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RESUMO

O Pantanal, considerado a maior planicie alagavel continental do mundo, apresenta dinamicas
hidroldgicas e ecoldgicas intrinsecamente ligadas aos fluxos de dgua provenientes da regido
de planalto, chamada de cabeceiras do Pantanal. Embora os impactos de fenémenos climaticos
de grande escala e das mudancas no uso da terra sobre varidveis hidrologicas dentro da Bacia
do Alto Paraguai (BAP) sejam reconhecidos, seus efeitos combinados permanecem
desconhecidos. Reducdes recentes na precipitacdo e na vazdo dos rios afetaram negativamente
aspectos ambientais e socioeconémicos dos biomas Cerrado e Pantanal no Brasil, levantando
preocupacOes sobre a sustentabilidade a longo prazo desses importantes ecossistemas. Este
estudo analisa uma série temporal hidroldgica de 37 anos (1986-2023) de precipitacdo, vazao
e area inundada de trés bacias contribuintes do Pantanal (Jauru — JB, Taquari — TB e Miranda
— MB), revelando tendéncias hidroldgicas distintas influenciadas por diferentes sistemas
climaticos. Tendéncias significativas de reducéo na precipitacao e na vazao foram observadas
nas bacias setentrionais JB e TB, contrastando com tendéncias de aumento na bacia
meridional MB. Consequentemente, identificou-se uma tendéncia de declinio nas areas
inundadas a jusante dentro da planicie alagavel do Pantanal. Processos de memoria de longo
prazo (fenbmeno de Hurst) foram identificados nas séries temporais da area inundada do
Pantanal e nos dados de nivel do rio Paraguai. Esses achados indicam uma reducdo persistente
e agregada nas variaveis hidrologicas do Pantanal, afetando negativamente sua ecologia e
economia dependentes do pulso de inundagdo, como a pecuéaria, a pesca e a navegacao. O
estudo ressalta a necessidade de estratégias de gestdo adaptativa para enfrentar os impactos
da perda de superficie hidrica, aumento do risco de incéndios e variabilidade climética na
BAP.
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ABSTRACT

The Pantanal, considered the world’s largest continental floodplain, exhibits hydrological and
ecological dynamics that are intrinsically linked to water inflows from the surrounding
highlands. While the impacts of large-scale climatic phenomena and land-use changes on
hydrological variables within the Upper Paraguay River Basin (UPRB) are acknowledged,
their combined effects remain unknown. Recent reductions in precipitation and river
discharge have adversely affected both environmental and socioeconomic aspects of the
Cerrado (Brazilian Savannah) and Pantanal biomes in Brazil, raising concerns about the long-
term sustainability of these important ecosystems. This study analyzes a 37-year hydrological
time series (1986-2023) of rainfall, streamflow, and flooded area of three contributing basins
of the Pantanal (Jauru-JB, Taquari-TB and Miranda-MB), and reveals distinct hydrological
trends influenced by different climate systems. Significant decreasing trends in rainfall and
streamflow were observed in the northern JB and TB basins, contrasted by increasing trends
in the southern MB basin. Consequently, a declining trend in downstream flooded areas within
the Pantanal floodplain was identified. Long-term memory processes (Hurst phenomenon)
were identified in the time series of the Pantanal flooded area and also in the Paraguay river
stage data. These findings indicate a persistent and aggregated reduction in the Pantanal’s
hydrologic variables, adversely affecting its water-dependent ecology and economy, such as
ranching, fishing, and navigation. The study underscores the necessity for adaptative
management strategies to tackle the impacts of water surface loss, increased fire risk, and
climate variability in the UPRB

vil



SUMARIO

CAPITULO 1: CONTEXTUALIZACAOQ ........oooivivreeveieeeieeeeeessessssss s 19
L1, OBJETIVOS ...ttt ettt 25
L1.1. OBJETIVO GERAL................cccocoveieiiiiiiiiiiiiieit ettt 25
1.1.2. OBJETIVOS ESPECIFICOS................oocoeoeeeeeeeerereeseersrseeesen e, 25
L1.3. HIPOTESES............ccocsoseiseseseereieeeeeeeessesssssss s en s ssanses s 25
CAPITULO 2: ARTIGO CIENTIFICO .........cooovviiriiriiiiniinsessssissssiessssssssssens 26
LR £ L3 (e G 18167 1o J PP UTRPPPPTOPRTRO 28
2. Materiais € MELOAOS ...c.uviiiieiiiieiee ittt sttt sbe e et e be e e be e nbbeebeenree s 30
2. AVCA AE ESTUAD ...ttt 30
2.2. Dados hidrologicos e fonte de dados ..............ccccoovoeiiiiiiiiiiiiiiiiiie e 32
2.3. Analises eStatiSticas € INIEVPTEIAGAO ..........c...couerveiiiriiieiiiee e 33
3. RESUIAAOS ... 34
3.1, Bacia do 710 JAUFU (JB) .......coouiiiiiiiie ettt 34
3.2. Bacia do 7io TAQUATT (TB) .....ccc.coouiiiieiieee ettt 35
3.3. Bacia do rio Miranda (MB) .............ccocuiiiiiiiiieiiiie e 37
4. DASCUSSAO . ttteuteesiteeteeette ekt e ettt e bt e e st e bt e e s bt e ket e st e e e b e e e R bt e b e e e Rb e e Rt e en b e e ket anb e e b e e e bt e be e enn e e nneeenns 38
RETEIENCIAS ...ttt ettt h e et et n e e nneeenneennee s 41
CAPITULO 3: CONSIDERACOES FINAIS .......cooooiiiiiieieieeeeeeneesessses s eneenesnenens 33
3.1. Limitagoes metodologicas do estudo e perspectivas fUturas .............ccccceecevveniieiiiceennen, 33

R B TG 4 (ST 11 ] 10 (ot TP 33

3.1.2. Estacdes hidrolOICas .......covieiiiiiiiiiiiiiiii e 33
3.2 CONCIUSAO ..ttt ettt e ettt e e b e e naneanbeennee s 33
REFERENCIAS BIBLIOGRAFICAS .......oooiiiriiiiinieinseisssssessssssssssssssssesssseees 35

