa planicie aluvial
em trés grandes unidades morfossedimentares (Figura 1B). A Unidade | é a mais antiga entre
as unidades e se constitui de areas de escoamento impedido que ocupam as porcGes mais distais
e topograficamente inferiores da planicie. A Unidade Il é a unidade predominante e de maior
elevacdo em relacdo as demais. Essa unidade, geralmente situada entre as unidades | e Ill, se
caracteriza pela presenca de paleomeandros e lagos em meia-lua (oxbow lakes). A Unidade 111
corresponde a um complexo de barras e ilhas derivadas dos processos morfodinamicos que

distinguem o sistema aluvial atual.
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As vazBes média anual e média anual de inundagdes nesse segmento (estacdo Aruand —
Figura 1A) sdo, respectivamente, 1202,56 e 4777,92 m®/s para a série histdrica 1971-2018. A
expressiva sazonalidade do clima Tropical Savanico (Aw) (DUBREUIL et al., 2017) reflete na
variabilidade dos fluxos, tendo em vista que as descargas maximas podem ser até 13 vezes
superiores em relacdo as minimas no médio curso do rio (AQUINO; STEVAUX;
LATRUBESSE, 2005). As chuvas na regido concentram-se entre outubro e abril, com indices
pluviométricos que variam de 1850 a 1000 mm no sentido oeste-leste. A estacdo seca, por sua
vez, se estende de maio a setembro (AQUINO; STEVAUX; LATRUBESSE, 2005;
LATRUBESSE; STEVAUX, 2002).

O Rio Araguaia possui padréo anabranching (multicanal aluvial) de baixa sinuosidade
com tendéncia ao entrelacamento (LATRUBESSE, 2008). A ocorréncia de canais multiplos
estd vinculada as particularidades de seu transporte sedimentar. Estimativas do transporte de
sedimento na estacdo fluviométrica Aruand (Figura 1A) indicam que os sedimentos arenosos
representam até cerca de 57% da carga total transportada pelo rio. A propor¢do de areia
transportada em suspensao, em relacdo aos sedimentos finos, € muito alta (~55 a 43% da carga
suspensa total) (AQUINO; LATRUBESSE; BAYER, 2009) e estima-se que cerca de 93% da
carga arenosa do rio seja transportada em suspensdo (LATRUBESSE et al., 2009).

2.1.3 Materiais e Métodos

Distintos procedimentos em SIG (Sistema de Informacao Geografica) foram conduzidos
visando a quantificagdo dos elementos morfolégicos do sistema fluvial e a analise
multitemporal das mudancas do Rio Araguaia nas Ultimas décadas. Imagens dos sensores TM
e OLI dos satélites Landsat 5 e 8 (Tabela 1), disponibilizadas gratuitamente pela USGS
(http://glovis.usgs.gov), foram utilizadas para a definicdo das morfologias e o calculo de suas
areas de superficie (km?). Tais imagens foram selecionadas levando em consideragdo a
similaridade do nivel d’agua (129-160 cm) na estagdo Aruand (Figura 1A) na data de sua
aquisicdo durante o periodo de vazante (junho a outubro) para capturar, com 0 maior rigor

possivel, a exposi¢do das morfologias fluviais relacionadas a carga de fundo (barras arenosas).
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Tabela 1. Descri¢do das imagens de satélite selecionadas para o estudo.

) Data de Resolucio N° de

Orbita Ponto N Sensor Espacial bandas

aquisicdo .

(m) espectrais
223 70 10/07/2001 ™ 30 7
223 70 04/09/2004 ™ 30 7
223 70 17/08/2009 ™ 30 7
223 70 15/08/2014 OLI 30 9
223 70 25/07/2018 OLI 30 9

Apos a calibragdo radiométrica dos dados (conversdo para reflectancia no topo da
atmosfera), seguiu-se a derivacdo do Indice de Vegetacdo da Diferenca Normalizada (NDVI)
no software ENVI 5.3. A fim de automatizar o processo de identificacéo consistente das feigdes
de canal, foram estabelecidos os seguintes intervalos no ambito dos valores (-1 a +1) desse
indice: mascara d’agua (-1 a 0); barras arenosas (0 a 0,2) e; ilhas e planicie aluvial (0,2 a 0,8).
Regides de interesse (ROI) das imagens foram determinadas segundo esses limiares dos pixels
e convertidas em dados vetoriais (formato shapefile). Por meio da selecdo automatica do
software ArcGIS 10.2.2 e de pequenas corre¢fes manuais, realizou-se a qualificacdo das
morfologias em conformidade com as categorias definidas por Morais (2006). Esse autor
apresentou em detalhes os valores dos parametros morfométricos utilizados por Latrubesse et
al. (2009), permitindo o estabelecimento de uma analise comparativa entre os dados obtidos no
presente estudo e aqueles referentes aos anos 1965, 1975 e 1998. Dessa forma, as barras
arenosas foram classificadas considerando a sua posi¢do no canal — barras laterais, centrais e
acrescidas as ilhas e; as ilhas foram definidas com base em sua dimenséo areal — ilhas pequenas
(0,01 a 0,1 km?), médias (0,11 a 1 km?) e grandes (1,1 a 5 km?) (Figura 2).

As alteragOes ocorridas no canal entre os anos 2001 e 2018 foram estimadas com a
adocdo dos procedimentos em SIG descritos por Jana (2019). A autora determinou as novas
areas de erosdo e deposicao do canal entre cenarios subsequentes mediante: (i) a conversdo dos
referidos dados vetoriais em arquivos raster e; (ii) 0 computo das diferencas entre tais arquivos
através do uso da Calculadora Raster do ArcGIS. Tais procedimentos tambéem foram utilizados
para avaliar as mudangas a curto prazo (2001-2018) que ocorreram na posi¢do das margens do
canal. As areas das margens erodidas e construidas no cenario mais recente (2018) foram
dividas pelo nimero de anos sob investigacdo para a definicdo de uma taxa anual de
retrabalhamento das margens (m?y?) (KIDOVA; LEHOTSKY; RUSNAK, 2016), a qual foi
obtida ao longo de 27 segmentos equidistantes (5 km) que abarcaram toda a extensao da area

de estudo.
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Figura 2. Exemplos das macroformas identificadas na area de estudo segundo as categorias

definidas por Morais (2006). Imagens de fundo: Esri® World Imagery Map.

Os dados hidroldgicos da estacao fluviométrica Aruand (#25200000) foram adquiridos
no Portal Hidroweb (http://www.snirh.gov.br/hidroweb) da Agéncia Nacional de Aguas
(ANA). As descargas médias diarias disponiveis para o periodo 1971-2018 foram avaliadas
mensalmente na escala multi-decadal, visando identificar os grandes padrdes de mudanca dos

fluxos nas estacdes seca e chuvosa.

2.1.4 Resultados

As barras arenosas sdo morfologias caracteristicas do Rio Araguaia derivadas dos
processos de erosdo, transporte e deposicdo do material de fundo do canal. Ao longo dos 53
anos da série temporal, as barras do médio-curso superior do Rio Araguaia apresentaram, em
geral, um aumento em namero (Figura 3A). Porém, os distintos tipos de barras se comportaram

de forma diferenciada.
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Figura 3. Mudancas no nimero de morfologias deposicionais ao longo do periodo 1965-2018.
A. Barras. B. Ilhas. *Dados compilados de Morais (2006).

As barras centrais contabilizavam 24 em 1965 e 42 em 1998. A partir de 2001, elas
reduziram em média 38%, totalizando 31 fei¢des no ano de 2018. O numero de barras laterais
passou de 43 para 56 entre 1965 e 1998. Durante o periodo recente (2001-2018), essas barras
apresentaram novo acréscimo, variando de 56 (2001) a 73 (2018). O numero de barras
acrescidas as ilhas aumentou 35% no periodo 2001-2004 em relagdo aos cenarios do século
XX. Os ultimos anos (2009-2018) foram marcados por um decréscimo na quantidade dessas
morfologias, atingindo um valor (23), em 2018, proximo daquele verificado (26) em 1998.

O ano de 1965 se destacou pela elevada ocorréncia de ilhas (51), principalmente aquelas
classificadas como pequenas (27) (Figura 3B). Todavia, nos cenarios subsequentes — 1975 e
1998, houve uma reducdo consideravel no numero de feicBes dessa classe (-37%),
acompanhada pela queda no numero de ilhas de médio porte (-35%). As ilhas grandes se
caracterizam por sua natureza relicta e pela reduzida frequéncia neste setor do médio curso do
Rio Araguaia. Em 1965 e 1975, havia apenas 1 ilha grande; em 1998, haviam 2 e; entre 2001 e

2014, elas eram 3.
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O surgimento de uma ilha grande em 2018 foi decorrente da ampliagdo de morfologia
classificada como média nos anos anteriores. O nimero de ilhas médias ndo apresentou grandes
alteracdes desde 1998. Em 2001, elas somavam 14, em 2018, 16. A reduzida variacdo desses
valores denota ao equilibrio entre os processos de eliminacdo das ilhas médias no sistema, por
meio de sua acrecéo a planicie aluvial, e de constitui¢do de novas ilhas nessa classe mediante a
expansao e o amalgamento de ilhas de pequeno porte. Nos Gltimos anos, houve o incremento
no numero de ilhas pequenas, que alcancaram, em 2018, um numero (25) similar ao constatado
no cenario inicial de analise — 1965.

Entre 1975 e 1998, as barras passaram por uma fase de grande expanséo (+71%) (Figura
4A), equivalente ao aumento de 7,88 km? em sua area total no canal (Tabela 2). No periodo
1998-2018, verificou-se uma tendéncia de reducdo (-19%) dessas morfologias. A taxa anual
dos decréscimos em area correspondeu a 0,23 km?, sendo as maiores perdas registradas nos
intervalos 1998-2001 e 2004-2009 (Tabela 2). As barras acrescidas as ilhas apresentaram um
aumento (+23%) entre 2001 e 2004, que foi sucedido por uma diminuigéo (-31%) no intervalo
2009-2018. A area das barras laterais (11,54 km?) e das barras centrais (3,71 km?) em 1998
reduziram 17% e 46%, respectivamente, entre 2001 e 2018 (Figura 4A).

A éarea correspondente as ilhas (Figura 4B) exibiu comportamento inverso ao descrito
para as barras entre 1965 e 2018. No intervalo 1975-1998 houve a reducéo (-13%) da area
ocupada por essas fei¢cdes, que sofreram um decréscimo total de 1,6 km? (Tabela 2). O periodo
mais recente (2001-2018) se caracterizou pela tendéncia de aumento da area insular no canal.
Os anos que apresentaram acréscimos sdo prevalentes (Tabela 2), com uma taxa anual de
expansdo de 0,15 km?. Destaca-se a ampliacdo da area das ilhas classificadas como pequenas e
grandes (Figura 4B), as quais passaram de 5,52 km? e 0,56 km? em 2001 para 7 km? e 1,09 km?
em 2018, respectivamente.

As mudancas na morfologia do sistema aluvial atual também foram evidenciadas pela
quantificacdo das areas de atuacdo dos processos erosivos e deposicionais entre os anos 2001 e
2018 (Figura 5). Assim como reportado por Latrubesse et al. (2009), a eroséo lateral ainda se
constitui no principal mecanismo de erosdo do canal, representando 81,4% da area total erodida
no periodo 2001-2018, enquanto que a erosdo de ilhas, e a erosdo da planicie pelo
desenvolvimento lateral de ilhas e seus respectivos canais secundarios corresponderam a 15,5%
e 3,1%, respectivamente. Contudo, tais areas, em seu conjunto, ndo superam o desenvolvimento
da planicie aluvial, o qual compreendeu 43,2% das &reas de deposicdo, seguido da formagao ou
ampliacdo de barras (23,5%), ilhas (23%) e do processo de acrecdo de ilhas a planicie aluvial
(10,2%).
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Figura 4. Mudancas na area total (km?) de morfologias deposicionais ao longo do periodo
1965-2018. A. Barras. B. llhas. *Dados compilados de Morais (2006). As barras em cinza

correspondem aos dados néo discriminados pelo autor.

Tabela 2. Reducdo (-) ou aumento (+) em area total (km?) das morfologias deposicionais entre

0S SuCessivos anos.

Intervalo Barras Ilhas
1965 - 1975 -4,24 +0,08
1975 -1998 +7,88 -1,60
1998 - 2001 -3,18 +2,02
2001 - 2004 +0,97 -0,97
2004 - 2009 -1,28 +0,15
2009 - 2014 -1,22 +1,41

2014 - 2018 +0,09 +0,31
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Figura 5. Areas de deposicdo, erosio e estabilidade definidas entre 2001 e 2018.

A morfodindmica mostrou-se bastante elevada nas duas margens da area de estudo entre
2001 e 2018 (Figura 6). A margem direita apresentou taxas anuais de erosdo que, em seu
conjunto (310.228,61 m?yt), superam as taxas de deposicao (249.931,31 m?yt). Esse processo
de retracdo da margem direita se torna evidente a partir do segmento 7. Em contrapartida, a
margem esquerda se caracterizou pela construcdo e o avanco lateral. A somatdria das taxas
anuais de deposicdo (422.865,82 m?y!) ao longo da margem esquerda foi 4,5 vezes superior s
taxas de erosdo (93.006,01 m?yt). As amplas e novas areas que se estabeleceram & margem
direita dos segmentos 2, 6 e 20 e a margem esquerda dos segmentos 7 e 25 foram decorrentes
do processo de acrecdo de ilhas de médio porte a planicie aluvial. De modo geral, as margens
na area de estudo ndo estdo sendo construidas e erodidas a uma taxa equivalente. Dessa forma,
verificou-se a reducdo da largura média do canal, que passou de 453,33 para 406,16 m entre
2001 e 2018.
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Figura 6. Variabilidade espacial das areas de erosdo e deposicdo resultantes da migracao das
margens esquerda (ME) e direta (MD) do canal entre 2001 e 2018. Valores obtidos para 27
segmentos de 5 km de extensdo distribuidos ao longo da area de estudo.

Os dados de vazdo observados na escala decadal para o periodo 1971-2018 (Figura 7)
revelam o aumento de 21% nas descargas médias mensais do periodo de inundacdo (novembro
a maio) entre as décadas de 1980 e 2000. Os ultimos anos (2010-2018) foram caracterizados
pelo decréscimo (-18%) dessas vazdes de pico. Apods o estagio de elevacdo (+29%) nos anos
1980, as descargas médias mensais registradas no periodo de estiagem (junho a setembro)
também apresentaram uma reducdo progressiva que se estendeu até o Gltimo intervalo das
mensuracdes. Ao lado disso, constataram-se alteracdes nos meses de pico do hidrograma. As
vazOes maximas, usualmente registradas em fevereiro, foram antecipadas em um més na década
de 1990, enquanto no ultimo periodo houve um atraso em sua ocorréncia, sendo identificadas
no més de marco.
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Figura 7. Vazdo média mensal do Rio Araguaia na estacdo Aruand (#25200000).

2.1.5 Discussao

Latrubesse et al. (2009) identificaram profundas alteracGes na carga sedimentar e no
padrdo de canal do Rio Araguaia em resposta ao intenso desmatamento do Bioma Cerrado entre
as décadas de 1970 e 1990. Ao longo desse periodo, cerca de 232 Mt de sedimentos foram
armazenados no canal principal e nas porcGes proximais da planicie aluvial. Ao lado disso, 0
transporte da carga de fundo aumentou 31% de 1970 (6,7 Mt) para 2000 (8,8 Mt). Como
resultado, o rio alterou parcialmente o seu padrdo anabranching, ampliando a tendéncia ao
entrelacamento por meio da: (i) sedimentacdo de canais secundarios; (ii) eliminacdo de ilhas de
menor porte; (iii) ampliacdo de barras laterais e; (iv) proliferacdo de barras centrais de carater
transiente.