viii



INDICE DE FIGURAS

FIGURA 1 - ELEVAGAO DA BACIA DO ALTO RIO PARAGUAI COM SUB-BACIAS CORRESPONDENTES. ......31
FIGURA 2 - BACIA DO ALTO RIO PARAGUAI, COM ZONAS CLIMATICAS DE KOPPEN E SUB-BACIAS
CORRESPONDENTES .....cviviitteteeteeteeteeteeteetsetseseeseeteeteeseeseeaseseeseeseeseeaeeseeseessesseseeaeereereeseeneeneans 32
FIGURA 3 - BACIA DO ALTO RIO PARAGUAI COM SUB-BACIAS CORRESPONDENTES, AREAS DE ESTUDO E
LOCALIZAGAO DAS ESTACOES PLUVIOMETRICAS E FLUVIOMETRICAS........cceeveereeeeereereeeeereeneenas 33
FIGURA 4 - SERIE HISTORICA DE PRECIPITAGAO ANUAL (A) E VAZAO (B) DA BACIA DO RIO JAURU, SUA
CORRELAGAO (C), E SERIE HISTORICA DE AREA INUNDADA NA PLANICIE (D). «eeeovveeeeeeeeeeeeeeene 35
FIGURA 5 - CORRELAGAO ENTRE AREA INUNDADA ANUAL DA BACIA DO RIO JAURU E A VAZAO MEDIA
ANUAL A MONTANTE (INFLOW) ....oviivieteetieteeeteeteeete et eeteeeeeseeeeeeneeaeeseenseessenseensenseensessensenseeneens 35
FIGURA 6 - SERIE HISTORICA DE PRECIPITAGAO ANUAL (A) E VAZAO (B) DA BACIA DO RIO TAQUARI, SUA
CORRELAGCAO (C), E SERIE HISTORICA DE AREA INUNDADA NA PLANICIE (D. ...vcovveveeveereereereeneane. 36
FIGURA 7 - CORRELAGAO ENTRE AREA INUNDADA ANUAL DA BACIA DO RIO JAURU E A VAZAO MEDIA
ANUAL A MONTANTE (INFLOW) (A), E ENTRE A VAZAO MEDIA ANUAL A MONTANTE (Q) E A COTA DO

RIO PARAGUAI (B). ..ttt s s s ee s s s aeeene 36
FIGURA 8 - SERIE HISTORICA DE PRECIPITAGAO ANUAL (A) E VAZAO (B) DA BACIA DO RIO MIRANDA, SUA
CORRELAGAO (C), E SERIE HISTORICA DE AREA INUNDADA NA PLANICIE (D). «eeeeeeeeeeeeeeeeeene. 37

FIGURA 9 - CORRELACAO ENTRE AREA INUNDADA ANUAL DA BACIA DO RIO MIRANDA E A COTA DO RIO
PARAGUAY (A), E VAZAO DO RIO AMONTANTE (B) .....vuvveeeeeeeeeeeesssseseeeeeeeeeeeeeeeseseses s seeeeeens 38

FIGURA 10 - SERIE HISTORICA DAS COTAS ANUAIS MEDIAS DO RIO PARAGUAI DE 1986-2023 (A), E 1901-
2023 (B). «vveveeeeeeeeeeeee s ettt ettt ettt ettt ettt ettt n et ee et et eneneas 38

FIGURA 11 - AREAS DE INUNDACAO E FREQUENCIA DE INUNDAGCAO, COM AREAS EM AZUL ESCURO
INDICANDO MAIOR FREQUENCIA. ...ttt eene 40

1X



CAPITULO 1: CONTEXTUALIZACAO

Aproximadamente 3,6 bilhdes de pessoas vivem em localidades de alta vulnerabilidade as
mudangas climaticas, que vem sendo notadas por todo o Globo com o aumento da ocorréncia
de eventos climaticos extremos, que causam devastacdo substancial e danos irreversiveis em
ecossistemas terrestres, aquaticos e criosféricos (IPCC, 2012; IPCC, 2014; IPCC, 2023). Por
vezes, apds muitos desses eventos extremos, nota-se a pressao sobre a comunidade cientifica
por parte do publico e da midia em atrelar o ocorrido as alteragdes climaticas antropogénicas
ou, ainda, na falta de consenso cientifico, descredibilizar os impactos e a existéncia das
mudangas e variagdes do clima (STOTT et al., 2015). Porém, um dos relatorios do IPCC (2010)
define essa avaliagdo como ‘o processo de examinar as contribuic¢oes relativas de multiplos
fatores causais para uma mudanga ou evento a partir de uma atribui¢do de confianca
estatistica’ (HEGERL et al., 2010).

O termo “Mudangas Climaticas” ¢ utilizado pela Organizagdo Meteoroldgica Mundial
(OMM) para se referir as alteracdes no estado do clima que podem ser identificadas pelas
variagdes nos parametros médios, e/ ou variabilidade de suas propriedades, que persistem por
um longo periodo, normalmente décadas ou mais. As mudangas no clima podem ocorrer por
eventos naturais ou antropogénicos, como erupcdes vulcanicas ou mudancas persistentes € em
larga escala induzidas pelo ser-humano na composi¢do da atmosfera, por exemplo.

Assim, as variagdes inter-decadais de pardmetros climaticos, como temperatura,
precipitacdo e evaporacdo, em sua maioria, sao tidas como mudangas climaticas, e as variagdes
interanuais sdo consideradas como variabilidades climaticas, dominantemente provocadas
pelas oscilagdes das temperaturas do Oceano Pacifico e associados ao fenomeno Oscilagao Sul
(OS), tais como El Nifno e La Nifia (TRENBERTH, 2017; XIE, 2024). Ha variacdes inter-
decadais cujo ciclo temporal pode ser maior que 30 anos, como a Oscilagio Decadal do
Pacifico, anomalia que modula a intensidade dos eventos de El Nifio e La Nifia (KAYANO &
ANDREOLI, 2007; SILVA et al., 2011), e Oscilagao Multidecadal do Atlantico (MARENGO
et al., 2021), que sdo tidas como variabilidades climaticas.

No inicio dos anos 2000, Salinger (2005) salientou que o desafio do século 21 seria a
adaptac¢ao a intensificacdo do aquecimento global, causado pelo aumento das emissdes de gases
de efeito estufa (GEE). Diffenbaugha et al. (2017) verificaram que o aquecimento historico da
Terra aumentou a gravidade e a probabilidade do més e dia mais quentes do ano em mais de

80% da area de estudo observada.

19



Diversas regioes da América do Sul tém registrado frequentes secas prolongadas, aumento
nas temperaturas minimas, maximas e médias, além de severos e frequentes incéndios (LEAL
FILHO et al., 2021; IPCC, 2023; CHAGAS et al., 2022; FERON et al., 2024). A ocorréncia dos
fenomenos de alteracdo da circulagdo e pressdo atmosférica do Pacifico, como o El
Nifo/Oscilagdo Sul (ENSO), modula a variabilidade interanual de sistemas climaticos no
continente, sendo o El Nifio um importante contribuinte do aumento de risco de incéndio na
regido Amazonica, ¢ o La Nifa o contribuinte mais influente na regido do Gran Chaco e
sudoeste do Brasil, onde resulta na reducdo da precipitagio (ROPELEWSKI & HALPERT,
1989; GRIMM, 2004; FERON et al., 2024).

Eventos de El Nifo (La Nifia) geralmente ocasionam na redug¢ao (aumento) da precipitacao
no Cerrado (MARENGQO et al., 2015), mas pode-se ter efeitos locais opostos caso haja alteracao
em uma combinagdo de elementos climaticos (como o aquecimento ou resfriamento de uma
zona oceanica na costa oposta, ou interferéncia na circulacdo de massas de ar atmosféricas) (NA
& WANG, 2000; RODRIGUES & MCPHADEN, 2014; CAl et al., 2020). Ja na regido da Bacia
do Alto rio Paraguai (BAP), composta majoritariamente pelos biomas Cerrado (42%) e Pantanal
(44%), foi observada uma correlagdo positiva entre o aquecimento da temperatura da superficie
do mar-TSM dos oceanos do hemisfério sul (sinal de El Nifio) € o aumento da precipita¢do na
regido (THIELEN et al., 2020). No caso da TSM dos oceanos do hemisfério norte, esta
correlagdo € negativa. Esse fato corrobora com os monitoramentos de alagamento da planicie
pantaneira, que em 1982-1983 e 1997-1998 registrou extensas inundagdes em anos de El Nifio
(MARENGO et al., 2015; CORREIA-FILHO et al., 2021). Em contrapartida, o Pantanal
registrou anos de seca extrema, com recorde em 2024 (WWF, 2024), também ano de El Nifio
(2023-2024).

Genta et al. (1998) mostraram que, entre 1960 e 1995, o aumento na média anual da TSM
do Oceano Pacifico Equatorial acompanhou o aumento na média da vazdo de quatro rios
brasileiros, inclusive o rio Paraguai. O aumento da vazao dos rios, porém, ndo ¢ somente
indicativo de auséncia dos impactos da mudanga climatica, tendo em vista sua relagdo com o
desmatamento (TUCCI & CLARKE, 1997; BLOSCHL et al., 2007).

Os regimes hidricos dos rios se relacionam com as taxas de precipita¢do e evapotranspiracao
de sua bacia hidrografica, e mudancas nas séries historicas de chuva podem refletir posteriores
alteragdes nos padrdes das séries de vazao (MARENGO et al., 1998; COLLISCHONN et al.,
2001). O fluxo superficial de 4gua doce se relaciona diretamente com a distribui¢do geografica

das populagdes urbanas e rurais, e prové recursos para a maior parte das atividades humanas,
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como abastecimento doméstico ou industrial, alimentagdo, irrigacdo ou geracdo de energia,
além da sua importancia ecoldégica (MALMQVIST & RUNDLE, 2002; IVORY et al., 2019).

No Pantanal brasileiro, por conta da dindmica dos pulsos de inundagao (JUNK, 1989) que
caracterizam a planicie (POFF et al., 1997; JUNK, 2005; JUNK et al., 2006), o fluxo superficial
regula outras atividades caracteristicas da regido, como a navegacao, o turismo e as praticas
agropecuarias (BRAVO et al., 2013). Apesar de direta, a relagdo entre precipitagdo e vazao nao
¢ linear: o aumento da precipitacio em regides de solos secos (ou degradados), nao
necessariamente resultam em maiores vazoes nos rios (HIRSCH et al., 2011).

Impactos antropogénicos sdo frequentemente responsaveis pela alteragdo estatistica de
séries temporais de vazdo (DETZEL, FERANDES & MINE, 2016), principalmente em casos
de desmatamento em larga escala (HOFMANN & JACKSON, 2000; COE et al., 2011;
DEBORTOLI et al.,2015; DEBORTOLI et al., 2017; SALMONA et al., 2023), grandes
retiradas de agua para irrigagdo ou constru¢do de barragens e reservatorios (HIRSCH et al.,
2011; DETZEL et al., 2011). Em muitas das analises hidrologicas, parte-se da premissa de que
as precipitagdes e as vazodes anuais sdo estaciondrias (sem variacdes significativas das médias
ao longo do tempo).

Entretanto, em fun¢ao das significativas variabilidades climéaticas recentes nessas séries,
¢ preciso quantifica-las e identificar aspectos e causas da ndo-estacionariedade. Isso permitiria
um melhor planejamento e a correspondente adaptacdo aos impactos climaticos, através de
estatisticas nao classicas das séries historicas (CHAVES & LORENA, 2019), bem como o uso
de projecdes climaticas (MILLY et al., 2008; DETZEL et al., 2011).

O desmatamento em larga escala altera o ciclo hidrologico e biogeoquimico da paisagem
de biomas, através da diminui¢do da capacidade de infiltragdo de agua no solo, da
evapotranspiragdo e da precipitagdo, sendo observado reducao do volume anual de chuva, atraso
e reducdo da estacao chuvosa (BRUIJINZEEL, 2004; OLIVEIRA et al., 2014; DEBORTOLI et
al., 2017). Consequentemente, hd o aumento do risco de incéndios florestais, que afeta a
densidade da vegetagdo e estimula o processo de feedback-positivo, que acelera o ressecamento
dos biomas tropicais (HOFFMANN & JACKSON, 2000).

Além disso, a conversdo de areas de vegetagdo nativa para lavouras e pastagens causa
redugdo na capacidade de infiltragdao do solo e estimula processos de erosao, a partir do aumento
do escoamento superficial de 4gua (BRUIJINZEEL, 1990; COE et al., 2011; BORRELLI et al.,
2017), inclusive em areas umidas (WOODWARD et al., 2014; COLMAN et al., 2019). O

incremento no escoamento superficial, por sua vez, aumenta o risco de enchentes, diminui a
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recarga de dgua subterranea e reduz a vazao de base, que ¢ responsavel pela manutengdo da
vazao rios durante os periodos de estiagem (CHAGAS et al., 2022).

Existe um crescente e fundamental anseio por pesquisas que expliquem a relagdo entre
a alteragdo de componentes hidrologicos com as mudangas climaticas, tanto decorrentes de
eventos climaticos individuais (DIFFENBAUGH et al., 2017; DEY & MISHRA, 2017) como
em proje¢des climaticas futuras (BRAVO et al., 2013; SPRACKLEN et al., 2012). Determinar
a significancia de tendéncias e sua magnitude numa série historica, ou a probabilidade de
ocorréncia de determinados eventos, por exemplo, ¢ crucial para detectar os impactos da
mudanga no clima ¢ da mudanca do uso da terra (MARENGO, 1995; MARENGO et al., 1998;
CIGIZOGLU et al., 2005; WOODWARD et al., 2014; DEBORTOLI et al., 2015; SOUZA et
al., 2015; DEBORTOLI et al., 2017; DIFFENBAUGH et al., 2017; COLMAN et al., 2019).

Campos e Chaves (2020) analisaram a tendéncia e a variabilidade da série historica de
precipitagdo no Cerrado de 1977 a 2010, e concluiram que 71% dos 125 postos pluviométricos
estudados apresentaram tendéncia de redugdo. Entretanto, apenas 18 estacdes obtiveram
redugdo estatisticamente significativa, sendo trés delas no Mato Grosso e uma no Mato Grosso
do Sul.