No entanto, os resultados da analise de imagens de satélite datadas do periodo 2001-
2018 revelam algumas alteragdes nos mecanismos de ajuste da morfologia do canal nos ultimos
anos. De modo condizente com o intervalo anterior de analise (1965-1998), as barras laterais
ainda possuem grande representatividade no sistema em termos de quantidade (Figura 3A).
Todavia, a reducgdo de sua area total a partir de 2001 (Figura 4A) esta relacionada a progressiva
colonizagdo da vegetacdo riparia sobre esses depositos (Figura 8A), levando a conversdo de

amplas areas do canal ativo em planicie aluvial (Figura 5).
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Figura 8. Imagens Landsat 5 e 8 ilustrando exemplos dos principais ajustes da morfologia do
canal identificados entre 2001 e 2018. (A) Invaséo progressiva da vegetagdo riparia sobre barras
laterais; (B) Formacéo de ilha pela estabilizagdo de barra central; (C) Expanséo de ilha pela

anexacao de barras laterais e frontais; (D) Anexacdo de ilha a planicie aluvial.
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A vegetacdo ripéria relacionada a colonizag&o de ilhas e barras fluviais se enquadra na
unidade de vegetacdo pioneira herbéacea definida por Morais (2006). Essa associacdo vegetal
sob influéncia direta da dinamica hidroldgica do Rio Araguaia caracteriza-se por apresentar
plantas de pequeno porte espacadas entre si, sendo 0s maiores representantes as gramineas e
ciperéceas, além de ervas (representantes herbaceos) como as amarantaceas, euforbidceas e
onagréaceas (ARAUJO, 2002).

Em relacdo as barras centrais, uma resposta distinta foi verificada para essas
morfologias. Latrubesse et al. (2009) identificaram um crescimento em quantidade (+75%) e
area (+95%) das barras centrais entre 1965 e 1998. Porém, houve uma queda nesses valores no
periodo 2001-2018 (Figuras 3A e 4A). O decréscimo das barras centrais ocorreu de forma
concomitante ao aumento do ndmero de ilhas, principalmente daquelas de pequeno porte
(Figura 3B). Dessa forma, admite-se que tais mudancas estdo vinculadas a ampliacdo da
estabilidade geomorfica dessas barras sedimentares, viabilizando o estabelecimento da
vegetacdo pioneira herbacea sobre essas fei¢des (Figura 8B).

A presenca de nacleos mais estaveis promove alteracdes nos padrées de fluxo do canal,
culminando na formacdo de barras que se acrescem lateralmente as ilhas (LATRUBESSE;
FRANZINELLI, 2002; LELI; STEVAUX; ASSINE, 2020). Em conjunto com 0s processos de
agradacdo vertical (LATRUBESSE et al., 2009), tais barras favoreceram a expansao da area
das ilhas nos ultimos anos (Figura 4B) mediante a colonizagdo da vegetacdo pioneira herbacea
sobre esses depositos arenosos (Figura 8C).

E importante evidenciar que o desenvolvimento dessas barras no interior de canais
subordinados auxilia na aceleracéo de seu preenchimento e abandono, ocasionando a anexagéo
de ilhas a planicie aluvial (Figuras 5 e 8D). A vinculacdo de amplas barras ao assoreamento de
canais secundarios, principalmente a partir de 2009, corrobora o decréscimo dessas morfologias
nos ultimos cenarios (Figuras 3A e 4A).

O referido processo de anexacédo de ilhas (Figura 8D) promove a retencdo de amplos
depositos de canal na planicie aluvial em ambas as margens (Figura 6) e, juntamente com a
expansdo da vegetacdo riparia sobre as barras laterais (Figura 8A), produzem taxas de
construcdo das margens superiores as taxas de erosdo (Figura 6). Como resultado, verifica-se
uma tendéncia atual de decréscimo da &rea da zona ativa do rio.

Um dos controles primarios do regime de transporte sedimentar e das caracteristicas dos
depdsitos aluviais é o regime de fluxo do rio. Coe et al. (2011) realizaram uma analise dos
aspectos hidrologicos da Bacia do Rio Araguaia a montante da area de estudo. Os autores

constataram um aumento de 25% na vazdo do rio na estagdo Aruand (Figura 1A) entre as
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décadas de 1970 e 1990, sendo que 2/3 da mudanca hidroldgica foram atribuidos as mudangas
no uso e cobertura da terra na bacia hidrografica e ndo as mudangas climaticas, ja que as
alteracdes na precipitacdo foram de apenas 2,5% no mesmo periodo. Dessa forma, além do
impacto direto do desmatamento como fonte de eroséo e transporte de sedimentos no sistema,
as respostas na morfologia do canal identificadas por Latrubesse et al. (2009) estariam também
relacionadas as modificagdes hidroldgicas na bacia hidrogréfica derivadas das a¢des antropicas.
Os picos de desmatamento na Bacia do Rio Araguaia no final do século passado eram
duas vezes maiores que a média (380.000 ha) das taxas registradas a partir de 2000 (Figura 9).
Apesar dessa reducdo, dados do periodo 2013-2017 revelam uma ampla conversdo (51,2%) do
Bioma Cerrado em &reas antropizadas na bacia hidrografica (LATRUBESSE et al., 2019).
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Figura 9. Taxas de desmatamento na Bacia do Rio Araguaia ao longo do periodo 1988-2017.
Adaptado de MapBiomas (2020).
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Diante da manutencao do quadro de transformacdes no uso e cobertura da terra a partir
dos anos 2000, verifica-se a possibilidade de intensificacdo dos efeitos hidrolégicos do
desmatamento sobre a vazéo do rio descritos por Coe et al. (2011). Lininger e Latrubesse (2016)
avaliaram a atenuagéo dos picos de vazdo (sua reducdo absoluta conforme se movem a jusante)

derivada dos mecanismos de transmisséo das inundacdes para a planicie aluvial do médio-curso
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superior do Rio Araguaia. Os autores ndo encontraram tendéncias discerniveis nos padrfes de
atenuacédo dos picos que demonstram sua relagdo com as elevadas taxas de desmatamento na
bacia hidrografica. Nao obstante, Lininger e Latrubesse (2016) verificaram a maior
probabilidade de ocorréncia de vazdes minimas superiores a média apds 0s anos marcados pela
atenuacdo do pico de vazdo durante a série histérica 1975-2011. Assim, a 4gua armazenada na
planicie de inundagdo durante a estagdo chuvosa seria gradualmente liberada ao longo da
estacao seca, aumentando os fluxos de base.

Costa, Botta e Cardille (2003) avaliaram os dados de vazéo e precipitacdo no alto curso
da Bacia do Rio Tocantins (adjacente a area de estudo) no periodo 1949-1998. Assim como
Coe et al. (2011), esses autores atribuiram o aumento (+24%) na vazdo média anual do rio a
expansdo das areas destinadas a agricultura na bacia hidrografica, pois as mudangas na
precipitacdo ndo foram estatisticamente significantes. Costa, Botta e Cardille (2003) ainda
constataram que os impactos do desmatamento sobre a vazdo sdo evidentes, especialmente, na
estagdo chuvosa, com o incremento de 28% das descargas médias mensais e a antecipagdo em
um més no pico de vazdo sazonal.

Assim como no Alto Tocantins, na area estudo verificou-se 0 aumento (+21%) das
descargas medias mensais na estacdo chuvosa entre as décadas de 1980 e 2000 e a antecipacao
em um més no pico do hidrograma na década de 1990 (Figura 7). Essas alteracbes condizentes
com o decréscimo das taxas de infiltracdo e o aumento do escoamento superficial em areas
desmatadas (BRUIJNZEEL, 1990) teriam favorecido a erosdo das ilhas de pequeno porte
(Figura 3B) e o estabelecimento das barras arenosas (Figura 3A), que sdo formas de maior
instabilidade em resposta a evolugéo do leito nos periodos de inundacéo.

Todavia, as varia¢des no tempo e na amplitude das vazBes nas Ultimas duas décadas
(Figura 7) denotam importantes alteracfes no regime hidrolodgico do Rio Araguaia, as quais sdo
condizentes com os ajustes morfoldgicos observados entre 2001 e 2018. Em um sistema
caracterizado pelo elevado suprimento da carga de fundo, a reducdo da magnitude das
inundacdes e dos fluxos mais baixos na estagdo seca (Figura 7) auxiliaram na intensificagdo
dos processos agradacionais (Figura 5), na estabilizagdo das formas deposicionais (Figura 8B)
e na progressdo da vegetacao riparia dentro do corredor fluvial (Figura 8A e C).

E valido ressaltar que em grandes rios, 0s processos responsaveis pelas principais
mudancas na morfologia do canal estéo relacionados a areia transportada como carga de fundo
e em suspensdo (LATRUBESSE, 2008). Nesse contexto, pesquisas (AMSLER; RAMONELL,;
TONIOLO, 2005; AQUINO, 2007; BIEDENHARN; THORNE, 1994; LATRUBESSE, 2008;
THORNE; RUSSEL; ALAM, 1993) revelaram a importancia da descarga que maximiza o
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transporte da granulometria dominante, denominada vazdo efetiva (Qef), no controle da
morfologia dos grandes sistemas fluviais.

Aquino (2007) avaliou as mudangas na vazdo efetiva do médio-curso superior do Rio
Araguaia ao longo do periodo 1971-2000. A autora verificou um incremento de 65% no valor
dessa vazdo entre as décadas de 1970 (Qef = 1775 m3/s) e 1990 (Qef = 2954 m3/s), cujo
resultado foi 0 aumento do transporte da carga de fundo e a consequente ampliacéo da tendéncia
ao entrelacamento do rio identificados por Latrubesse et al. (2009).

Ao considerar que a variabilidade climatica e as mudancas no regime de vazdes sao as
forcas motoras dos ajustes que ocorrem na vazdo efetiva (AMSLER; RAMONELL;
TONIOLO, 2005), as futuras pesquisas devem ter como enfoque o reconhecimento: (i) do papel
desses dois grandes controles na configuracdo da vazao efetiva do Rio Araguaia nas Gltimas
duas décadas e; (ii) das possiveis flutuacdes recentes dessa vazdo e a sua relacdo com o0s
processos erosivos e deposicionais que culminaram nos ajustes morfolégicos do sistema canal-

planicie aluvial identificados no presente estudo.

2.1.6 Conclusoes

As mudancas na morfologia bidimensional do médio-curso superior do Rio Araguaia
foram avaliadas durante o periodo 2001-2018, ampliando para 53 anos a série temporal dos
dados sobre a evolugdo das macroformas desse rio apresentados por Latrubesse et al. (2009). A
tendéncia a agradacao do sistema fluvial reportada para os cenarios do final do século XX ainda
persiste no periodo atual.

Entre 1965 e 1998, o rio alterou parcialmente o seu padrdo anabranching, ampliando a
tendéncia ao entrelacamento por meio da: (i) sedimentacdo de canais secundarios; (ii)
eliminacdo de ilhas de menor porte; (iii) ampliacdo de barras laterais e; (iv) proliferacdo de
barras centrais de carater transiente. Todavia, entre 2001 e 2018, foram identificados os
seguintes novos mecanismos de ajuste do canal: (i) redugéo da &rea total das barras laterais; (ii)
decréscimo em numero e area total das barras centrais; (iii) aumento em nimero e area das ilhas
pequenas e grandes e; (iv) incremento das barras acrescidas as ilhas.

A atual fase transicional do Rio Araguaia de contracdo da zona ativa do canal e perda
parcial das caracteristicas de entrelacamento devido a ampliacéo da representatividade das ilhas
estd possivelmente vinculada as alteragdes no regime hidrossedimentar desse rio nas ultimas

duas décadas.
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O Rio Araguaia é o ultimo grande rio do Cerrado livre de grandes intervencbes
antrdpicas diretas. Diante das ameacas ambientais iminentes as suas funcionalidades hidro-
geomorfoldgica e ecoldgica, como o avanco da fronteira agricola e as propostas de construgédo
de quatro grandes barragens ao longo de seu curso, os resultados desta investigacdo sobre o
atual estado de ajuste do sistema canal-planicie aluvial deverdo ser considerados nos planos de
manejo do Rio Araguaia.

Financiamento: Esta pesquisa foi financiada pela Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior — Brasil (CAPES) - Codigo de Financiamento 001.
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2.2 Artigo 2 — Geomorphic diversity of the middle Araguaia River, Brazil: a segment-

scale classification to support river management?

Abstract

The complex mosaic of geomorphic units that characterizes the fluvial corridor of large rivers
poses challenges to effectively describe and discriminate the landforms diversity, and is
relationships with the hydrosedimentological dynamics and state of the system. Consequently,
the classification of the diverse array of fluvial features into discrete segments can be a
systematic and organized approach useful to sustain geomorphically-informed management
strategies. Here we propose a methodological approach and characterize the geomorphic
diversity of the middle Araguaia River by applying a classification of reaches into segments
with a certain consistent level of morphological variability. A GIS framework developed for
this purpose relied on the survey, analysis, and statistical treatment of morphological variables
derived from remote sensing data. It allowed to differentiate 19 distinct reaches (R1-R19) that
were further clustered into five major segments (SI-SV). We investigated the first-order
controls of the fluvial style in each of the identified segments and found that changes in valley
gradient influence in a major way the segments I, Il1, and 1V, while the entrance of important
tributaries and the nature of the valley floor are natural governing factors in segments Il and V,
respectively. The system exhibits a significant morphological diversity among segments, and
it is strongly influenced by the late Holocene avulsion history of the river. Given the increasing
pressure of human activities on the hydrological system, the present study can be of use to
subsidize sustainable management plans aiming to safeguard the last large free-flowing river of
the Cerrado biome, and our methodological proposal is valid for use in other large rivers
worldwide.

Keywords: fluvial geomorphology, large rivers, river segmentation, river management.

2.2.1 Introduction

The spatial flows of energy, materials, and organisms that characterizes the three
dimensions (longitudinal, lateral, and vertical) of the riverine landscape can be affected by

2Artigo publicado: SUIZU, T. M.; LATRUBESSE, E. M.; BAYER, M. Geomorphic diversity of the middle
Araguaia River, Brazil: A segment-scale classification to support river management. Journal of South
American Earth Sciences, vol. 121, 2023. https://doi.org/10.1016/j.jsames.2022.104166.
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intricate paths and mechanisms of flow transferences that not only depend on the hydrological
regime but on the channels pattern’s types and the complex morphology and evolutive history
(time as the fourth dimension) of the floodplains mosaic (Latrubesse and Suizu, 2022; Petts and
Amoros, 1996).

This applies particularly in the case of large axial rivers, where the fluvial corridor is
subordinate to the basement rocks and tectonic settings of the valley they transcend (Latrubesse,
2015; Potter, 1978), the climate-driven changes in discharge regimes under which modern and
ancient fluvial forms were adjusted (Blum, 2008; Gautier et al., 2021), are still in the process
of adjustment through recent geological times (Latrubesse and Stevaux, 2015; Valente and
Latrubesse, 2012) and, even over the last century because of the long-standing effects of human
impacts (Best, 2019; Latrubesse and Sinha, 2022). As a result, trans-continent sized rivers
display marked changes in main-channel, branch, and floodplain styles due to alongstream
variations in sediment feeds, bed sediment transfers, and lateral sediment exchanges (Ashworth
and Lewin, 2012; Park and Latrubesse, 2019).

In the face of such complexities, an important step in the study of large alluvial systems
is the geomorphic classification of the river into spatially distinct segments. Reach
classification frameworks have been traditionally proposed in river science. They can
synthesize stream morphologies and processes of specific geomorphic settings (Montgomery
and Buffington, 1997) or can intend to be universal by the stratification of rivers into
comparable groups using numerically bounded physical metrics (Rosgen, 1994). Reach types
can be defined by procedural trees of identification that range from valley setting scale to the
bed material texture (Fryirs and Brierley, 2018), and they can also incorporate information
about human pressure responses and trajectories of changes in the system (Gurnell et al., 2016).
However, despite the reliability and robustness of many available conceptual frameworks for
reach classification, they usually constitute hierarchical procedures developed for small to
medium-sized river basins. Thus, their taxonomy approach may not be adequate to capture the
complexity and the large-scale features of the domains that characterize large axial rivers.

The segmentation of large rivers is a powerful tool for basic and applied research. The
subdivision of the river into more manageable study reaches is a systematic and organized
approach in strategic and project-related investigations for river management and engineering
(Thorne, 2002).