O sul da Amazdnia também apresenta tendéncia de queda na precipitacao e aumento da
duracdo do periodo de estiagem, principalmente em zonas de maior concentragdo de
desmatamento (DEBORTOLI et al., 2015; DEBORTOLI et al., 2017). Spracklen et al. (2012)
projetaram para 2050 uma reducdo das chuvas na bacia amazonica entre 12 e 21% durante a
estacdo chuvosa e seca, respectivamente.

Para a regido da bacia do alto rio Paraguai (BAP), Feron et al. (2024) identificaram um
aumento médio de 20 para 70 dias de estiagem, altas temperaturas e inflamabilidade,
comparando os periodos de 1971 a 2000, e 2001 a 2022. Além disso, os autores registraram que
o aumento dos periodos secos ocorreu, majoritariamente, durante as tltimas duas décadas, com
registros de aceleracdo da mudanca no inicio dos anos 1990. Desde entdo, o Pantanal tem
registrado meses € anos cada vez mais secos, com a estacdo chuvosa encurtada, atrasada e
valores cada vez menores de areas inundadas.

A precipitagdo ¢ determinante para os pulsos de inundacdo no Pantanal, e ¢ responsavel
por mais de 60% da variabilidade das areas inundadas na planicie (PEREIRA et al., 2021). Um
estudo recente (WWF-BRASIL, 2024) mapeou a superficie mensal de 4gua no Pantanal com
uma resolucao espacial de 4 metros, entre janeiro de 2021 a abril de 2024, e detalhou a situagao
de seca do bioma: ndo houve cheia entre outubro/2023 e abril /2024. Além disso, a seca de 2024

supera a seca extrema de 2021, que propiciou os grandes incéndios observados no periodo que
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queimaram quase 40% do bioma. De acordo com os dados da Colecdo 4 do projeto MapBiomas
Agua (MAPBIOMAS, 2025), a 4rea de superficie de 4gua mapeada no Pantanal em 2024 esta
61% abaixo da média histdrica do bioma.

A BAP ¢ uma bacia majoritariamente sedimentar que possui duas areas bem definidas:
planicie e planalto. A planicie abriga toda a extensdo do bioma Pantanal, a maior 4rea imida
continental do Planeta, reconhecida como Patriménio Nacional pela Constituicdo Brasileira de
1988 e, em 2000, pela Organizacdo das Nagdes Unidas para a Educagdo, Ciéncia e Cultura
(UNESCO), como Patrimoénio Natural da Humanidade ¢ Reserva da Biosfera. A regido de
planalto, onde estdo as cabeceiras dos principais rios da Bacia do Rio Paraguai (BAP), ¢é
fundamentalmente responsavel pela contribui¢do hidrica (GONCALVES et al., 2011) e pela
contribuicdo de sedimentos que chegam ao Pantanal, que formam os leques aluviais e fluviais,
como o megaleque aluvial do rio Taquari (ASSINE, 2015). A entrada de 4gua no balancgo hidrico
do Pantanal pela precipitagdo local ¢ igual ou menor que aquela perdida pelo processo de
evapotranspiragdo (GONCALVES et al., 2011; ALHO & SILVA, 2012), sendo o restante do
balango hidrico regional modulado as vazdes afluentes do planalto.

O clima na bacia é classificado como Tropical Umido, com temperaturas médias anuais
variando de 22,5 a 26,5°C, precipitagdio média anual variando de 800 a 1.600mm e
evapotranspiracao média anual de 1.239mm. A distribui¢do da precipitagdo nao ¢ homogénea:
ha um aumento gradual nas médias anuais sentido oeste-leste € com maiores concentragdes na
porcdo norte, onde ha influéncia amazonica (THIELEN et al., 2020), sendo que as menores
médias anuais de precipitacdo sdo concentradas na regido central do Pantanal (ASSINE et al.,
2015).

A época chuvosa acontece entre os meses de outubro e abril, e a inundagdo na parte
Central e Sul do Pantanal pode ocorrer até quatro meses depois do pico de chuva no Norte e
levar até seis meses para que o fluxo de 4gua chegue ao rio Parana, uma vez que os processos
de armazenamento e escoamento inerentes ao bioma desaceleram o transporte da agua (ALHO
& SILVA, 2012; MARENGO et al., 2015; IVORY et al., 2019).

Alteragdes no regime pluviométrico e no uso e cobertura da terra na regido de planalto
impactam a distribuicdo espacial, sazonalidade e persisténcia das areas umidas e demais
formagdes fitofisionomicas na planicie (ROQUE et al., 2016). Em média, durante o periodo de
cheia, a area alagada cobre de 60 a 80% de toda a planicie pantaneira (ALHO & SABINO,
2012; PEREIRA et al., 2021), sendo que cerca de 40% da planicie ndo ¢ alagavel e cerca de
2,5% ¢ permanentemente alagada (PADOVANI, 2010; PEREIRA et al., 2021).
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Collischonn, Tucci e Clarke (2001) ja haviam observado altera¢des consistentes na
tendéncia de chuva em toda a BAP, com reducdo na duragdo das estacdes chuvosas.
Recentemente, o estudo de tendéncia climatica de Chagas et al. (2022) mostrou que a regiao da
BAP esta secando. Thielen et al. (2020) identificaram duas tendéncias futuras distintas para a
BAP: na regido de cabeceiras, uma maior frequéncia de eventos com altas taxas de precipitacao
e, para a planicie pantaneira, prolongados e severos periodos de seca, ndo significando,
necessariamente, um aumento do volume de chuva anual.

Suekame et al. (2021) previram uma redu¢do de 12% na média da precipitacdo para a
bacia do rio Taquari. Outros estudos, realizados em sub-bacias da BAP, também buscaram
entender as alteragdes e tendéncias das séries histdricas de precipitacdo e vazdo de importantes
rios contribuintes do rio Paraguai (COLLISCHONN, 2001; MARQUES & RODRIGUEZ,
2022; FERREIRA et al., 2024), inclusive aquelas decorrentes da construcdo de barragens
hidrelétricas (ELY et al., 2020).

Entendendo a complexidade das mudangas e variabilidades climaticas da regido de
cabeceiras que atingem o Pantanal e seus efeitos na planicie a jusante, este trabalho busca
analisar as tendéncias e sinais de persisténcia das séries historicas de precipitagdo e vazao
hidrologica da regidao de planalto de trés sub-bacias da Bacia do Alto rio Paraguai (BAP) e suas
correlagdes com a superficie de 4gua da planicie pantaneira nas respectivas bacias.

Esta dissertacdo conta com trés capitulos: 1) Introducio, 2) Artigo Cientifico em
Lingua Inglesa: manuscrito submetido a revista Water, e 3) Consideracgdes finais, em que sao
destacados os principais resultados e pontos relevantes da discussao realizada no artigo, em

Portugués.
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1.1. OBJETIVOS

1.1.1.  OBJETIVO GERAL

Avaliar a série historica de 1986 a 2023 de precipitacao e vazao da regido de planalto de trés
sub-bacias representativas da BAP (Jauru — MT, Taquari — MT/MS e Miranda — MS), e sua
correlagdo com a superficie de 4gua mapeada nas respectivas regioes de planicie.

1.1.2. OBJETIVOS ESPECIFICOS

1) Identificar tendéncias nas séries historicas de precipitagdo e vazdo das 3 bacias;

2) Analisar a ocorréncia de variabilidades ou mudangas nas séries de precipitagdo ¢ vazao;

3) Correlacionar as séries historicas de precipitagdo ¢ vazao das areas de planalto com a
superficie de agua das areas de planicie das bacias estudadas

1.1.3.  HIPOTESES

Com base na revisdo de literatura sobre os impactos das variabilidades e mudangas climaticas
nas variaveis hidrologicas, e a partir de estudos anteriores realizados para a regido do sul da
Amazodnia, Cerrado e Gran-Chaco, onde se insere a Bacia do Alto Paraguai, foram estipuladas

as seguintes hipdteses a serem validadas:

H1.0: ndo ha tendéncia ou mudanga significativa nas séries de precipitacdo e vazao das bacias

Hl.a: ha tendéncia ou mudanca significativa nas séries de precipitagdio e vazao

H2.0: as séries de precipitacdo e vazao das trés sub-bacias ndo apresentam autocorrelagdo nem
persisténcia
H2.a: as séries de precipitacdo e vazdo das trés sub-bacias apresentam autocorrelacdo e

persisténcia
H3.0: ndo ha correlagdo significativa entre as séries de vazdo e de superficie de dgua das

planicies das bacias

H3.a: ha correlagado significativa entre as séries de vazao e de superficie de dgua das planicies
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Abstract: The Pantanal, considered the world’s largest floodplain, exhibits
hydrological and ecological dynamics that are intrinsically linked to water inflows
from the surrounding highlands. While the impacts of large-scale climatic
phenomena and land-use changes on hydrological variables within the Upper
Paraguay River Basin (UPRB) are acknowledged, their combined effects remain
unknown. Recent reductions in precipitation and river discharge have adversely
affected both environmental and socioeconomic aspects of the Cerrado (Brazilian
Savannah) and Pantanal biomes in Brazil, raising concerns about the long-term
sustainability of these important ecosystems. This study analyzes a 37-year
hydrological time series (1986-2023) of rainfall, streamflow, and flooded area of
three contributing basins of the Pantanal (Jauru-JB, Taquari-TB and Miranda-MB),
and reveals distinct hydrological trends influenced by different climate systems.
Significant decreasing trends in rainfall and streamflow were observed in the
northern JB and TB basins, contrasted by increasing trends in the southern MB
basin. Consequently, a declining trend in downstream flooded areas within the
Pantanal floodplain was identified. Long-term memory processes (Hurst
phenomenon) were identified in the time series of the Pantanal flooded area and
also in the Paraguay river stage data. These findings indicate a persistent and
aggregated reduction in the Pantanal’s hydrologic variables, adversely affecting
its water dependent ecology and economy, such as ranching, fishing, and
navigation. The study underscores the necessity for adaptative management
strategies to tackle the impacts of water surface loss, increased fire risk, and
climate variability in the UPRB.

Keywords: floodplain; hydrology; climate change; persistence;

1. Introduction

Several regions of South America have experienced frequent and
prolonged droughts in recent decades [1], which were correlated with
different global and regional climatic forcings, leading to important
ecological and socioeconomic impacts, including widespread forest fires
[2-6]. Extreme droughts in Brazil are often linked to the El-Nifio Southern
Oscillation (ENSO) phenomenon, which modulates the precipitation
patterns in the continent [4,7-9] , becoming more severe when persistence
of years with below-average precipitation occurs in a sequence [10].

In the Brazilian Pantanal, the world’s largest floodplain located in the
Upper Paraguay River Basin (UPRB) in Brazil, a positive correlation was
observed between the sea surface temperature (SST) rise of the Southern
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(Northern) Hemisphere oceans, and the increase (decrease) in the yearly
precipitation [11] and streamflow [12]. Rainfall variability modulates the
inter and intra-annual flooding dynamics [13-15] and the combination of
various large-scale climate events that can occur simultaneously is a
complex process.

It is recognized that the ecological dynamics of the UPRB are
regulated by the hydrological relationship between the Pantanal
headwaters (highlands) and its floodplains [16,17]. Since precipitation is
less than potential evapotranspiration in the floodplain, the regional
water balance is modulated by upstream inflows [18,19]. Additionally, the
relationship between streamflow and rainfall is not always linear,
especially in modified watersheds [20]. In addition to global climate
drivers, such as greenhouse effect emissions (GEE) [21], regional forcings,
such as large-scale land-use conversion, play an important role in
precipitation and streamflow anomalies in the Cerrado biome [22-25],
which spans 80% of the Pantanal headwaters [18].

Trends and variabilities were detected in the historical precipitation
series of the Brazilian Cerrado between 1977 and 2010, where 71% of the
rain gages showed a decreasing trend [26]. Between 1960 and 2021,
significant negative trends were found for rainfall during the dry season
and the beginning of wet season, with a 50% reduction in total rainfall and
the number of rainy days [27]. Similarly, reductions between 6.7 and 8.7%
of long-term streamflow in the region were projected for the biome until
2050, due to climate change and deforestation, respectively [24].

Land-use change in the Pantanal highlands leads to significant
impacts in the downstream floodplain, including changes in water and
sediment influxes [14,28-33]. Since agriculture and cattle ranching are the
main economic activity in the Pantanal’s upstream areas, they are also
impacted by temperature rise and shortening of the rainy season, causing
significant economic losses to farmers and municipalities [34]. Therefore,
changes in the highland’s rainfall and streamflow regimes can impact the
size, spatial distribution, seasonality, and persistence in the downstream
flooded area [35-37]. During the typical flood season (Dec-May), the
average flooded area covers between 60 to 80% of the Pantanal’s surface
[30,38]. A recent remote sensing study mapped its monthly flooded
surface [39] indicating that 2024 was the dryest year in a 30-yr long record.

Furthermore, water surface reduction in the Pantanal floodplain has
been recorded in the last decades [40] with severe environmental and
socioeconomic impacts [14,41,42], encouraging deforestation, agriculture
and cattle ranching in the dry areas [43,44], enhancing severe fire events
[2-4,36,45], and hindering navigation, fishing and tourism activities
[17,46].