In his framework for geomorphic studies of large rivers, Thorne (2002) presented a
reach-scale geomorphic classification of the Parana—Paraguay system in Argentina based on

the criteria of channel stability and human modification, as part of a wider study of flood
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defense issues. Classification schemes have been also developed, for example, to assess the
changes in channel morphology variables over spatial and temporal scales (Orlowski et al.,
1995; Schumm et al., 1994), to verify the distribution and types of bed morphologies in distinct
geomorphic zones (Knox and Latrubesse, 2016), to understand the control of different fluvial
styles over the hydrology of the river system (Stevaux et al., 2020), and to estimate the reach-
wise sediment volume accumulated in the channel belt (Sinha et al., 2022).

Nowadays, complex and habitat-rich ecosystems of large tropical rivers have been
threatened by the strongly increasing trend of land-use changes, damming, water extraction,
and other unsustainable practices that significantly impact and modify the hydro-
geomorphology, sedimentology, and connectivity structures of these systems (Latrubesse and
Sinha, 2022; Wittmann et al., 2022). Furthermore, when compared to boreal and temperate
regions, the tropics still preserve several of the most fascinating and pristine rivers of the world
and offer to geomorphologists a unique opportunity to investigate its natural, self-adjusting
processes and the associated range of forms.

The Araguaia River in the central highlands of Brazil is an example of a large tropical
free-flowing river that harbors a significant proportion of freshwater biodiversity at the
Cerrado-Amazonia ecotone (Latrubesse et al., 2019). Since the end of the last century, the
middle section of the river is showing a marked tendency to aggrade and rapid changes in the
channel pattern in response to the extensive deforestation and accelerated soil erosion in the
drainage basin (Latrubesse et al., 2009). Additionally, the hydropower potential of the Araguaia
basin is being planned for exploitation, as 70 dams have already been proposed, including four
large ones on the mainstem (Latrubesse et al., 2019).

The increasing pressure of human activities on the hydrological system mandates
conservation efforts of the alluvial plains of the Araguaia. A comprehensive geomorphic study
of this river by ordering the array of fluvial features into discrete segments can be a fundamental
component of integrated and sustainable management plans aiming to safeguard the last and
most important unregulated river of the Cerrado biome.

The first general description of the Araguaia River was made by Latrubesse and Stevaux
(2002). Based on detailed investigations and fieldworks, these authors subdivided the system
into three main landscape units designated upper, middle, and lower Araguaia, with the channel
relatively fixed on bedrock in the upper and lower units and the middle section displaying a
well-developed and active alluvial belt. After that, a 570-km length reach of the middle
Araguaia was also geomorphologically compartmented by Latrubesse et al (2009) to assess a

sedimentary budget and morphological changes during the latter part of the twentieth century.
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The results reported in our study provide an extension of those previous subdivisions.
By developing and applying a new proposed method, we focus on a more systematic approach
to characterize the internal geomorphic variability of the middle Araguaia River valley which
improve the segmentation. The method characterizes the geodiversity of the middle Araguaia
River based on a river classification into geomorphically distinct segments. Thus, the specific
aims of this study are: (i) to derive reach units of the river and assess their longitudinal trends
by channel and floodplain metrics; (ii) to conduct a cluster analysis to objectively group river
reaches of relatively uniform morphological attributes into major segments; and (iii) to identify

the main controlling factors of the fluvial style in each of the segment classes.

2.2.2 Study Area

The Tocantins-Araguaia basin, situated in the tropical South America, stands out due to
its large drainage area (767,000 km?) (Latrubesse and Stevaux, 2002; Pelicice et al., 2021). The
basin formed by two similar-sized rivers with similar drainage basins (Tocantins and Araguaia)
spreads on two important and large biomes of South America: the Amazon rainforest to the
north and the Brazilian savanna (Cerrado) to the south (Latrubesse and Stevaux, 2002;
Latrubesse et al., 2019). The Araguaia basin (Figure 1A) covers an area of ~385,000 km?. The
middle section of the mainstem extends from Registro do Araguaia to Concei¢do do Araguaia,
is characterized by a well-developed alluvial plain (Figure 1B) and runs mainly through the
lowlands of the Bananal Plain, an intracratonic Quaternary sedimentary basin characterized by
the development of a vast aggradational plain Pleistocene formed by a mega-scale anabranching
pattern, where a remarkable geomorphic feature is the huge Bananal Island (Figure 1A)
(Valente and Latrubesse, 2012). From a geological perspective, the Bananal Plain relates to the
Araguaia Formation, a fluvial sequence of clay, silt, and sand conglomeratic sediments of
Pleistocene age, although local outcrops of older rocks rise as hills or small ranges (Valente and
Latrubesse, 2012).
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Figure 1. A. Location of the Araguaia basin, mainstream and major tributaries. B. Reaches (R1-

R19) of the Middle Araguaia River and floodplain identified in the present study.

The middle Araguaia alluvial plain is incised in the Bananal Plain and consists of a
mosaic of younger late Quaternary morpho-sedimentary units, controlled by geological
structures in a N-S direction and secondary ENE-WSW and NNW-SSE trends (Latrubesse and
Stevaux, 2002). The modern river displays a variety of anabranching patterns with a tendency
to braid that alternates with some sinuous reaches (Latrubesse, 2008; Suizu et al., 2022).

The entry of significant tributaries in the middle Araguaia River (Figure 1A) increases
the drainage area from 36,400 to ~320,290 km? (Latrubesse and Stevaux, 2002). The Mortes,
Javaés, Cristalino and Tapirapé rivers area classified as tributaries draining predominantly the

Bananal Plain, while eastern tributaries (Claro, Vermelho, Peixe and Crixas-agu rivers) drain
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mainly Precambrian metamorphic and igneous rocks and have their headwaters among
structurally controlled hills (Aquino et al., 2009Db).

Two gauging stations from Brazil's National Water Agency (Agéncia Nacional de
Aguas - ANA) located in the study site (Figure 1B) source historical hydrological data for
1971/74-2019 period. The Araguaia River drains 76,964 and 193,923 km? at the Aruana
(#25200000) and Sao Félix do Araguaia (#26350000) gauging stations, respectively (Aquino
et al., 2005). Mean annual and mean annual flood discharges for the period of record are
1189.84 and 4745.67 md3s?, respectively, at Aruand and 2622.43 and 7293.99 md3?,
respectively, at Sdo Félix do Araguaia.

The interannual variability of the middle Araguaia River flow (Figure 2) reflects the
strong seasonality of the tropical savanna climate (Aw). The dry period extends from June to
October and the high-water period from November to May. The peak flow usually occurs in
February in the upper middle-course and lags approximately one month at Sdo Félix do
Araguaia station. On average, annual peak flow is more than 17-times the minimum annual
flow (Qmax/Qmin) at Arund. This number decreases to 10 at the downstream Séo Félix do
Araguaia station. The flows at this second station are highly influenced by the entrance of the
most important tributary of the Araguaia River, the Mortes River with an estimated Qmean Of
858.41 m3st (Aquino et al., 2009b). Upstream of this confluence, flood transmission through
the middle Araguaia is characterized by peculiar peak discharge attenuation (with peak
reductions up to 30%), despite receiving tributary inputs, which makes this river distinctive
when compared to other large axial tributary alluvial rivers, at least in tropical South America
(Lininger and Latrubesse, 2016). Lacustrine geomorphological features of the floodplain
(abandoned channel lakes, oxbow lakes, lakes formed on meander scrolls, lakes formed by
lateral accretion, blocked valley lakes, and embankment lakes) and their connectivity with the
mainstem are the geomorphic mechanisms that cause this peak attenuation, and play an
important role for ecological maintenance of the floodplain wetlands (Aquino et al., 2008;
Prado de Morais et al., 2005; Lininger and Latrubesse, 2016).
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Figure 2. Mean monthly discharge of the middle Araguaia River for the period 1971/74-2019

at Aruana and S8o Félix do Araguaia gauging stations.

Another singular aspect of the middle Araguaia, when compared to other large alluvial
rivers of South America (e.g., Parand and a great number of the Amazonian rivers), is the high
proportion of sandy load carried by this river (up to ~57% of the total sediment load) compared
to wash load, which just represents an average of ~ 43 to 49% of the total sediment load (Aquino
et al., 2009a). Suspended sand is a very important component representing up to 93% of the
total sand transported by the river (Latrubesse et al., 2009).

In this study, we present geomorphic data for the first 783 km of the middle Araguaia
alluvial plain until the confluence with the Javaés River (downstream end of the Bananal
Island). The procedures to divide the river into nineteen reaches (Figure 1B), the fundamental

units of the river classification into segments, are described further in the next section.

2.2.3 Materials and Methods

A GIS framework was developed to identify the different segments of the middle
Araguaia River. It was based on the calculation, statistical treatment and analysis of
morphological variables derived from remote sensing data. ENVI 5.3 and ArcGIS 10.6 built-in
vector and raster functions were used to extract data from Landsat images (5 TM/Landsat 5, 5
OLI/Landsat 8 scenes) taken on 10-26 July 2001 and 25 July 2018. The imaging selection

criteria was the similarity of the water level (129-160 cm) at the Aruand station (Figure 1B) on
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the acquisition date during the low water level period to capture, as accurately as possible, the
fluvial forms related to the bed load (sandbars). For each of the images, we performed
radiometric calibration by rescaling data to the top of atmosphere (TOA) reflectance.

We applied a Tasseled-cap transformation (TCT) to 2018 Landsat scenes for delineating
the floodplain boundaries. The combined components (brightness, greenness, and wetness) of
this vegetation index enhance the spectral and textural information of the wetlands, allowing
easier manual interpretation.

Active channel features were automatically identified by defining regions of interest
(ROIs) on Landsat-derived Normalized Difference Vegetation Index (NDVI). Channel masks
were extracted from pixel values ranging from -1 to O (water). Fluvial islands and vegetation
patches over sandbars were defined where the values ranged from 0.2 to 0.8 (sparsely to densely
vegetated surfaces) and channel sandbars in the interval between 0 to 0.2 (bare-earth surfaces).
Vector datasets derived from the ROIs were manually checked and corrected and then used to

extract planview channel and floodplain metrics.

2.2.3.1 Definition of river reaches

The spatial heterogeneity of a river is primarily controlled by the valley setting
(floodplain development, ancient alluvium, and geologic control - lithology and structure) that
combined with gradient, sediment supply and water flow determine the functioning and
diversity of the modern fluvial forms and the nature and rate of its adjustments.

To divide the Araguaia River into reaches, we considered the important longitudinal
variations of these primary controls expressed by the following variables listed in their order of
significance for the river subdivision: (i) channel and valley gradient; (ii) presence of structural
lineaments along the valley and changes in channel direction as it shifts from one linear element
to the other; (iii) entrances of main tributaries as a surrogate for important contributions of
discharge and sediment supply; (iv) measurements of the extent of channel confinement and
the floodplain degree of development (entrenchment ratio).

Metrics used to distinguish the reaches were sampled at regular 5-km river valley small
stretches (n=156) based on 2018 Landsat data and the elevation model MERIT Hydro. This 3-
arc-second resolution (~90 m at the equator) DEM has been hydrologically adjusted to satisfy
the condition 'downstream is not higher than its upstream’ while minimizing the required
modifications from the original MERIT DEM (Yamazaki et al., 2019). Mean height values of

transverse transects crossing the floodplain were considered in the calculation of valley
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gradient. Valley gradient was determined by dividing the difference in mean floodplain
elevation between the stretches’ up-and-down limits by the horizontal distance of the valley
centerline. Channel gradient was determined by dividing the difference in elevation between
upstream and downstream endpoints (defined by stretches’ limits) of the channel centerline by
its horizontal distance. Intending to remove “bad” data points but preserving important
geomorphic data, we used locally weighted linear regressions (span = 0.05), as suggested by
Aiken and Brierley (2013) to smooth data.

Linear features crossing the study area were compiled from the lineament network
identified by Valente (2007) for the whole Araguaia basin. We computed orientations of
individual lineaments using Coordinate Geometry (COGO) functionalities in ArcGIS 10.6.
Results were displayed in a bar plot showing orientations from 0° (right/east) to 180° (left/west).

Channel confinement was calculated by applying Fryirs et al. (2016) as follows:

us
Ce = (—ZDS CCLfB@CM) x 100 (1)
T

where C. is the channel confinement; CLes@Cw is the length of the channel along either bank
that is constrained by a valley bottom margin (bedrock valley wall or other confining features
such as inactive floodplains); CLr is the total length of channel. The geologic map of the
Araguaia basin presented by Valente (2007) was used to identify the bedrock outcrops that
control the river planform. The entrenchment ratio was determined by the ratio of the floodplain
width to the channel width (Polvi et al., 2011).

Changes in the morphological pattern of the river along the reaches were assessed by
applying the following channel metrics: stability parameter (Kong et al., 2020), lateral
migration rate (Giardino and Lee, 2011), sinuosity index (Friend and Sinha, 1993), the total
area of sandbars, anabranching index (Kong et al., 2020) and circularity index for islands
(Mertes et al., 1996).

Our set of geomorphic data did not meet the assumption of normality per the Shapiro-
Wilk test. Therefore, non-parametric Kruskal-Wallis hypothesis test (Table 1) was performed
to validate our river subdivision using the RStudio IDE (R Core Team, 2021). Results from this
multivariate analysis confirmed the statistically significant differences of the plani-altimetric
variables among the sub-reaches (p <0.05). Effect size estimates (eta squared measure using
the H-statistic) of the Kruskal-Wallis tests detected large effect sizes for these metrics, save for

the moderate effect of the valley gradient, lateral migration rate, and the circularity index for
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islands. Spearman's (Sp) rank correlation coefficients (p) provided tests for monotonic
downstream trends in the variables. Welch’s t-test was used to inspect if the means of two

groups of the same variable were equal.

Kruskal Wallis (p) Effect Size, ETA%*
Valley gradient 0.008 0.13
Channel gradient <0.0001 0.28
Channel confinement <0.0001 0.32
Entrenchment ratio <0.0001 0.77
Channel stability 0.0004 0.20
Lateral migration rate 0.0066 0.13
Sinuosity index 0.0007 0.19
Total bar area <0.0001 0.37
Anabranching index <0.0001 0.33
Circularity index 0.0352 0.08

Table 1. Results of Kruskal Wallis test. *ETA? is interpreted as the percentage of the total
variance explained by the groups (river reaches). Guidelines for the size of the effects: <0.06
(small); 0.06 - <0.14 (moderate); >0.14 (large) (Kirk, 2015).

2.2.3.2 River classification into major geomorphic segments

The subdivision of the middle Araguaia River into discrete reaches provided the
framework to develop a river classification into major fluvial segments based on an
unsupervised approach of the spatial statistics that grouped reaches of relatively uniform
morphological attributes. The spatially constrained multivariate clustering of ArcGIS 10.6
(Groping Analysis tool) identified the potential segments by looking for a solution where all
the reaches within each group are as similar as possible, and all the groups themselves are as
different as possible (Esri, 2021). Reach similarity was defined by 5 geomorphological
variables that can be regarded as independent: (1) valley gradient and (2) entrenchment ratio,
and dependent: (3) sinuosity, (4) anabranching index, and (5) stability parameter.

A pseudo F-statistic was used to determine the optimal number of groups. It describes
the ratio of between-cluster variance to within-cluster variance (Calinski and Harabasz, 1974).
A number of clusters having a large pseudo F value will be very effective at distinguishing the
features and variables specified (Esri, 2021). The ratio calculated by the algorithm indicated
that five classes of reaches would be a good choice (Figure 3a). A coefficient of determination
(R?) provided a measure of the variance between clusters explained by each geomorphological

variable. It implies that the larger the R? for a given variable, the more relevant it was for
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discriminating among segments (Figure 3b). The standardized values of such variables for the
resulting classes were then analyzed to identify the factors driving the singularity of each

geomorphic segment.
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Figure 3. (a) Pseudo F-Statistic Plot. The index was used as a stopping rule for identifying the
““optimal’” number of groups (segments) as peaks are indicators of greater cluster separation.
(b) R? values computed for each geomorphological variable. They showed great potential (>0.6)

for discriminating among clusters.