Therefore, a better understanding is needed about the relationship
between climate change/variability and the alteration of hydrological
components of the Pantanal flood pulses, resulting from both climate
variability [47-49] and land-use change [50-52]. Considering the
variability and the different effects of large-scale climate events, further
investigation about the trends, patterns, and persistence of hydrological
time series of the Pantanal upstream basins is crucial to assess the impacts
of climate and land-use change in the UPRP [33,49,52-56].

This research uses an innovative approach to assess the hydrology of
the Upper Paraguay River Basin integrating four statistical analyses—
Mann-Kendall trend test, Hurst exponent, Pearson correlation, and
autocorrelation function (ACF)—to examine four critical hydrological
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variables of a 37-yr long time series, to provide new insights about the
upstream contribution of three of its main tributaries to the downstream
flooded area.

2. Materials and Methods
2.1. Study Area

The Paraguay river basin, which contains the Pantanal floodplain,
extends over 1.2 million km? of Argentina, Bolivia, Paraguay and Brazil,
being the second largest river basin in South America. Its headwaters are
located in the states of Mato Grosso and Mato Grosso do Sul (Brazil) and
its main channel extends for approximately 2,700 km until its confluence
with the Parand and La Plata rivers, which drains into the Atlantic Ocean.
The Brazilian portion of the Paraguay is known as Upper Paraguay River
Basin-UPRB, upstream of the Pantanal floodplain (42%), whose
headwaters contain portions of the Amazon (9%) and Cerrado/Savannah
(49%) biomes. These upstream basins are the main sources of water and
sediment to the downstream Pantanal floodplain [18,32].

This research focused on three UPRB basins: i) The northern Jauru
basin, in the southern Amazon region; ii) The central Taquari basin, in the
Cerrado biome, and iii) The southern Miranda basin, also in Cerrado, with
fragments of the Brazilian Atlantic Forest [Figure 1]. The Jauru basin (JB)
spans 5,647 km? in its highland area and 2,202 km? in its floodplain. Its
topography is comprised of gentle slopes, with a mean grade of 6.6%. The
Taquari basin (TB) highlands span an area of 27,514 km?, with its
downstream floodplain covers 40,160 km?2 The basin has gentle
topography, with a mean slope of 8.2%. Finally, the Miranda basin (MB)
has an area of 15,125 km?in its highlands and of 6,638 km? in its floodplain,
being the lowest of the three basins in elevation (300 m), with a mean basin
slope of 6.5%. The three study basins are covered by oxidic soils (Orthox)
with pastureland and dryland agriculture are the dominant land-uses.
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Figure 1 - Elevation of Upper Paraguay River Basin with corresponding sub-basins.

The three studied sub-basins span two different Koppen climate
zones [Figure 2]. The Cerrado Aw climate is marked by a summer rainy
season and dry winters, with annual rainfall ranging from 1,070 mm to
1,720 mm in Jauru basin, and from 1,472 mm to 2,067 mm in Taquari basin.
The Miranda basin, with annual rainfall volume ranging between 970 mm
and 1,480 mm, is located in the transition zone between the Képpen's Aw,
Af and Am climates, the latter characterized by summer monsoons and
warmer temperatures [57].
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Figure 2 - Upper Paraguay River Basin, with Képpen climate zones and corresponding sub-basins

2.2. Hydrologic data and data sources

The spatial delineation of the three studied basins was obtained by
GIS spatial analysis, with the basin outlets coinciding with the
corresponding streamflow gaging stations, situated at the frontier between
the basins” highlands and the downstream Pantanal floodplain [Figure 3].
The floodplain of each basin was that defined by the Brazilian National
Water Agency (NWA).

Monthly streamflow data were obtained from three NWA'’s gaging
stations: #66072000 (Porto Esperidiao), #66870000 (Coxim), and #66910000
(Miranda). Additionally, river stage data from the downstream Paraguay
river gage #66825000 (Ladario station) was used to complement the

analysis, and to evaluate the influence of eventual back-water effects in the
flooded areas.
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Figure 3 - Upper Paraguay River Basin, with corresponding sub-basins, study areas, and rainfall and streamflow

gaging stations.

Data from six rainfall-gage stations, namely #1558004 (Alto Jauru),
#1853002 (Cachoeira Pdélvora), #1853003 (Jauru), #1954004 (Camapua),
#2156001 (Jardim), and #2056003 (Estrada MT-738) [Figure 3], were used
to correct the bias of the gridded precipitation data, downloaded from the
Climate Hazards Group InfraRed Precipitation with Station Data-CHIRPS,
which are accurate for the studied area [58-60]. Rainfall bias correction
was performed with parametric equations [58].

The monthly water surface (flooded) areas (A) of the Pantanal
floodplain, located in the lower reaches of the three studied sub-basins,
were obtained from the MapBiomas Water Project dataset (Collection #3),
via Google Earth Engine® queries.

2.3. Statistical analysis and interpretation

To perform the statistical analysis of the hydrologic time-series, the
data were organized into monthly totals (precipitation) and monthly means
(streamflow & flooded area), comprising N=37 years, between 1986 and
2023, since at least 30 years of data are necessary to guarantee climatic
stability [61]. All hydrologic time-series of the three sub-basins were
organized in hydrologic years, starting in October and ending in
September of the following year, to avoid the effect of baseflow carry-over
between subsequent years [62].
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The non-parametric Mann-Kendall (MK) statistic was used to assess
the level of stationarity of the hydrologic time series, detecting trends or
jumps [5,14,52,53,63,64]. Persistence (long-memory processes) in the
hydrologic time series was detected with the Hurst coefficient-H [65],
obtained from the rescaled-range (R/Sr) plot [66]. The R/S: estimate was
obtained by the following equations:

2
5.(6.d) = (Z 3 (r(o ) )
R(t,d) = maX1<u<d{ }:il_lxj — ux(t, d)} - min1<u<d{ jt;ril_lxj — ux(t, d)} (2)
where: Xt d)=x-+...... + Xt+d-1)/d
©)

The ratio R (t,d)/Sr (t,d) is the rescaled range, consisting in averaging
the values of R/Sr for a number of values of t, for a given time lag (d), and
plotting the average results of the series of rainfall, streamflow, or flooded
area, against log (d). The slope of the graph of x (d) versus log (d), found
using ordinary linear regression, is the Hurst coefficient H [67]. Long-term
memory (persistence) occurred in the time series when H > 0.5, whereas a
value of H < 0.5 indicated a white noise (randomness) in the time series
[64-69].

Additionally, the auto-correlation function (ACF) was performed in
the hydrological series of rainfall (P), streamflow (Q) and flooded area (A)
to assess the degree of autocorrelation between the observed data,
indicating whether the hydrologic behavior of subsequent years was
explained by those of previous years. This occurred when the lag-1 and
lag-2 ACF were statistically significant, and decreased monotonically [66].
The Mann-Kendall, Hurst, and ACF tests were performed in all
hydrological time series using the ‘mannkendall’, ‘hurstexp” and ‘acf’
scripts, available in the R-Studio® platform, respectively.

Finally, the streamflow (Q) time-series of the three basins were
correlated with the corresponding flooded areas (A) downstream using
the Spearman test [70], to assess the relationship between A & Q, vis a vis
the back-water effect of the downstream Paraguay river, measured at the
Ladario river gage.

3. Results
3.1. Jauru Basin (JB)

The rainfall and streamflow time-series, their correlation, and the
dynamics of the flooded area of the Jauru Basin are presented in Figure 4.
The decreasing trends observed in the rainfall (P) and streamflow (Q)
series (MK =-0.04 and -0.11, respectively) were not statistically significant
(p-value = 0.71 and 0.37, respectively). The Hurst coefficient for P and Q
was H= 0.5, between white noise and long-memory domains. Annual P
and Q in the basin were highly and positively correlated (r = 0.75) [Figure
4c].

On the other hand, there was a significant decreasing trend in the
water surface in flooded region of the JB in the period analyzed (MK = -
0.55, p-value <0.001) [Figure 4d]. Additionally, the Hurst coefficient (H =
0.69) indicated a strong persistence. Significant auto-correlation was also
detected in the basin flooded area, given the significant magnitudes and
monotonic decrease of of lags 1 & 2 [66] of the ACF.
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Figure 4 - Time series of annual rainfall (a) and discharge (b) of the Jauru basin, their correlation (c), and the
time series of the downstream flooded area (d).

The low correlation found between the flooded area and upstream
inflow in the Jauru river basin (r = 0.06) [Figure 5] indicates that the former
was not influenced by the latter.
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Figure 5 - Correlation between annual flooded area (A) of the Jauru basin and its mean annual discharge
upstream (inflow)

3.2. Taquari Basin (TB)

The time-series of rainfall and streamflow, their correlation, and the
time-series of the flooded area of the Taquari Basin (TB) are presented in
Figures 6 a&b, respectively. Although the rainfall series showed a
stationary behavior (MK= -0.12, p = 0.3), the streamflow series showed a
significant decreasing trend (MK= -0.63, p <0.001). The correlation
between P & Q was r = 0.43 (Figure 5c), and the time-series of the flooded
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area (Figure 6d) was non-stationary (MK = -0.54, p < 0.001), with a
significant decreasing trend.

The Hurst (H) coefficient for the rainfall time-series was 0.49 (white
noise), while the H for streamflow and flooded area were 0.68 and 0.69
(long-memory process), respectively. The latter was corroborated by the

significant lag-1 & lag-2 of the ACF of the Q & A time-series [10,66].
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Figure 6 - Time series if annual rainfall (a) and discharge (b) of the Taquari basin, their correlation (c), and the
time series of the downstream flooded area (d) between 1986 and 2023.

The positive correlation between TB annual streamflow and the
basin’s annual flooded area [Figure 7a] was high (r = 0.72), indicating that
the latter was influenced by the former. Additionally, Figure 7b indicates
that the flooded area of the TB was affected by the back-water effect of the
Paraguay river [71] given by the significant positive correlation between

them (r = 0.78).
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Figure 7 - Correlation between annual flooded area of the Taquari basin and its mean annual inflow (a), and
between A and the mean annual river stage (Q) of the Paraguay river (b).
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3.3. Miranda Basin (MB)

Figure 8 presents the rainfall (P) and streamflow (Q) time-series, their
correlation, and the variation of the downstream flooded area of the
Miranda Basin-MB in the studied period. As opposed to the Jauru and
Taquari basins, where annual rainfall and streamflow decreased between
1986 and 2023, these hydrologic variables presented an increasing trend
in the Miranda basin.

The MK coefficients for the time-series of P & Q were 0.12 and 0.31,
and the corresponding p-values were 0.29 and 0.02, respectively. The
Hurst coefficient for the P, Q, and A time-series were 0.64, 0.62, and 0.73
respectively, indicating the presence of persistence (long-memory
process) in the three hydrologic series. However, only the ACF of the
flooded area showed autocorrelation, given by the significant and
monotonic decreasing values of lags 1 & 2 of the ACF.

Figure 8c presents the correlation between P & Q (r = 0.5), and Figure
8d shows the time-series of the Miranda downstream flooded area, with
a significant decreasing trend (MK = -0.59, p <0.001). The opposite trends
observed in the series of streamflow and flooded area indicate that the
latter was controlled by different processes.
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Figure 8 - Time series of annual precipitation (a) and streamflow (b) of the Taquari basin, their
correlation (c), and the time series of the downstream flooded area (d), between 1986 and 2023.

The Paraguay river stage and the Miranda basin flooded area [Figure
9a] showed a strong positive correlation (r = 0.70), whereas no correlation
existed between the Miranda River streamflow and the downstream
flooded area (r = 0.01) [Figure 9b]. This indicates that the basin flooded
area was controlled by the back-water effect of the Paraguay River [71].
Granted, the decreasing trend in Paraguay river stage [Figure 10a]
corroborates this phenomenon.

37



Flooded area (km?)

[,
=
=

IS
=
S

w
o
=]

]
=]
a

=
o
S

=

Paraguay river stage (cm)

1000

800

600 .

400

Flooded area (km?)

200

500 50 70 90 110 130 150 170 190 210
Mean annual discharge (m*/s)

(a)

(b)

Figure 9 - Correlation between the Miranda Basin flooded area with the Paraguay river stage (a), and

the upland streamflow (b).

Similarly to the flooded areas, the time series (1983-2023) of the
Paraguay river stage showed a significant decreasing trend (MK=-0.41, p
< 0.001) [Figurel0Oa] and long-memory, given by the Hurst coefficient of
0.64. As opposed to the recent decades, the extended time series of the
Ladario river gage (1901-2023) showed an increasing but not statistically
significant trend [Figure 10b] (MK of 0.06, p = 0.3), and an even higher
Hurst coefficient (H = 0.69), indicating strong persistence.
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Figure 10 - Time-series of the Paraguay river stage from 1986-2023 (a), and 1901-2023 (b).

4. Discussion

Decreasing trends in rainfall and in streamflow were detected in two
of the three Pantanal basins analyzed (Jauru & Taquari), with the third
(Miranda) presenting increasing trends in the 37 yr-long series,
corroborating with the findings of other studies [11]. A possible
explanation for this behavior is the different climate systems governing
the Pantanal’s hydrology[57]. In the case of the Jauru and Taquari basins,
in the Cerrado biome, the dominant Képpen climate type is Aw, whereas
in the southern Miranda basin, situated near the Tropic of Capricorn and
to the Atlantic Forest continuum, the dominant climate is Am. Recent
climate change, arising form increased GHG concentrations, is known to
be unique in the septentrional and meridional zones of the southern
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tropics, reducing yearly rainfall in the former and increasing it in the
latter[72].