2.2.3.3 Planform dynamics in the river segments

Morphodynamics of the river segments was assessed by comparing the areas of erosion
and deposition in the active channel and proximal floodplain between 2001 and 2018. The areal
extent of these processes was quantified by adopting GIS procedures described in Jana (2019).
The author generates two raster files containing the main fluvial landforms (active channel,
sandbars, islands, and floodplains) in two successive years. Using a raster calculator tool, a
subtraction raster file is derived from the previous ones, and it express the changes (erosion or
deposition) that took place during the time series. In our study, depositional areas resulted from
lateral accretion, island accretion to the floodplain, and bar and island formation (creation or
expansion) processes. Eroded areas resulted from lateral erosion, and bar and island destruction
(surface loss).

Because the two-dimensional mapping of the features does not incorporate differences

in elevation, it cannot be translated into a volumetric budget. Even so, the areal data provided
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important information on the rates and types of channel adjustments that characterize each
segment of the river.

2.2.4 Results and Discussion

2.2.4.1 Spatial patterns of morphological variability at the reach scale

Based on the downstream changes in the variables expressing the primary controls of
the river planform — channel and valley gradient (Figure 4A), structural lineaments (Figure 4B),
the entrance of main tributaries (Figure 4, upper part), channel confinement (Figure 4C; Figure
5a), and entrenchment ratio (Figure 4D; Figure 5b) — we divided the trunk river into 19 reaches
(R1-R19). We assessed morphology and short-term dynamics at the reach scale using lateral
migration rate (Figure 5c), channel stability (Figure 5d), sinuosity (Figure 5e), the total area of
sandbars (Figure 5f), anabranching index (Figure 5g), and circularity index for islands (Figure
5h).

The Araguaia River occupies a valley of variable longitudinal gradients (Figure 4A).
The highest valley gradients mark the beginning of R1 (109 cm km™) and R11 (80 cm km'Y),
while the lowest ones occur at R12, R14, R18, and R19, where mean values range between 7-
9 cm km™. Highest channel gradients (39-63 cm km™) are observed in the following upstream
reaches: R5, R6, R8 and R10 (Figure 4A). In the case of R8 and R10, channel steeper slopes in
low-sinuous reaches have been established over a relict lower-gradient floodplain. Significant
reductions of the channel gradient relative to the valley gradient are associated with the most
sinuous reaches — R2, R11, and R12 (Figure 5e), as the channel gradient responds to
alongstream changes of the river by adjusting its pattern (Schumm, 1993).

The flow paths of reaches are mainly dictated by NNE-SSW, and N-S dominant
regional lineament trends. Except for R11, where the shifting of the main river course is
influenced by NW-SE elements (Figure 4B). The presence of lineaments crossing the Araguaia
valley controls the river pattern to some extent where they intersect the channel. Note that part
of the relevant tributaries joins the mainstream where it drains along or near the lineament traces
(Figure 4, upper part). Points of confluence/difluence with the Araguaia River are associated

with locations where these lineaments interact and meet.
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Morphological changes are usually expected to occur downstream tributary junctions
due to changes in sediment supply and water discharge. However, a comparison of metrics
obtained along 15 km upstream and downstream confluences showed that the total area of
sandbars that form just below the junctions is not significantly different (t-test: p > 0.05) from
the area of these features located upstream. The major variation (t-test: p = 0.1) was an increase
of 168% in the area of sandbars immediately downstream of the entry of the Cristalino River.
Stepwise changes of the channel width occur in the majority of confluence zones (t-test: p >
0.05). The significant increases were observed below the entries of Cristalino (+56%, t-test: p
= 0.01) and Mortes (+53%, t-test: p = 0.07) rivers.

Channel planform has been partially controlled by varying degrees of confinement
(Figures 4C and 5a). Notable lateral constraints (mean value > 25%) occurs at R4, R11, R15
and R17-R19, while the least constrained reaches (mean value < 10%) are R2, R3, R5-R8, R12
and R16 (Figure 5a). The entrenchment ratio is a correlate metric of channel confinement that
provides relevant information about the valley geometry and the stages of floodplain
development relative to the contemporary river. Broad floodplains characterize R2 and R5-R10,
where median entrenchment ranges from 11 (R5) to 16 (R8), and maximum values are attained
at R2 (29) and R8 (25) (Figures 4D and 5b). There is a general decreasing tendency for the
entrenchment downstream (Sp: p = 0.003, p = -0.65), with floodplain widths just 2-5 orders of
magnitude wider than the active channel in the last two reaches.

No spatially consistent trend in the rates of lateral channel shifting was identified (Sp: p
> 0.05). The highest median values per reach (3-3.5 m yrt) were found at R3, R7, R8, R10, and
R16, while the lowest (0.5-1.7 m yr!) occur at R1, R11, R15, R18, and R19 (Figure 5¢). If we
extend our examination of lateral stability to the fluvial bed (account for the position of the
islands banks) (Figure 5d), we notice a pattern of more unstable planforms in the upper reaches
(R2-R10) than in the lower ones (R11-R19) (Sp: p = 0.02, p = 0.54). Nonetheless, the highest
proportions (median values > 90%) of the channel that did not experience any planimetric
changes from 2001 to 2018 were found at R1, R11, R18, and R19.

Typically straight to gently meandering reaches characterize the main channel planform
with median sinuosity values ranging between 1.02 (R15) to 1.2 (R12). The only exception is
R11, where unusual highly sinuous bends can be found — median sinuosity: 1.3; max. sinuosity:
2.7 (Figure 5e). The braided style, as indicated by the total area of bars (Sp: p < 0.0001, p =
0.87), and the anabranching character of the river, as pointed by the anabranching index (Sp: p
=0.0001, p=0.77), increase significantly in the downstream direction (Figures 5f and 5g). The
largest extensions of the sandbars take place at R13-R19, where median values are 129% higher
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than their upstream counterparts. The upper reaches (R1-R11) evidently have a reduced number
of individual channels (median anabranching index: 1-1.4) when compared to the lower ones
(R12-R19, median anabranching index: 1.5-2.2). The highest values (2.7-3.5) are reached from
R15 to R19.

The plan shape of the islands was expressed by the circularity index, where values near
1 indicate more circular and higher values indicate more elongated features (Mertes et al.,
1996). Rounder islands linked to aggradational processes are usually associated with maturity,
as stable features tend to become progressively more convex over time due to the lateral
accretion process (Hudson et al., 2019). Despite the lack of a consistent alongstream pattern
(Sp: p > 0.05), the highest median (>2) and maximum (2.9-3.5) values of circularity index are
usually observed from R12 to R19 (Figure 5h).

2.2.4.2 Characterization of the middle Araguaia River segments

The previous description of the morphological variables at the reach level revealed
significant alongstream variations in the planform characteristics of the middle Araguaia River.
Given the regional extent of this system, we can rescale this first subdivision into major
geomorphic segments characterized by fairly contiguous patterns in the river’s character and
the degree of development of the fluvial corridor. A quantitative unsupervised approach of
spatially constrained clustering provided an objective classification of the reaches into five
segments with a consistent level of morphological variability between them (Figure 6).

The Segment | — Single-channel reach, planform controlled, restricted floodplain, has
been defined for the first reach (R1) of river. It marks the transition from a narrow V-shaped
valley to the broad alluvial plain. The highest valley gradients in this straighter and structurally
controlled channel reach result in low rates of lateral migration and minimum planform changes
with little sediment storage in the form of a few bars and no islands formation (Figures 6, 7B
and 8).

Approximately 15 km downstream from the beginning of the floodplain until the
difluence with the Javaés River (R2-R10), we documented the second segment, named Alluvial
anabranching pattern, laterally unconfined, wide, and complex Holocene floodplain. Along the
375 km of valley’s length comprising this segment, the river locally hit outcrops of Precambrian

metasedimentary rocks (e.g., R4, Figure 5A) or the valley margin itself (e.g., R10, Figure 5A).
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Figure 6. River valley segments (SI-SV) identified for the middle Araguaia River using a GIS-
based multivariate clustering algorithm. Boxplots display global ranges of each geomorphic
variable employed in the cluster analysis. The colored bold lines and circles represent
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outliers.
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However, the influence of these constrictions is small, and the channel is most capable of
reworking its boundaries in the materials of the extensive floodplains that characterize Segment
I1. Most channel banks are made up of friable Holocene deposits of floodplain units Il and 111
(Latrubesse and Stevaux (2002). Unit Il is characterized by paleomeanders and oxbow lakes.
Coarse to medium sands at the base of the deposit indicate an active channel environment, while
a thin layer of sand interspersed with clay and silt (low-energy environment) characterizes the
upper part. Unit Il is a complex of accreted bars and islands generated by the present flow
regime, forming an irregular belt along the active channel. Sediments in this unit are mainly
medium and fine sands, with layers of finer materials (Bayer, 2002).

Islands formed by the excision of the floodplain are less commonly found in Segment
I, and within-channel islands display more rounded shapes (R2-R10, Figure 5h) due to the
intensive aggradational processes associated with the higher channel dynamics. As the low-
sinuous thalweg laterally shifts, changes in the position and efficiency of the branches lead to
secondary channels atrophy and, consequently, accretion of the islands to the floodplain (Figure
8). Hence, islands have a shorter lifespan and rarely attain a large size (R2-R10, Figures 5g and
7C).
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The entrance of the major eastern tributaries flowing from the hilly areas of the Brazilian
shield — Claro, Vermelho, Peixe, and Crixas-agu rivers (Figure 1) influences the geomorphic
style of the second segment. Their sediment inputs contribute to the overall aggrading character
of the Araguaia in Segment Il. The alluvial deposits resulting from lateral shifts of the river,
bars, and islands formation represent, respectively, 55%, 49%, and 36% of the net storage in
the system (Figure 8). Thus, the combination of large sandy loads of sediment, incohesive banks
and moderate valley gradient results in a low-sinuous pattern with smaller branches and less
stable features (Figure 6).

The reach of the Araguaia between the difluence with the Javaés River and the
confluence with the Cristalino River (R11) corresponds to the Segment Il — Highly sinuous
anabranching pattern, partly confined on alluvium, younger meander belt with scrolls. It is a
singular segment comprising an outstanding avulsion channel (Figure 7A) of 54.4 km in length
that diverts the flow of the mainstream and forms the southern part of Bananal Island. Once the
river turns to NW, it transitions toward the younger belt characterized by incision into the
Araguaia Formation, a decrease in the mean entrenchment ratio, and an increase in planform
stability (Figure 6).

Nonetheless, we suggest that the high valley gradient is the basic determinant of the
river morphology in Segment I11. The channel flowing on steeper terrain is found to display a
high sinuosity (Figures 6 and 7D) to dissipate more uniformly the excess of energy along the
segment but the migration rates are low because the system is incised, and there is moderate
development of bar and islands (Figure 8).

The Segment IV — Anabranching pattern, planform controlled, discontinuous
floodplain, extends from the confluence with the Cristalino River until immediately prior the
entrance of the Mortes River (R12 and R13, length of the valley = 106.3 km). The avulsion
changes from incisional (construction of a new channel) to annexational (reoccupation of
preexisting fluvial system) from this segment as the Araguaia flows join the Cristalino and
downstream the Mortes River (Figure 7A).

Currently, the Cristalino is an underfit river on the Bananal plain (Valente and
Latrubesse 2012), most active during the rainy season and with a Qmean ~4.3x lower than the
Mortes outflow. As increments from this modest tributary cannot explain the prominent
changes in river morphology that marks this segment, the lower valley gradient is set as the
first-order control. It gives rise to a zone of channel widening, bar deposition and development
of alluvial islands (Figure 8) that differs to a great extent from the zone of sediment flushing

produced by the steep and narrow valley of the segment preceding it.
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The river displays some sinuous features in R12 (Figure 5e) as the Araguaia overprints
its anabranching character by activating minor channels and depressions of the old meandering-
river floodplain of the Cristalino (Figure 7E). In general, the low valley gradient and the
moderate entrenchment of the river (Figure 6) are limiting factors for the generation of
meanders of greater amplitude. Along Segment 1V, discontinuous floodplains occur on
alternating sides of the river and, when not constricted by the valley configuration, the low-
sinuous pattern has substantial capacity for adjustment (Figure 6).

The downstream reaches (R14-R19) of the middle Araguaia River were classified
Segment V — Complex anabranching pattern, partly confined on alluvium and/or bedrock,
underfit floodplain. It occupies 247.9 km of the valley’s length, stretching from the confluence
with the Mortes River to the confluence with the Javaés River, where it constitutes the
downstream end of Bananal Island.

Segment V lies on the lowest valley gradients of the study site (Figure 6). Thus, the
widespread occurrence of large sandbars (R14-R19, Figure 5f) implies a limited capacity of the
river to transport the large volume of bed load delivered from upstream segments. In spite of
the strong influence of this low energy gradient in the geomorphic style of this segment, we
assume it is mainly governed by the nature of the valley floor and the geometry of the
floodplain.

Volcanic rocks and granites of the Iriri-Xingu Domain, Central Amazonian province,
and Mesoarchean rock associations of the Rio Maria Domain, Carajas Province, outcrop
discontinuously along the left bank of R14, R15, and R17 and constitute local lateral constraints
to the development of the floodplain. However, the most prevalent confining media of Segment
V is not bedrock, but the valley margins composed of the older, well-indurated alluvium of the
Araguaia Formation. The discontinuous contact of the active channel with the confining
margins allows for the occurrence of a narrow and patchy floodplain, where some lateral change
is possible (Figure 8). As the low gradient is not enough to overcome the resistance of the
Pleistocene cohesive sediments, very straight reaches (Figure 6) characterize the most
downstream segment of the middle Araguaia River.

It is noteworthy the significant increase in the anabranching character of the river from
Segment V (Figure 6). This change is related to the presence of large islands (Figure 7F) that
displays irregular and more elongated outlines (R14-R19, Figure 5h), complex inner
morphology, and both concordant (aligned parallel) and discordant (cut across) margins
regarding the current shape and orientation of islands. These singular properties plus the lower

channel mobility of the lower reaches reveal that these macroforms have been formed by flow
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diversion, relief exploitation, and excision of a portion of the pre-existent floodplain. In this
setting of large and permanent islands, the mean entrenchment ratio decreases to 5.1 (Figure 6),
meaning that the modern channel belt of Araguaia River is 'overfit' relative to the width of the
genetic floodplain.

We can interpret this geomorphic context as a metamorphosis of channel pattern
induced by a new flow regime following the river avulsion (Figure 7A). To accommodate the
incoming discharge and sediment load from the Araguaia relict system into the ancient paleo-
Mortes belt, the river changed from meandering to anabranching. Changes possibly involved a
dramatic channel widening and the large-scale reworking of floodplain deposits of the earlier
and smaller Mortes River, which led to the islands’ development from extra-channel diversion
after the avulsion.

Based on OSL and TL age estimates, Valente and Latrubesse (2012) inferred that river
avulsions under an aggradational regional regime in the Bananal Basin were intensive in the
Lower—Middle Pleniglacial between 70.5 ka and 34.0+4.6 ka (MIS 4 and 3) and in the Upper
Pleniglacial between 24.5+3.1 and 17.2+2.3 ka (MIS 2). Meanwhile, radiocarbon dating
obtained by the authors in the floodplain of Segment Ill, where the incisional avulsion took
place, provided a modern age, suggesting that the large-scale ongoing diversion of the Araguaia
River has been triggered by neotectonic activity in more recent times, during the Holocene.

Thus, it seems reasonable that the Araguaia River disrupted the pre-existing channel
geometries of the Cristalino and Mortes rivers, but hasn't had enough time to build a
surrounding floodplain compatible with the flow regime and geomorphic processes of the
contemporary river. Nowadays, the abundant supply of bed material forms large sandbars
subject to high turnover process, and promotes the creation of new islands and the evolution of

those complex ones inherited from the ancient fluvial system (Figure 8).

2.2.5 Conclusions

Based on a set of river and floodplain variables derived from a GIS framework we
developed a methodology to subset the Middle Araguaia River into 19 distinct reaches (R1-
R19). The unsupervised clustering method incorporating spatial constraints objectively grouped
the river reaches into five classes of segments. Changes of valley gradient influence in a major
way the morphology of segments 1, 111 and IV, while the entrance of important tributaries and
the nature of the valley floor are the main controlling factors of the fluvial style in segments |1
and V, respectively. In a complex geomorphic system like the Araguaia, we also documented
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the strong influence of the late Holocene avulsion history over the modern channel character
and its adjustments.

This first planform characterization of the middle course of the river complements
previous geomorphic studies by providing insights about the morphological diversity of the
segments, and the channel's sensitivity to change. We also consider that the river segmentation
can lend scientific support to a variety of disciplinary researches, and management plans
searching for sustainable management actions and conservation, as well as to impacting projects

such as dams, irrigation, and waterways.
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2.3 Artigo 3 — The role of geomorphology on flood propagation in a large tropical river:
the peculiar case of the Araguaia River, Brazil®

Abstract

In large rivers, floods are affected by the mosaic of geomorphic and geologic settings of the
fluvial corridor. Here, we assess the role of geomorphology on the downstream flood dynamics
of the Araguaia River, the largest free-flowing river in Central Brazil. The study integrates and
advances existing flood-type classifications. We assess the factors that govern flood hydrograph
properties and their downstream propagation by using flow time series, conducting statistical
analysis, and evaluating geomorphic and flood metrics. Our findings highlight the role of
geomorphology in the transmissions of floods. In the upper and lowermost fluvial segments the
geological characteristics of the valley are a major factor. In the intermediate section, two main
factors modulate the floods. The wide and complex floodplain plays a major role through
storage and buffer effect for floods, and water diversion from the main system to a huge
abandoned channel by avulsion governs seasonal flow transfers. The Araguaia is the most
geodiverse floodplain of the Amazon-Cerrado ecotone, and floods play a fundamental
ecological role in the river-floodplain environments. The combination of diverse factors
controlling the flood mechanisms has to be considered when implementing conservation plans
for the fluvial corridor and effective river management strategies.

Keywords: Large rivers; Flood transmission; Peak attenuation; Hydrology; Geomorphology,

Savanna, Brazil.

2.3.1 Introduction

The economic development and population growth of modern societies located in the
tropics have fueled the demand for natural and energy resources. Thus, while the tropics still
preserve some of the world's most fascinating and pristine rivers, the intense development
pressures are adversely affecting major river systems in this global region [1,2].

The Araguaia River, situated in the central highlands of Brazil, serves as a prime
illustration of a large tropical system susceptible to degradation by human activities. Over the
past century, it has undergone sedimentation, fluvial metamorphism, and hydrological shifts

3Artigo submetido no periddico cientifico Water (ISSN: 2073-4441). Impact Factor: 3.4 (2022); 5-Year
Impact Factor: 3.5 (2022).
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due to intensified deforestation in its watershed since the 1970s [3,4]. Excessive water usage
for irrigation places further stress on its water resources [5], with large-scale irrigation projects
showing expansion prospects [6]. Additionally, there is interest in exploiting its hydroelectric
potential, as evidenced by proposals to construct 70 dams in the watershed, including four large
ones in the mainstem [7].

Despite the escalating anthropogenic impact, the Araguaia River, the last and most
important free-flowing river nestled within the Cerrado-Amazdnia biomes ecotone, offers an
incomparable opportunity for investigating the hydrogeomorphic functioning of a large tropical
system draining cratonic areas in a savanna's dominated environment.

Previous studies adequately addressed the peculiar transmission patterns of floods that
characterize this river's middle section. Along a 430-km of the middle reach, Aquino et al.
(2008) observed that downstream gauging stations recorded lower peak flows compared to
upstream stations as the drainage area increased, a phenomenon known as peak discharge
attenuation [8].To further enhance the understanding of peak discharge attenuation in the
middle Araguaia River, a simplified water budget [9] revealed that water lost to the floodplain
during peak discharge attenuation typically returns to the channel by the end of the flooding
season, resulting in overall net gains of water.

The free-flowing Araguaia River is the main fluvial artery that sustains the most
complex and geodiverse floodplains within the Cerrado biome, alongside hosting the highest
diversity of fish species [7]. However, despite being one of the least studied large fluvial
systems from an ecological standpoint [7], the available research points to the relevance of the
influence of the annual flood cycle on the riverine ecosystem's structure and dynamics [10-15].
Furthermore, a recent study has unveiled a longitudinal diversity within the river continuum
[16]. Therefore, exploring the distinct hydrological patterns is relevant to increasing the
knowledge of flood transmission mechanisms in large tropical rivers and providing scientific
support to fluvial science and basin management programs in the Araguaia basin.

We propose a novel approach to classify and assess flood types methods in the middle
Araguaia. We also extend the time frame of pre-existing results by analyzing the period from
1975 to 2014 and tracking all flood events along the entire middle course. We also aim to
identify and assess each flood type's key attributes and controlling factors. To accomplish this,
we thoroughly examine flood hydrograph properties, conduct statistical analyses, and provide
insights into the influence of tributaries on peak flow attenuation. Furthermore, we delve into
how distinct geomorphic segments shape the downstream propagation of flood waves. Focusing

on the dynamic interface between hydrology and geomorphology enhances our understanding
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of the fluvial functions operating in this large and intricate system while providing new insights

into flood transmission processes and mechanisms in large tropical rivers.

2.3.2 Study area

The Araguaia River catchment (Figure 1A) covers approximately 385,000 km? in the
central highlands of Brazil, where it experiences a tropical savanna climate (Aw). Between
1975 and 2014, average annual precipitation across the basin ranged from 1506 to 2024 mm,
with a northward increase [17]. Most rainfall (93% on average) occurs between October and
April, while the dry season spans from May to September [18].

The middle Araguaia River, depicted in Figure 1B, stretches from Araguaiana to
Conceicdo do Araguaia and has a mean annual discharge of 4761 m?/s. Its drainage area is
augmented from 50,120 to approximately 325,740 km? by the entry of major tributaries. Aquino
et al. (2009) classified the eastern tributaries such as the Claro, Vermelho, Peixe, and Crixas-
acu (Figure 1A) as rivers that primarily drain Precambrian metamorphic and igneous rocks
originating from hills with structural controls [19]. On the other hand, the Cristalino, Mortes,
Tapirapé, and Javaés rivers (Figure 1A) are tributaries mostly draining the Bananal Plain, a
Quaternary sedimentary basin featuring a vast aggradational plain formed during the
Pleistocene [20].

Along its 1100 km length, the middle Araguaia River flows through a late Quaternary
alluvial plain, which is composed of three main morpho-sedimentary units [18,21]. The modern
channel exhibits a variety of anabranching patterns, often with a tendency to braid, interspersed
with reaches of higher sinuosity [16,22].

The Cerrado biome, which once covered the upper and middle basin, has been replaced
by unsustainable agricultural practices since the 1970s, leading to widespread landscape
fragmentation and soil erosion [23]. Currently, only 38.5% of the total area is preserved, while
61.5% has been impacted by some form of environmental disturbance, including 44.6% of the
riverine vegetation [24]. As a response to land-use/land cover changes, significant changes in
the middle Araguaia River’s anabranching pattern due to an increase in sediment supply from

the upper and middle catchment were reported [3].
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Figure 1. A: Araguaia River basin in central Brazil with major tributaries and selected gauging
stations. B: Study reaches (F1-F6) in the middle Araguaia River. Gauge stations 1-15

information is provided in Table 1.

2.3.3 Data and methods

2.3.3.1 Hydrological data

Flood events in the middle Araguaia River were analyzed using daily mean discharge
time series. The analysis also considered discharge and precipitation data from major tributary

watersheds. Gauging station records (Table 1) were obtained from the Brazil’s National Water
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Agency (Agéncia Nacional de Aguas — ANA). The analysis period spans from October 1975 to
September 2014, corresponding to the available discharge measurements for the Luiz Alves
station (Figure 1B), which plays a central role in capturing flood patterns influenced by upper-

middle basin conditioning factors.

Table 1. River discharge and rain gauge stations with records duration available for analysis.

Upstream vears of Number of
Number®  Gauging station Code No. catchment missing
2 record
area (km?) days
1 Montes Claros de Goias 24950000 10,100 1975-2014 O
2 Travessdo 25130000 5,310 1975-2014 92
3 Jusante do Rio Pintado 25800000 18,300 1980-2014 1411
4 Santo Anténio do Leverger 26300000 59,300 1975-2014 O
5 Barreira do Pequi 26710000 8,150 1987-2014 79
6 Jeroaquara 1550001 - 1975-2014 183
7 Mozarlandia 1450001 - 1975-2014 153
8 Lagoa da Flecha 1450000 - 1975-2014 375
9 Araguaiana 24850000 50,120 1975-2014 O
10 Aruand 25200000 76,688 1975-2014 O
11 Bandeirantes 25700000 93,027 1975-2014 O
12 Luiz Alves 25950000 117,910 1975-2014 O
13 Fazenda Telésforo 26030000 132,025 1975-1995 1128
14 Sédo Félix do Araguaia 26350000 194,854 1975-2014 61
15 Conceicdo do Araguaia 27500000 325,740 1975-2014 O

“Numbers 1-15 correspond to the stations' locations as depicted in Figure 1.

Continuous-record gauging stations are present along the mainstem, except for Fazenda
Telésforo, which was operational until 1995 and experienced a significant data gap in the early
90s (Table 1). We estimated missing measurements in this gauge using a three-step approach.
Firstly, we applied the drainage-area ratio method to estimate the streamflow at the mouth of
the Mortes River tributary (Figure 1) based on the available historical data from the Santo
Antbnio do Leverger station (Table 1). Secondly, we subtracted the estimated outflow of the
Mortes River from the S8o Félix do Araguaia time series (Table 1) to eliminate the influence
of this large tributary on the flow measurements at the closest gauging station to Fazenda
Telésforo. Lastly, we generated the estimated records using log-log regression equations
derived from the relationship between observed discharges at Fazenda Telésforo and the
reference downstream flows established in the previous step. To enhance the linearity of the
correlation, we derived two regression equations: one for the low-flow period (Jun-Oct) and
another for the high-flow period (Nov-May). Both models exhibited high R? values (0.85 and
0.9) and were statistically significant (p < 0.001). Hence, we considered this approach valid.



75

In our analysis of peak discharges in the mainstem, we have considered the significance
of bankfull discharge as an important indicator of the initial stages of flood overflows. Field-
estimated values of bankfull discharge for Aruana and Luiz Alves stations were available from
Latrubesse (2008) [22]. For the remaining stations in the middle Araguaia where field data was
unavailable, we utilized the concept of bankfull discharge as the 1.5-year flood [25] in the
annual flood series, employing the Gumbel (extreme value type 1) distribution.

In the absence of data directly from the outlets of the tributaries, their relative
contribution to the main system was derived from Aquino et al. (2009) [19]. They estimated the
average annual discharges of the Araguaia contributing watersheds by establishing a regression
relationship between the available gauged data of the tributaries and their corresponding
drainage areas, resulting in a high r-squared value of 0.97.

Flood peaks in the middle Araguaia were determined by identifying and extracting the
highest flow measurements from the annual hydrographs for each water year (Oct 1 - Sep 30)
in the time series. Since multipeak hydrographs are common, we selected the annual maximum
daily water discharges at Aruana (Figure 1B) as the reference flood event to be monitored along
the study site. This approach allows us to focus on the most significant floods while
disregarding events happening before or significantly later at the subsequent river gauging
stations.

2.3.3.2 Flood type classification

An initial flood classification scheme for the middle Araguaia River was proposed by
Aquino et al. (2008), categorizing seven typical years into three distinct flood types based on
the magnitude of peak discharge in Aruana gauge and its subsequent progression downstream

towards Faz. Telésforo gauge (Figure 1B) [8]. These flood types are as follows:

1. Type A: Very large flood peaks that surpass the channel capacities, such as the floods
in 1980 and 1983, resulting in significant peak-transmission losses between Aruana and
Luis Alves (-27%) and even higher losses (-33%) between Aruand and Faz. Telésforo.

2. Type B: Floods characterized by small magnitudes, showing slight increases up to Luis
Alves, followed by relatively consistent levels or modest declines from Luis Alves to
Faz. Telésforo. This pattern is evident in the years 1977, 1978, and 1979.

3. Type C: Intermediate floods that exhibit a slight increase in peak flows between Aruana
and Bandeirantes, followed by a trend of losses (-4.5%) between Bandeirantes and Luis
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Alves. They may display conservative magnitudes or experience additional decreases
in peak discharge between Luis Alves and Faz. Telésforo. This flood type can be
observed in the years 1982 and 1985.

This first flood categorization was later revised by Lininger (2013) [26]. Due to the
limited availability of continuous gauge data at Faz. Telésforo, the analysis focused on data
from Aruana up to the Luiz Alves gauges. Firstly, a single flood wave tracking approach was
adopted, instead of relying solely on the maximum peak discharge recorded at each station.
Additionally, it was defined lower and upper limits for peak magnitudes in Aruana as follows:
Type A: 5000 m®/s and above, Type B: below bankfull discharge up to approximately 4000
m?/s, and Type C: predominantly ranging from 4500 to 5500 m®s [26]. That autor also
quantified the downstream rates of change in peak discharge for all the analyzed years (1975-
2003) and even proposed two new categories: Types D1 and D2. These types exhibit distinct
patterns of peak discharge translation downstream, characterized by marked increases followed
by marked decreases and vice versa. This distinguishes them from the other flood types (A, B,
and C) that display more monotonic trends along the river. Type D1 floods are characterized
by higher peak discharges at Aruana (average: 4003 m®/s), while Type D2 floods occur below
bankfull flows (average: 2929 m?/s), resulting in more significant absolute peak reduction
downstream for the former [26].

In this paper, we further refine the flood-type classes previously proposed for the middle
Araguaia River. This updated classification is presented in the results section. Some
considerations drove our choice to improve the groupings. Firstly, the area coverage of the
previous studies was limited to only one thirds of the total length of the middle section of the
Araguaia. A thorough hydrogeomorphologic analysis enclosing the whole middle Araguaia
River was still pending. Thus, we expanded our analysis to encompass all gauge stations along
the middle Araguaia River. Secondly, we recognized that the Brazilian National Water Agency
had reviewed historical flow data estimates for the middle Araguaia River and addressed data
gaps identified in the previous study [26]. Therefore, we aimed to establish consistent flood
types based on the revised flow records and the extended time series from 1975 to 2014.
Additionally, we sought to offer further insights into the distinct behaviors of the D1 and D2
flood types concerning the more typical patterns observed in types A, B, and C.

To achieve the scope, we divided our study site into six fluvial reaches (Figure 1B)
whose limits correspond to the locations of consecutive gauge stations: F1 (Araguaiana-

Aruand), F2 (Aruand-Bandeirantes), F3 (Bandeirantes-Luiz Alves), F4 (Luiz Alves-Faz.
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Telésforo), F5 (Faz. Telésforo-S.Félix do Araguaia), and F6 (S.Félix do Araguaia-Conceicao
do Araguaia).

Four hydrological years (1996, 1998, 2004, and 2010), were excluded from our analysis
as they exhibited anomalous flood translation patterns that did not align with any of our
proposed categories. In 1996, the peak flow in Aruand (3099 m3/s) was below bankfull
discharge, but significant losses (-29%) occurred up to Luiz Alves. Similarly, in 1998, a low
flood in Aruand (3627 m?/s) showed unusual high losses (-47%) in Bandeirantes, followed by
substantial gains (+78%) in Luiz Alves. On the other hand, 2004 and 2010 were characterized
by high flood flows in Aruand (7931 and 7438 m%/s, respectively). Still, they experienced
exceptionally large losses (-50% and -58%) between Aruand and Bandeirantes, followed by
increases in the subsequent station (+12% and +18%). Due to the derivation of flood events
from observed discharge values, primarily obtained by applying stage observations to a stage-
discharge relationship, it is important to acknowledge the potential influence of observational
errors or instrumental inaccuracies on sudden and random shifts in peak discharge.
Consequently, additional investigations are warranted to better understand these anomalies

within the data series.

2.3.3.3 Geomorphic and flood metrics

The six fluvial reaches (F1-F6) selected for examining the downstream behavior of
flood waves in the middle Araguaia encompass the five geomorphic segments defined in a
previous article by the authors [16]. These segments were established by statically grouping 19
reaches with relatively uniform morphological attributes, such as channel and valley gradients
(measured in cm/km) and the degree of floodplain development, indicated by the entrenchment
ratio, a metric derived from the ratio of floodplain width to channel width, as described by Polvi
et al. (2011) [27]. Channel planform metrics like sinuosity [28] and anabranching [29] indexes
were also incorporated. By considering these elements, we explored the role of channel and
floodplain morphology in controlling the translation and attenuation of flood peaks, addressing
another crucial research question in our study.

Five flood metrics, namely peak discharge ratio (QpR), slope of the rising limb (S),
flood wave celerity (c), water volume (V), and coefficient of overflow hydrograph asymmetry
(v) were employed to characterize the flood events and their corresponding flood types along
the study site. The first two metrics, QpR and S, were adapted from Spellman et al. (2019) [30].
QpR quantifies the attenuation or intensification of flood peaks between consecutive reaches as
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the ratio of peak discharge observed at the downstream to the upstream stations. The slope of
the rising limb (S) in m3s/day, represents the average rate of flood rise from overflow to the
peak discharge, calculated as the difference between the hydrograph peak (Qp) and bankfull
discharge (Qbf) divided by the number of days (t1) between them. Flood wave celerity (c),
measured in m/s, indicates the speed at which peak flows propagate downstream and is
determined by dividing the river reach length (m) by the peak-to-peak travel time (s) between
the upstream and downstream stations [31]. Water volume (V) in km® was derived using the
‘add_daily_volume()' function from the fasstr package, a Flow Analysis Summary Statistics
Tool for R [32]. This function converts daily mean discharges into daily volumetric flows. The
volume was summarized both annually and monthly to evaluate overall net changes in flow
along F4 (For more detailed information on the utilization and interpretation of this metric,
please refer to the subsequent sections). Additionally, it was calculated cumulatively to estimate
the average total overflows of station hydrographs (Vov). Finally, the coefficient of overflow
hydrograph asymmetry (v) was calculated as the ratio of the duration of the flood overflows in
the rising phase (t1) to the duration of the flood overflows in the recession phase (t2) [33]. Flood

metrics are synthesized in Figure 2.
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Figure 2. Flood hydrographs showing flood metrics employed in the present study.
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2.3.3.4 Statistical analysis

The hydrological data management and its statistical analysis were conducted using the
RStudio IDE [34]. Before performing each statistical analysis, we assessed the normality of
data distribution using the Shapiro-Wilk test with a significance level of 5%.

To define the significance, strength, and direction of the relationships between QpR
values and peak discharges observed at the upstream station, we employed the Spearman Rank
correlation method. A significance level of p < 0.05 was set, and the Spearman's Rho (p)
correlation coefficient was categorized as low (<0.39), moderate (0.4-0.59), or strong (0.6-1).

To describe the relationships between the water volume inflows/outflows in F4 and the
volume losses to the Javaés River, we performed regression analysis. The overall quality of the
fitted model was evaluated using R-squared (R?), Residual Standard Error (RSE), and the p-
value (t-test). A high value of R? (ranging from 0 to 1) indicates a good correlation, while a
small RSE suggests a well-fitted model. The significance of the predictor on the response
variable was set at p < 0.05.

The significance of differences among the flood-type groups was assessed by carrying
out a one-way analysis of variance (ANOVA). When the results were statistically significant (p
< 0.05), we conducted Tukey's HSD test for post-hoc pairwise comparisons to identify the
specific locations where significant differences (p < 0.05) occurred. Additionally, we employed
a two-way ANOVA to investigate the hypotheses related to the main factors and potential

interactions that influence the notable peak discharge changes observed in F2 and F3.

2.3.4 Results

2.3.4.1 The flood types in the middle Araguaia River

Floods in the middle Araguaia River were characterized based on the magnitude of the
maximum annual flood peaks in Aruana and the modes of downstream flood wave transmission.
In our study, we built upon and adapted the classification schemes proposed by previous authors
[8,26]. As a result, annual flood events were grouped into 5 distinct flood types (Figure 3).
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Figure 3. Classification of flood events in the middle Araguaia River between 1975 and 2014.
A (Type A), B (Type B), C (Type C), D (Type D1), and E (Type D2) display downstream
variations in peak flow (Qp) and the corresponding increases in drainage area (DA) for the
gauging stations located along the study site. The vertical dotted lines indicate the entry points
of the major tributaries. F1-F6 refer to the reaches between consecutive gauging stations (Figure
1B), while A1-E1 represent the absolute values of Qp for each flood type between Aruana and

Faz. Telésforo. The maximum and minimum values are defined by upper and lower envelopes.
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Floods classified as type A represent the highest hydrological events in the historical
record. These floods exhibit peak values of 5292-8510 m®/s at Aruand (Figure 3A1), with
notable attenuation downstream, resulting in flow losses ranging from 7% to 35% between
Aruand and Bandeirantes. The stretch between Aruand and Faz. Telésforo experiences even
higher losses, reaching up to -43%, except for 1991, which recorded a 12% increase (Figure
4A). It is worth noting that these periods of large flow reductions occur despite the contributions
of tributaries to the system and the increase in drainage area. The average discharges of the
tributaries are estimated to be 13% (Peixe River, Figure 1A) and 21% (Crixas-Acu River, Figure
1A) of the total flow gain in reaches F2 and F3, respectively. Furthermore, the drainage area
increases from 76,688 km? to 132,025 km? between reaches F2 and F4 (Figure 3).
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Figure 4. Percentage change rate in downstream peak flows for each flood class (A, B, C, D1,
and D2) between 1975 and 2014. The peak flow value in Aruand was considered the reference

to calculate changes in Bandeirantes (Bd), Luiz Alves (LA), and Faz. Telésforo (FT).
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Type B flood events are relatively less severe than Type A, with peak flow values (2542-
3464 m®/s, Figure 3B1) close to the bankfull discharge (3200 m?/s) at Aruani and a tendency
for increasing peak flow towards Luiz Alves (14-32%, Figure 4B). Maintenance or minor losses
in peak flow are observed between Luiz Alves and Fazenda Telésforo (Figure 4B).

Type C encompasses a range of intermediate peak flows (3716-5146 m3/s, Figure 3C1)
above the bankfull discharge in Aruana. These flows demonstrate a general pattern of gains in
Bandeirantes (up to 34%), followed by losses in Luiz Alves. In Faz. Telésforo, the changes do
not exhibit a consistent trend. Although most years show losses, occasional modest gains (5-
13%) are observed between Aruand and Faz. Telésforo in 1979, 1990, 1993, 1995, and 2002
(Figure 4C).

Flood types D (Figure 3D1 and 3E1) display ranges of flow variability in Aruana (D1.:
4628-5658 m3/s, D2: 2473-3099 m?/s) that overlap with those of types C and B, respectively.
However, the main characteristic distinguishing class D from the others is the decrease in peak
flow observed in Bandeirantes, followed by increases in Luiz Alves, and a general loss tendency
in Faz. Telésforo (Figures 4D1 and 4D2). Type D2 has peak flow values that are lower than the
bankfull discharge (3200 m®/s) in Aruand, resulting in less pronounced peak decreases (average:
-9%) in Bandeirantes when compared to type D1 (average: -26%).

2.3.4.2 Propagation of flood waves along the middle Araguaia River

To identify flood propagation patterns along the entire middle Araguaia River, we
tracked classified events at stations upstream (Araguaiana) and downstream (Séo Félix do
Araguaia and Conceicdo do Araguaia) from the reference stations (Aruand-Bandeirantes-Luiz
Alves-Faz.Telésforo) during the study period. Figure 5 presents the values of QpR for
consecutive stream gauges and their correlation with the magnitude of peak flow upstream of

the flood wave.



83

a Q b Qe c 2014
¢ 128 "B
2006 21N
Qbf p =-0.05 = 2 p=-0.67 ;j,; o, O & p=-0.83
ol e p=0775 @ ,,] “@ g P<0001 £ d %\ p < 0.001
5 Clora o] ) 7% o T 414 1987 . Joss
o 1981 < 2001 2011 '® N o)
g gxm .O . ‘geo B 234\ e = 2q0¢ 1%_5)0
© 1985 2008 ko] @ 3\3%3 002 [+] 5 1992
< 425 2007 & 10 1976 T201 2000 1982 % 1.0 1oth = 19 TOTT 193‘_0
wwm = 986 @ ) ;e 2007
c O L T T AP 106l 8975 Q % ®
< z;.%?pwgg o < & ¥7g @ 50" < 2po3 1984’ °R_2002
= 19 00D P~ L _ S [ N 0.91 2000 997
< ® b1 1998 20 ~~ ., @ 19: 1983 = ) e
né_ 1.00 o= “ x 195(; 1994 .hew\ = 1084 1999 ™7
g a ° o 08 @) ésaﬁ ~ o 1982 ©M983
o |15 Toes ] 2009 N 8— 0.8+ N
975 | g7 Qbf 2 e Qbf
013 P}
0.75 1975. 199? 19550 ZDDCG) 2007 g 0.7 19550
4000 6000 8000 4000 6000 8000 3000 4000 5000 6000
Araguaiana Qp (m’s™) Aruana Qp (m’s™) Bandeirantes Qp (m’s™)
d e f
Qbf 199? 1975 Qbf 195
- p=053 2 p=-014
3 p =0.001 = 25 p=0429 &”
< ‘T s R
N 12 & 3 19 =3 06 1982
3 ) 23 Q 03 ®
= 5= > 2009 1997
5 1879 g S S g 2008 s
o 2013@ 2007 k=) $ 18 { <20 1939 01 a)
7] X® Qo - @ 2011
- == ST 1976 2095 D
© e 8 = 012 5a5 4010z
N 10T q oL E% .u ::2 ! 932.1977 B
L‘E 0% 2018, 1995. 1953 E:’ 17 Q_ou"j 20017 &19960 a0 @
= 2006 11984 1994 1983 a g™ 1.59 Togg, (1002 2007
o 1975 P ] . 1978
o ~ 7 2003g 1999 @ 999 5013
s/ - 1983 -
Ozonﬁ 1992 1.6
97 2009
08 (5 us.zom 1987 15, ®
3000 4000 5000 6000 3000 4000 5000 6000 5000 7500 10000 12500
Luiz Alves Qp (m’s™) Faz.Telésforo Qp (m’s™) S.Félix do Araguaia Qp (m’s™)

Floodtypoe ® A @ B @ ¢ O DI © D2
Figure 5. Peak discharge ratio (QpR) plotted against the absolute value of upstream peak flow
(Qp) for successive reaches F1 (a), F2 (b), F3 (c), F4 (d), F5 (e), and F6 (f). Qbf: bankfull
discharge. The Spearman correlation coefficient (p) and the associated p-value (p) provides a

measure of correlation significance.

For reach F1 (Araguaiana-Aruand, Figure 1B), the upstream Qp value did not prove to
be significant (p > 0.05) in attenuating the downstream flood wave (Figure 5a). Interestingly,
we observed attenuations (QpR = 0.78-0.98) in F1 associated with peak flows slightly below or
above the bankfull discharge in Araguaiana (Qbf = 3528 m?/s). It is worth noting that the floods
in F1 can also be influenced by two major tributaries - Claro and Vermelho (Figure 1A). The
estimated annual average discharge of these tributaries indicates a contribution of 33% to the
flow at the downstream station, where the drainage area increases from 50,120 km? to 76,688
km?.

Flood wave attenuation is a prominent feature of the maximum flows recorded in F2
(Aruané-Bandeirantes, Figure 5b) and F3 (Bandeirantes-Luiz Alves, Figure 5¢). The upstream

Qp value had a significant impact (p = -0.67 and -0.85, p < 0.05) in determining the rate of
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reduction of peaks transmitted downstream. F2 clearly distinguishes flood-type clusters along
this linear relationship (Figure 5b). In F3, the bankfull discharge (Bandeirantes Qbf = 3621
m3/s) constitutes a noticeable threshold for the beginning of attenuations (Figure 5c).

There is a general increasing trend (p = 0.53, p < 0.05, Figure 5d) of downstream peak
flows (Faz. Telésforo) in F4 as a function of upstream Qp magnitude (Luiz Alves). However,
this reach exhibits distinctive attenuation patterns. It experiences losses in all events below
bankfull discharge (Luiz Alves Qbf = 3700 m%/s), with more significant reductions (QpR = 0.8-
0.91) observed at some flows just above this threshold (3736-4085 m®/s), and more minor losses
(QpR = 0.94 and 0.95) for the two largest events in the Luiz Alves historical series - 1980 and
1983. In F4, the Araguaia River receives the contribution of the Cristalino River (Figure 1A).
Unlike the right-bank tributaries (Claro, Vermelho, Peixe, and Crixas-acu) in reaches F1-F3,
the Cristalino is currently an underfit system within the abandoned fluvial belt it occupies. It
features a narrow channel that becomes more active during the rainy season [20].

The final two reaches of the Middle Araguaia (F5 and F6) are notable for the lack of
reduction in peak flows (QpR > 1, Figures 5e and 5f) between gauging stations. The strong and
positive relationship observed in F5 (p = 0.60, p < 0.05, Figure 5e) indicates that upstream (Faz.
Telésforo) increases in maximum flow lead to larger peak flows downstream at the S. Félix do
Araguaia station, even when these exceed the bankfull discharge (Faz. Telésforo Qbf = 3683
m3/s). QpR values in this reach ranged from 1.56 to 2.04 (Figure 5e), with these increases
primarily influenced by the entry of the main Araguaia tributary, the Mortes River (Figure 1A),
which expands the contributing drainage area from 132,025 km? to 194,854 km? and has an
annual mean flow equivalent to 32% of the flows measured at the downstream station.

In the F6 reach, the peak upstream (at S. Félix do Araguaia) does not have an explicit
control (p > 0.05, Figure 5f) over the fluctuation of transmitted peaks downstream (at Conc.
Araguaia). Flood flows in this reach reflect the influence of major tributaries, such as the Javaés
and Tapirapé, which, together with other smaller basins arranged along the axis of the lower
middle valley (Figure 1A), increase the drainage area by 61% and integrate a substantial
component of the high flows recorded at Concei¢do do Araguaia. At this last station, QpR

values ranged from 1.10 to 2.76 (Figure 5f).

2.3.4.3 Impact of tributaries on mainstem flood attenuation

The impact of tributaries on mainstem flood attenuation can be challenging to assess,

especially in the case of large rivers with scarce hydrological data, as it depends on a range of
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factors, such as tributary size, location, and watershed characteristics, the complex array of
floodplain features, and the timing, intensity, and spatial distribution of precipitation.
Moreover, the lack of gauged data on tributary outlets further complicates accurate assumptions
about tributary contribution to downstream flood magnitude. Nevertheless, we have briefly
analyzed discharge records from tributaries that feed into mainstem reaches exhibiting
attenuating behaviors (F1-F3). Unfortunately, due to the lack of river flow measurements in the
Cristalino River, we could not assess its impact in F4.

Data from two gauges (Figure 1A, stations 1 and 2) located approximately 82% and
37% of the drainage area of the Claro and Vermelho watersheds, respectively, revealed that
smaller flood events exhibiting a decline in downstream peak discharge at F1 (i.e., 1975, 1976,
1984, 1987, 1989, 2003, and 2014) also displayed peak magnitudes that were 10-53% (Claro
River, Figure 6a) and 15-65% (Vermelho River, Figure 6b) lower than the long-term average
of peak events in both contributing watersheds. Except for 1984, when a minor increase (5%)
was detected, the mean annual flows for these years were 26-50% (Claro River, Figure 6¢) and
5-52% (Vermelho River, Figure 6d) lower than the long-term mean annual flow, suggesting

that the subwatersheds experienced more frequent episodes of lower flow during these years.
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Figure 6. Deviations of Qp from the long-term average peak flow (1975-2014) expressed as a

percentage for the (a) Claro and (b) Vermelho tributaries, as well as the deviations of Qmean
from the long-term mean annual flow (1975-2014) expressed as a percentage for the (c) Claro

and (d) Vermelho tributaries.
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Previous research into the hydrological characteristics of the system revealed that the
connection between the river channel and floodplain is established when the river reaches the
bar full level, which occurs when the sandbars are entirely submerged, equivalent to 66% of the
bankfull stage at the Aruana station [35]. Thus, it can be inferred that in drought years,
anabranches functioning below the bankfull stage may still divert water to the floodplain. In
such circumstances, the floodplain lakes and channels experiencing reduced storage and
surface-water supply may contribute to discharge losses near bankfull flows (Figure 5a).

The attenuation patterns in reaches F2 and F3 have already been studied, and the
geomorphic influence on the flood’s transmission mechanisms and the floodplain’s water
storage capacity was highlighted [8,9]. Since the length of F3 is only 37% of that of F2 (Figure
1), expressing peak discharge gains and losses per unit channel length between these
consecutive reaches provides a more accurate comparison of the effectiveness of the reaches in
temporarily storing floodwaters (Figure 7a).

The analysis of potential water available for tributary runoff in F2 involved an
assessment of the mean annual precipitation of the Peixe basin (Figure 7b), considering the
unavailability of in-situ flow data for the main tributary river. To evaluate the input peak flows
in F3, we obtained annual peak-discharge data for the Crixas-Acu River (Figure 7c) from a
gauge station located within 78% of its total watershed area (Figure 1A, station 3). Our one-
way ANOVA reveals a significant difference (p < 0.05) in annual rainfall within the Peixe basin
(Figure 7b) and peak discharges along the mainstem (Figures 7d and 7e) among certain flood-
type categories. However, when it comes to peak discharges in the Crixas-Acu River, there
were no distinct patterns of magnitude consistent with the mainstem flood types (p > 0.05,
Figure 7c), ruling out the requirement for post-hoc comparisons.

Despite showing similar peak magnitudes in Aruand (p > 0.05, Tukey post-hoc
comparisons, Figure 7d), types B and D2 exhibit contrasting behaviors in F2 (Figure 7a). In this
reach, type D2 experiences minimal net losses, even below bankfull discharge (Figure 7d),
which can be associated with the lowest average annual precipitation values recorded in the
Peixe basin (Figure 7b). These drier years, accompanied by reduced flood flows, have also been

observed in the preceding reach F1 (Figure 6).
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Tukey post-hoc comparisons revealed no significant differences in precipitation patterns
of the Peixe basin among flood types A, C, and D1 (Figure 7b). It is interesting to note that type
C exhibits average annual precipitation values as high as those observed in the largest type A
events. Despite this similarity, type C demonstrates a net gain in F2 that is 5 times smaller than
the net loss per unit of channel length estimated for type A (Figure 7a). Conversely, type D1
floods have lower average precipitation values than type C but experience net losses in F2 that
are 4.4 times larger than the average gains per unit of channel length observed for type C (Figure
7a).

Such divergent trends observed in intermediate to large flood types can be reasonably
explained based on our two-way ANOVA analysis (Figure 7f). The analysis indicates that the
magnitude of the peak (Qp) at the upstream gaging stations Aruand (Figure 7d) and
Bandeirantes (Figure 7e) in the mainstem exerts the primary control (p < 0.001) in determining
the rates of channel losses and gains along reaches F2 and F3. The statistical analysis reveals
that neither tributary precipitation (Figure 7b), tributary peak flow (Figure 7c), nor the
interaction effect of these variables with upstream peak discharge show statistical significance
(p > 0.05) in explaining the absolute peak change per unit channel length along reaches F2 and
F3 (Figure 7f). These findings align with the outcomes of our previous correlation analysis
(Figures 5b and 5c).

2.3.4.4 Influence of geomorphic variables on the floods

The most striking downstream trends of flood types in the middle Araguaia River cannot
be attributed solely to the flow regime; channel and floodplain morphology (Figure 8) also play
a crucial role in determining the river's capacity to convey or store floods, with significant

implications for associated hydrograph properties (Figure 9).
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in Figure 1.

F1 is characterized by a low-sinuous channel pattern (sinuosity: 1-1.3, Figure 8c) with
narrow channel widths (averaging 296-408 m, Figure 8a). Downstream sections in this reach
are less constrained (Figure 8b), typically resulting in the natural attenuation of peak discharges
due to the floodplain's increased water storage capacity [31,36]. However, in F1, a combination
of moderate channel gradients (8-19 cm km™*, Figure 8e) and high valley slopes (13-62 cm/km,
Figure 8f) facilitates the rapid conveyance of floodwaters, limiting their contact with the
floodplain and impeding the slowing down of large peak flows (Figure 5a). The high wave

celerities observed for all flood types in F1 (Figure 9a) evidence this process. The presence of
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abrupt rising limbs in the hydrographs of type A floods at consecutive stations in F1 (Figure
9b) further indicates the efficient conveyance of large floods in this reach.

While there were no significant changes in sinuosity (Figure 8c) or anabranching
(Figure 8d) indexes between F1 and F2, the modern channel widens by approximately 20%
(Figure 8a) in this second reach and flows into an extensive floodplain (entrenchment ratio: 9-
17, Figure 8b). The steeper channel gradients at the beginning of F2 (24-28 cm km™, Figure 8e)
allow for better conveyance of fast flood waves from F1, producing hydrographs at the Aruana
gauge site with high peak discharge relative to the overall runoff in the rising limb, particularly
in the case of large type A floods (Figure 9b). However, as F2 progresses, this channel gradient
decreases, and floodwaters inundate the wide floodplain with gentler slopes (Figure 8f). As a
result, all flood types in F2 experience a reduction in flood wave velocity (Figure 9a), especially
those with considerably smaller peak discharges at the Bandeirantes gauge downstream (i.e.,
types A, D1, and D2). The lowered and broadened hydrographs of the Bandeirantes station
(Figure 9b) support this claim, except for the smallest type B events, indicating that floodplain
morphology has little effect on peak discharges close to bankfull. In reach F3, the presence of
a gently sloping channel (Figure 8e) in the relatively flat areas of the valley (Figure 8f) allows
for the downstream extension of the floodplain’s capacity to store (delay) excess floodwater and
attenuate flood peaks. This feature may explain the flatter rising limbs of the hydrographs for
all flood types at the Luiz Alves station (Figure 9b).

Peak discharge losses in F4 are attributed to water transfer from the main river to its old
abandoned river branch, Javaés River [8]. In this reach, it is necessary to note that there is no
straightforward relationship between upstream peak magnitude (Figure 10a) and the rate of
peak loss (Figure 10b). For instance, we observed that maximum discharges of type A (i.e.,
1997 and 2007, Figure 10a) exhibited downstream peak increases (Figure 10b). Conversely, we
found that type D2 (e.g., 1987) and B (e.g., 2003), with flows just below to slightly above
bankfull discharge (Figure 10a), displayed significant peak reductions (Figure 10b). To address
these peculiar transfer patterns, we computed annual net changes (overall gain or loss) in
volume (V in km3) between Luiz Alves and Faz. Telésforo (Figure 10c). Additionally, we
estimated the total volume of water discharged into the Javaés River (Figures 10d and 10e) by
considering the daily flows recorded in the former channel (Figure 1A, station 5) in the

mainstem water balance equation (Vraz. Telésforo — (VLuiz Alves + Viavaés))-
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Figure 10. Flood flow dynamics and volume transmission patterns along F4. (a) Peak discharges
(Qp) at Luiz Alves station in the mainstem. (b) Absolute peak change along reach F4 (Luiz
Alves to Faz. Telésforo). (c) Netloss (negative values) or gain (positive values) in water
volume along F4. (d) Water volume inflow to the Javaés River. (e) Monthly water volume
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relationships.
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This estimation of water released into the ancient system is regarded as a valid approach
despite our inability to account for the flow contribution of the Cristalino tributary (Figure 1A)
to F4 due to the absence of a gauge. Although the drainage area of the Cristalino (11,427 km?)
is larger than that of the Javaés upstream from its gauged site (8,150 km?), the Cristalino basin
is primarily located on the vast low-gradient Bananal Plain. In contrast, the Javaés basin
contains a source-higher-elevation sub-basins zone in its eastern part, characterized by smaller
streams that contribute to a higher hierarchization level than the Cristalino system. These
compensatory characteristics of these catchments result in similar outflow (inflow) conditions,
allowing us to assume that the discharge yielded by one is equivalent to that transferred to the
other, making our previous water balance equation reasonable. The similarity between the mean
annual discharge estimated by Aquino et al. (2009) for the Cristalino (199 m%/s) and the
calculated mean annual discharge at the Javaés gauge (168 m3/s) supports this assumption [19].

The overall losses and gains of the river along F4 (Figure 10c) exhibit a pattern of higher
net volumetric losses during the 1990s, followed by an increasing trend in the frequency of total
volumes transmitted downstream in more recent years. Similar patterns are observed in the
diversion of volumes to the Javaés branch (Figure 10d), with water inflows in the 1990s
approximately double the volumes estimated for the recent decades. The findings of the
regression analysis support these observations, demonstrating that water delivered to the Javaés
branch has a strong explanatory power (R? = 0.88; p < 0.001, Figure 10g) over the outflows at
the Faz. Telésforo station. Furthermore, we can infer the influence of mainstem flow availability
(Luiz Alves) on the volume of water flowing into the old river arm, as indicated by the
reasonably linear relationship between these variables (R? = 0.60; p < 0.001, Figure 10f).

Figure 11 illustrates distinct patterns of discharge losses to the abandoning bifurcate
throughout the year, associated with two type A flood events of similar peak magnitude (1997
and 2007, Figure 10a). In 1997, the hydrograph exhibited multiple peaks (Figure 11a), with
discharges exceeding bankfull flows in Luiz Alves (3700 m?s), lasting nearly four months (Jan-
Apr). Discharge losses extended from late November to the first days of September (Figure
11b), resulting in an overall water loss of 13.84 km?® to the Javaés that year (Figure 10d). In
contrast, 2007 experienced a single large peak (Figure 11c), with discharges exceeding bankfull
flows for only five weeks (Feb-Mar). Discharge losses extended from October to the first days
of March (Figure 11d), resulting in an overall water loss of 0.96 km? to the Javaés that year
(Figure 10d).
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Figure 11. Discharge dynamics and losses to the Javaés River in 1997 and 2007. Hydrographs
for (a) 1997 and (c) 2007 water years from Luiz Alves, Faz. Telésforo, and Barreira do Pequi
gauge located in the Javaés River (Figure 1A, station 5). Net discharge losses to the Javaés
River (negative values) in (b) 1997 and (d) 2007. Yellow-filled circles represent the duration

of the period with significant water losses.

In general, F4 exhibits reduced wave propagation velocities and gradual rising limbs for
all flood types. This contrasts significantly with the hydrograph properties observed in the
downstream reach F5 (Figures 9a and 9b). In F5, the channel gradient experiences an increase
(+84% on average, Figure 8e), and the river undergoes substantial channel widening (+63% on
average, Figure 8a) due to the entrance of the Mortes River. However, despite these
morphological shifts, a wide floodplain has not developed (average entrenchment ratio: 6,
Figure 8b). The increased channel capacity to convey flows, coupled with the limited adjacent
overbank areas in F5, results in the absence of flood attenuations (Figure 5e), faster propagation
of flood waves (Figure 9a), and steeper gradients in the rising limb of downstream hydrographs
(Figure 9b).

The main planform changes observed in the F5 are further intensified in F6. These

changes encompass a widening of the channel (Figure 8a), an increased anabranching character
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of the river (Figure 8d), and the presence of a narrow floodplain (Figure 8b). This configuration
allows flood waves to propagate downstream without attenuation (Figure 5f) and contributes to
flood hydrographs characterized by steep rising limbs (Figure 9b). Notably, while F5 rapidly
translates hydrographs downstream, F6 exhibits a delay in the translation, except for smaller
type D2 events that occur within the channel (Figure 9a). The gradual decrease in channel and
valley gradients along F6 (Figures 8e and 8f) may reduce peak wave velocities. However, it is
important to highlight that F6 spans a length of 451 km (Figure 1) and covers a drainage area
of approximately 130,000 square kilometers. Therefore, it is essential to consider this
significant physiographic influence when analyzing the generation of high-volume flood events
at the downstream station of Conceicdo do Araguaia. This station experiences a substantial
increase of 153% in floodwaters compared to the upstream Sdo Feélix do Araguaia station
(Figure 12a).

b
Conceigao Conceigao
do Araguaia do Araguaia

a

Sao Félix Sao Feélix
do Araguaia do Araguaia
Fazenda Fazenda
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Figure 12. Comparative analysis of flood overflows among gauging stations. (a) Average
cumulative overflow water volume for all flood events. (b) Coefficient of overflow hydrograph

asymmetry averaged for all flood events.

2.3.5 Discussion: linking flood hydrology in the middle Araguaia River with its major
geomorphic segments

Our findings demonstrate that different types of flood in the middle Araguaia River
present hydrograph properties (peak magnitude, slope, wave celerity, attenuation, and volume
losses) that are ultimately influenced by downstream variations in morphological variables at
the reach scale. Suizu et al. (2023), in their geomorphic assessment of the river, identified that

the initial subdivision into 19 reaches (Figure 8) could be rescaled into five major geomorphic
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segments (SI-SV) [16]. These segments were statistically defined and characterized by
consistent trends in the river's character and the degree of development of the fluvial corridor.

By assessing our flood classes in the context of these major fluvial domains, it becomes
evident that the complex patterns of flow transmission in the middle Araguaia respond to the
regional-scale organization of the system (Figure 13). In the SI — Single-channel reach,
planform controlled, restricted floodplain, the Araguaia emerges from a relatively narrow, wide
V-shaped geologically controlled valley into reaches with a well-developed and broad
Quaternary fluvial belt containing the active floodplain. The upstream high valley gradient in
this structurally controlled channel reach is the dominant driver behind the efficient conveyance
of high floodwaters in F1.
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Figure 13. Schematic diagram illustrating flood wave transmission for each flood type along
the middle Araguaia River, influenced by major geomorphic segments (SI-SV, [16]). Qp values

(in m%/s) were averaged by gauging station.

F2 and F3 reaches are entirely situated within the SII — Alluvial anabranching pattern,
laterally unconfined, wide, and complex Holocene floodplain (Figure 13). Previous research
has demonstrated the primary mechanisms responsible for peak attenuation along these reaches,
F2 and F3 [8,9,37]. Building upon these findings, we acknowledge the significant potential of
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the wide floodplain to act as storage areas and attenuate flood peaks in such reaches. However,
we believe that the slope of the trunk stream and the valley may also play a critical role in this
process. Additionally, an earlier examination of stream gains and losses (Figure 7a) suggests
that, in general, F2 is more prone to discharge loss (or less likely to gain) than F3. This may be
partly attributed to the sharp-peaked and rapidly translated hydrographs from the upper basin
that reach F2. Floods with quick rises have a higher potential for attenuation, as the crest of the
flood wave carries a relatively small volume of water that is unlikely to exceed the capacity of
overbank storage areas and can significantly reduce peak discharge [38].

Reach F4 is mainly influenced by SIII — Highly sinuous anabranching pattern, partly
confined on alluvium, younger meander belt with scrolls (Figure 13). This segment (see
geomorphic sub-reach 11, Figure 8) features a remarkable avulsion channel that diverts the
mainstem flow to the northwest, forming the southern portion of Bananal Island [20]. It can be
inferred that the presence of sufficient gradient (current valley gradient: 26 cm km, Figure 8f)
facilitated the erosion of the older, well-indurated alluvium of the Bananal Plain, leading to the
development of a sinuous channel (sinuosity: 1.6, Figure 8c) to effectively dissipate excess
energy along this short segment [16]. Although the lateral mobility of this avulsion channel is
currently reduced [16], it has created a partially confined setting (entrenchment ratio: 6, Figure
8b) by a younger meander belt with incised scrolls in the Araguaia Formation. Additionally,
the modern channel in this reach is sufficiently large (average width: 321 m, Figure 8a) to
accommodate almost the entire discharge of the mainstem.

Aquino et al. (2008) have previously highlighted the significance of discharge loss to
the abandoned channel of the Araguaia River as the primary mechanism for attenuating peak
discharge along F4 [8]. The study authors observed water transfer from the main river to the
old river arm during both small-scale (type B) and large-scale (type A) flood events, with peak
discharge losses reaching up to 8%. Based on these previous findings, we have also observed
significant reductions in peak flow (up to 20%) between Luiz Alves and Faz. Telésforo
associated with different flood types (Figures 5d and 10b). However, the distinctive
transmission patterns observed during flood events highlight that while annual peak discharges
have been a valuable indicator of discharge losses in F4, they represent isolated occurrences in
the time series and may not capture the full range of mainstem flows that allow connections
with the abandoning bifurcate.

The connection between the Araguaia and Javaés rivers extends beyond high flood
flows. It typically starts on discharges near the average annual mean in Luiz Alves (1565 m3/s)

in the early stages of the wet period (December), and it continues until the beginning of the
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falling limbs in April, with occasional extensions to July (Figure 10e). Besides, the flow
dynamics showed a consistent trend of higher net volumetric losses during the 1990s, followed
by an increasing frequency of total volumes transmitted downstream in recent years. Therefore,
further research is necessary to comprehend the influence of temporal shifts in flow patterns on
the geometry, equilibrium, and maintenance of the abandoning channel within the system.

Segments IV — Anabranching pattern, planform controlled, discontinuous floodplain,
and V — Complex anabranching pattern, partly confined on alluvium and/or bedrock, underfit
floodplain, encompass reaches F5 and F6, respectively (Figure 13). These segments have
undergone morphological changes due to alterations in the flow regime resulting from river
avulsion [16]. SIV and SV represent annexational segments, incorporating sections of the
preexisting Cristalino River and the lower portion of the Mortes River. Following the incisional
process described earlier in F4, it is presumed that these segments have not had sufficient time
to develop a floodplain compatible with the contemporary river's flow regime and geomorphic
processes [16]. Consequently, SIV and SV are characterized by a discontinuous floodplain on
alternating sides of the river, with intermittent contact with confining margins. The modern
system, which is somewhat "overfit" with limited overbank storage areas, exerts a dominant
influence over flood flows in F5 and F6, facilitating efficient conveyance downstream.

This observation is further supported by the coefficient of overflow hydrograph
asymmetry (v) shown in Figure 12b. The analysis of v reveals similar asymmetries between the
upper (Araguaiana and Aruand) and lowermost (Concei¢do do Araguaia) stations, indicating a
longer duration of flood overflows in the rising phase compared to the recession phase. This
suggests a higher conveyance capacity rather than significant flood storage in these areas. In
contrast, the intermediate section of the river (Bandeirantes, Luiz Alves, and Faz. Telésforo)
exhibits relatively lower values of v, indicating a more abrupt rising phase compared to a longer
duration of flood overflows in the recession phase. This implies a more significant potential for
flood storage (or loss in the case of Faz. Telésforo) and attenuation in this section.

Our finding regarding the role of the complex morphology of the fluvial corridor as a
foundational element in understanding flood properties and hydrological connectivity patterns
is in accordance with results from other studies on large rivers [39-43]. In the context of the
Solimdes-Amazon River, Meade et al. (1991) observed that apart from the shifted timing of
tributary inputs, the subdued extremes of discharge, differing only by a factor of 2 or 3
throughout the year, reflects the seasonal storage of substantial water volumes within the
intervening floodplain during rising stages [44]. This water then gradually returns to the river

channel as the stages recede. Richey et al. (1989) estimated that up to 30% of the Amazon



99

River's discharge could experience temporary storage within the floodplain during flooding
events [45]. Montero and Latrubesse (2013) have also recorded distinct water stage dynamics
across geomorphic reaches of the Negro River [46]. They observed that stage oscillations tend
to manifest later upstream than in the downstream reaches. This behavior was partly attributed
to the reservoir effect induced by a large tectonic block and the presence of the Mariué
archipelago within the intermediate section of the river.

Peak discharge attenuation driven by distinctive fluvial styles has also been observed by
Stevaux et al. (2020) in the Upper Paraguay River [47]. Their research revealed that areas of
constricted plains serve as bottlenecks for flood runoff, leading to backwater effects that slow
down floodwave transmission. This phenomenon creates extensive water bodies upstream that
store floodwater, ultimately impacting the duration and magnitude of floods. According to
Assine and Silva (2009), there is a substantial loss of water, exceeding 50%, as the Upper
Paraguay River enters the Pantanal wetland due to its transition into a depositional mega-fan
system [48]. Despite being situated in a similar wet-dry seasonal climate, the Araguaia exhibit
distinct geomorphic characteristics from the Upper Paraguay. The Araguaia River is a large
axial tributary system [49], with water flow and sediment deposition largely confined to its
genetic floodplain. Nevertheless, our study reveals that during large-scale (type A) flood events,
the Araguaia River experiences peak discharge attenuation of up to -43% at the Fazenda
Telésforo station. This reduction stems from temporary storage within its well-developed
floodplain and water diversion toward the abandoned river branch. This unique combination of
characteristics differentiates the Araguaia River from other large axial tributary rivers in

tropical South America.

2.3.6 Conclusions

The Araguaia River is a large tropical system characterized by a longitudinal
geomorphic variability, significantly shaped by late Holocene avulsion events and subsequent
adjustments of the modern channel [16]. Previous studies have already highlighted the role of
geomorphology in understanding the progression of floods in this river, leading to the
identification of distinct flood types [8,26].

Our approach in this study offers a refined perspective on classifying flood events in
this river. We found that small-scale floods (types B and D2) exhibit distinct attenuation
patterns, with type D2 being associated with drier-than-usual years and low-level water
diversion. In contrast, the attenuation of intermediate (Types C and D1) and large-scale (type
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A) floods is primarily influenced by the peak magnitude at the upstream gauging station, with
no statistical significance observed for the influence of tributaries on absolute peak changes.
Flood properties such as wave celerity and slope of the rising limb show limited discernible
distinctions between flood types but appear to respond to the regional geomorphological
organization of the system. By considering the geomorphically distinct segments, we have
observed that the nature of the valley floor plays a central role in facilitating the efficient
conveyance of floods in the upper (SI) and the lowermost (SIV and SV) segments. The presence
of a wide and complex floodplain significantly influences the storage capacity, allowing for the
gradual dissipation of excess floodwater and the attenuation of flood peaks in SII. Additionally,
water diversion to the ancient system (Javaés River) does not directly impact peak flows;
however, it exhibits unique transfer patterns across a range of flow conditions, resulting in
overall annual losses or gains in SllII.

In the Araguaia River, the distinctive hydrogeomorphic transmission of floodwaters
plays a crucial role in maintaining the ecological integrity of its highly diverse floodplain at the
Cerrado-Amazonia ecotone. Therefore, it is essential for sustainable management practices to
consider the outcomes highlighted in this study.

Our findings regarding the propagation patterns of flow across different geomorphic
segments can provide insights for studying the spatial dynamics of nutrients and sediments
within the system. These insights extend to understanding their effects on the diversity and
functioning of aquatic and riparian ecosystems, thereby aiding in identifying areas more prone
to vulnerabilities. Our research also holds the potential to be integrated with studies dedicated
to evaluating the environmental impacts of potential hydroelectric installations. In particular,
examining the downstream hydrophysical repercussions of dam construction is imperative by
assessing how the regulation of flows and the decrease of flooding regimes could potentially
impact the unique hydrogeomorphic transmission of flood waves in the middle Araguaia River.
These impacts carry direct implications for the ecological preservation of the river corridor.

Moreover, paying greater awareness to the partially abandoned branch of the Araguaia
River is recommended. Our research demonstrates that Javaés River is a functioning part of the
active system across varying flows throughout the year, thereby emphasizing its ecological
importance for riverine ecosystems. Additionally, this subsidiary system has been facing
progressively severe water crises in recent years, leading to substantial environmental problems
affecting indigenous communities and triggering conflicts between rural producers and
environmentalists. Consequently, protective management measures and plans for water

management are necessary.
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3 CONCLUSAO E RECOMENDACOES

O Rio Araguaia continua sendo o Ultimo e mais importante rio de fluxo livre situado no
ecotono Cerrado-Amazonia, abrangendo as areas Umidas mais geodiversas do bioma Cerrado
(LATRUBESSE et al., 2019). No entanto, a biodiversidade Unica desse sistema contrasta com
uma longa historia de politicas e iniciativas que tém causado extensa degradacdo ambiental
(PELICICE et al., 2021). A crescente influéncia humana sobre o sistema fluvial representa uma
ameaca iminente a seguranca hidrica, assim como as funcionalidades hidrogeomorfoldgicas e
ecologicas desse sistema (LATRUBESSE et al., 2019), tornando essencial a producdo do
conhecimento sobre a estrutura fisica e funcdo do Rio Araguaia, enquanto base para a
ocorréncia de porgéo significativa da biodiversidade do bioma Cerrado.

Diante do quadro de problematicas ambientais que se manifestam na Bacia do Araguaia,
esta tese ndo apenas oferece uma contribuicdo aos campos da Geomorfologia e Hidrologia de
grandes rios tropicais, mas também traz novas descobertas que enriquecem o corpo de pesquisa
existente sobre esse sistema. As metodologias e 0s conhecimentos disciplinares basicos gerados
nos estudos que desenvolvemos tém o potencial de subsidiar abordagens interdisciplinares,
desempenhando um papel essencial no manejo sustentavel desse sistema de grande relevancia
e notavel vulnerabilidade (Figura 1).

Ampliamos a série temporal dos dados sobre a evolucdo das macroformas do rio
apresentados por Latrubesse et al. (2009) para um periodo de 53 anos (Artigo 1) e identificamos
alteracdes nos mecanismos de ajuste do canal nas Gltimas décadas (2001-2018), relacionadas
as mudancas no regime hidrolégico. Aportamos um novo entendimento da integralidade
longitudinal do sistema a partir de uma classificacdo objetiva do médio Araguaia em grandes
segmentos fluviais (Artigo 2), complementando estudos geomorfolégicos anteriores
(LATRUBESSE et al., 2009; LATRUBESSE; STEVAUX, 2002) e revelando uma diversidade
longitudinal do continuum fluvial até entdo desconhecida. Apresentamos também uma nova
abordagem em relacdo as classificacfes existentes na literatura (AQUINO; LATRUBESSE;
SOUZA FILHO, 2008; LININGER, 2013) dos eventos de inundagdo no médio Araguaia
(Artigo 3), demonstrando que as caracteristicas dos tipos de inundacéo e sua transmissao atipica
a jusante sdo fortemente influenciadas pela organizacdo geomorfoldgica regional do sistema
(Artigo 2).
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Figura 1 — Sintese das contribuicbes da tese na abordagem das questbes ambientais do Rio
Araguaia: uma visdo integrada para a conservacdo do corredor fluvial e a gestdo efetiva dos

recursos hidricos.
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Nossos resultados podem ser integrados aos estudos sobre conectividade hidroldgica,
contribuindo para um aprofundamento do entendimento da diversidade do mosaico ambiental
presente em toda a extensdo da planicie ao longo do médio Rio Araguaia. A analise dos padroes
de propagacdo dos fluxos em diferentes segmentos geomorficos do rio pode fornecer
informagdes aos estudos da dindmica espacial dos nutrientes e sedimentos no sistema atual,
assim como sua influéncia na diversidade e funcionamento dos ecossistemas aquaticos e
riparios, permitindo a identificacdo de areas de maior fragilidade e a adocéo de estratégias de
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manejo adequadas para garantir a sustentabilidade do complexo de habitats do sistema rio-
planicie de inundacéo.

A proposta de implementacdo da hidrovia Tocantins—Araguaia, apresentada na década
de 1990, foi interrompida devido a uma série de omissdes e a falta de dados geomorfoldgicos
adequados, bem como as preocupagdes levantadas por especialistas sobre 0s impactos
vindouros desse empreendimento nas comunidades ribeirinhas, no turismo e no funcionamento
do sistema fluvial. Nesse sentido, nossas pesquisas sobre a hidrologia do sistema, a
morfodindmica na escala das macroformas do rio e a sua variabilidade geomorfica longitudinal
podem fornecer uma base sélida para potenciais estudos de viabilidade econdmico-ambiental
relacionados ao aproveitamento hidroviério do Rio Araguaia.

A nossa investigacdo também tem o potencial para integrar estudos de avaliacdo dos
impactos ambientais associado as hidrelétricas que possam vir a ser instaladas. A respeito das
barragens, é imprescindivel direcionar uma atengcdo minuciosa aos impactos hidrofisicos que
ocorrerdo a jusante no sistema, avaliando como a regulacéao dos fluxos e o decréscimo do regime
de inundacdes podera impactar a transmissao hidrogeomorfica atipica das ondas de inundacgéo
do médio Rio Araguaia, com implicacdes diretas na manutencédo ecoldgica do corredor fluvial.

Em relagdo ainda a caracterizagdo da dindmica dos fluxos, ela podera auxiliar no
planejamento da gestdo de agua em grandes projetos de irrigacdo, permitindo a utilizacdo
eficiente dos recursos hidricos disponiveis ao longo do ano. Além disso, 0s nossos resultados
fornecem insights para o manejo do sistema subsidiario, 0 Rio Javaés, que enfrenta crises
hidricas cada vez mais graves, resultando em danos ambientais significativos que afetam a
subsisténcia das comunidades indigenas e geram tensdes entre os produtores rurais e 0S
ambientalistas.

Esta pesquisa também abre novas perspectivas para futuros trabalhos, com o objetivo
de preencher lacunas ainda existentes e fornecer um entendimento ainda mais solido e
abrangente do sistema Araguaia. A fim de aprofundar a compreensao dos ajustes morfoldgicos
do sistema canal-planicie aluvial (Artigo 1), é recomendavel uma investigacao mais detalhada
das possiveis flutuacGes recentes na vazdo efetiva (Qef) do médio Araguaia enquanto pardmetro
critico para o desenvolvimento de seu padrdo anabranching. Essa analise permitiria examinar
0 papel da variabilidade climatica e das mudangas no regime de vazdes como fatores
impulsionadores dos ajustes observados na vazdo efetiva (AMSLER; RAMONELL;
TONIOLO, 2005), além de explorar a relacdo dessa vazdo com as tendéncias erosivas e

deposicionais atuais desse sistema.
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A variacdo espacial no estilo fluvial do médio Araguaia (Artigo 2) também nos
proporcionou uma compreensdo da existéncia de uma variabilidade longitudinal na forma,
dindmica e formacdo das barras e ilhas fluviais. Portanto, seguindo a linha de pesquisa
conduzida por Pereira (2016) no médio Parana, a classificacdo das tipologias de barras e o
estabelecimento de modelos morfodinadmicos para as ilhas fluviais, explorando os mecanismos
e fatores de controle da sua génese e evolugdo, seriam uma valiosa contribuicdo para o
conhecimento dos grandes sistemas fluviais com padrdo anabranching.

A compreensdo da transmisséo distinta das inundagdes no médio Araguaia (Artigo 3)
pode ser aprimorada por meio da modelagem das interacGes entre a planicie e o canal durante
a passagem da onda de inundacdo em cada segmento fluvial. Ademais, a inclusdo da
modelagem das contribui¢des totais de cada afluente permitiria uma melhor estimativa das taxas
efetivas de perdas de vazdo para diferentes tipos de inundacdo. Além das mudancas
sedimentares conhecidas no canal e na planicie proximal, decorrentes das altera¢cGes no uso e
cobertura da terra (LATRUBESSE et al., 2009), é importante que pesquisas futuras se
concentrem na compreensdo do impacto dessas mudancas no transporte de sedimentos em
suspensdo para a planicie. Por fim, é crucial ampliar o conhecimento sobre o funcionamento do
braco parcialmente abandonado do Rio Araguaia — 0 Rio Javaés. Nossa pesquisa evidenciou
que esse braco é uma parte funcional e significativa do sistema ativo, desempenhando um papel
importante na transmissao de uma variedade de fluxos ao longo do ano, o que denota sua
relevancia ecoldgica para os ecossistemas fluviais locais. Portanto, pesquisas adicionais sao
necessarias para compreender como as mudancas temporais nos padrdes de fluxo e transporte
sedimentar afetam a geometria, o equilibrio e a manutencao desse canal abandonado dentro do
sistema Araguaia.
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