The observed hydrologic variability also had unique regional agents.
In the Taquari Basin, a pronounced and statistically significant decline in
streamflow (MK =-0,63, p <0.001) contrasts with a comparatively modest
and non-significant decrease in precipitation (MK = -0.12, p = 0.3),
indicating a non-linear relationship between rainfall and runoff. Similar
patterns have been observed in other Cerrado basins [10, 24], where land
use and land cover (LULC) changes have been identified as primary
drivers of hydrological alterations [24].

In tropical and subtropical regions, LULC modifications —such as
deforestation and agricultural expansion—can significantly impact soil
permeability, leading to increased surface runoff and reduced
baseflow[73,74]. These effects are particularly pronounced in small-scale
catchments, where the hydrological response is more sensitive to land
cover changes [75,76]. Given that streamflow data in this study came from
single gauging stations, it is plausible that LULC changes have
contributed to the observed streamflow reductions in TB, resulting from
a positive-feedback climatic process. Hoffmann & Jackson [22] found that
that total deforestation of the Brazilian savannah would reduce yearly
precipitation and streamflow in 10%.

Analysis of the Paraguay River stage time series from 1901 to 2023
reveals no statistically significant trend (MK = 0.06, p = 0.3). However, a
decreasing trend is evident for the period from 1986 to 2023 (MK = -0.41,
p < 0,001). Both periods exhibit long-term persistence, as indicated by
Hurst coefficients of 0.69 and 0.64, respectively, suggesting that natural
climate variability cycles influence fluctuations in the Paraguay river
stage.

In the long duration series of the Paraguay river stage, the variability
and persistence of both dry and wet years corroborate the findings in this
research, where significant long-memory (H > 0.5) was detected in both
streamflow of the TB and MB, and flooded areas of the three Upper
Paraguay River basins analyzed [10,64,78],

Since 2018/19 the Pantanal floodplain has been in a spell of dry years,
causing a record of low rainfall volumes and extreme fires events [45].
This rupture between wet and dry seasons was explained by a complex
combination of various teleconnection indices, such as the Atlantic
Multidecadal Oscillation (AMO), which cycles from 60 to 90 years, Pacific
Decadal Oscillation (PDO) and ENSO phenomena), but was mainly
triggered by the anomalous warm of the tropical North Atlantic [11,46].

Despite the differences in the hydrology of the three studied basins,
their flooded areas showed a systematically and significant decreasing
trend in the studied period (MK(JB) = -0.55, MK(TB) = -0.54, MK(MB) = -
0.59, p<0.001). This can be observed in Figure 11, indicating the relative
flood frequency in the Pantanal floodplain, in recent 10-year periods, the
latter being much drier than the former [39,40,78].

In the case of the TB and MB, their flooded areas were positively
correlated with the downstream Paraguay river stage, indicating that a
back-water effect of the latter also contributed to the flooding of the lower
reaches of the two basins [71,79]. The same correlation was found for JB,
but there is not a cause-effect relationship in the latter, owing it to the
reduced flow contribution of the Jauru river to the Paraguay river stage.

While the Miranda Basin-MB presented positive P and Q trends,
basins located in the northern and central region of the UPRB (JB and TB)
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had a major influence on the flow regime of the Pantanal floodplain,
possibly to their large drainage areas and rainfall volumes [16, 17, 79].

Although it a positive relationship was expected between rainfall
volumes and flooded areas in the Pantanal floodplain, this correlation was
weaker than the one obtained between annual rainfall and the Paraguay
river stage at Ladario. As reported previously [38], the annual rainfall in
the floodplain’s upland region is not capable of explaining the variability
of the downstream flooded areas, the latter being better correlated with
the rainfall volumes between December to April. Also, annual streamflow
time series usually show weaker correlations than monthly series in the
basin [80].

1985 - 1994 2014-2023

Pantanal Flood
Frequency

. High

Low

Figure 11 - Flooded areas and flood frequency in the Pantanal biome, with dark blue colors indicating permanent
flooded areas.

There is evidence that the retraction of flooded areas in the Pantanal
floodplain favors the expansion of cattle ranching [43,46] and agriculture
[81], reduces navigability and transportation (notably soybeans and
minerals), and tourism activities [38,46,79]. Reduced flooded areas also
contribute to an increase in the number of extreme fire events [2-4, 39, 45],
induce positive-feedback process [22], diminishes social and water
resilience [44,82] and directly affects the survival of fauna and flora
[39,45]. Additionally, since wetlands are among the most effective
environments for carbon sequestration, the reduction of flooded areas
contributes to a net carbon loss in the system [25,83-86].

Hence, the long-memory process and negative trends identified in
the flooded area time-series of the Pantanal highlights the importance of
precautionary and adaptation measures during the dry season [87,88],
especially fire management programs [45,89], and efforts to improve the
limited hydrological and meteorological monitoring stations [16,90].

5. Conclusions

Significant trends, correlations, and persistences were found in the
37 yr-long hydrologic time series of rainfall, streamflow, Paraguay river
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stage (Ladario) and flooded areas of three contributing basins of the
Pantanal floodplain, in Brazil. In the northern and central basins (Jauru
and Taquari), decreasing trends of rainfall and streamflow were detected.
These basins are major contributors to the Paraguay river flood compared
to the southern Miranda basin. Therefore, the increase of rainfall and
streamflow series found in the latter was not reflected in the increase of
water surface in its floodplain, but rather a back-water effect of the
Paraguay river itself.

The historical series of flooded areas in the three basins showed a
strong persistence (long-memory) in the studied period, which indicates
that anomalous years of droughts or floods occur in a sequence, and may
last from a few years to decades, as confirmed by the 120 yr-long time-
series of the Paraguay river stage.

As climate change exacerbates large-scale climate events and
intensifies natural regional variability, it is strongly recommended that
strategies of safeguarding the Pantanal floodplain be implemented,
including the strengthening of fire control and water security based on
adaptative management principles, all following the watershed
management perspective, as established in the Brazilian Water Policy.
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CAPITULO 3: CONSIDERACOES FINAIS

3.1. Limitagdes metodoldgicas do estudo e perspectivas futuras

3.1.1. Séries historicas

As séries historicas utilizadas neste estudo sdo compostas por valores médios ou totais
anuais, o que impede uma analise mais detalhada sobre o comportamento das estacdes chuvosas
ao longo do ano, como atrasos, encurtamentos e/ou intensificagdo das chuvas. Alguns estudos
mostram que a correlag@o positiva entre a superficie de d4gua na planicie pantaneira e a cota do
rio Paraguai (régua de Ladario) ¢ maior se analisada com as demais variaveis hidrologicas dos
meses chuvosos, uma vez que hd uma defasagem temporal e espacial entre causa e efeito na
dindmica hidrica da Bacia do Alto Paraguai (PEREIRA et al., 2021). Portanto, ¢ recomendado
que, numa tentativa de buscar maior detalhamento da situagdo hidrologica da bacia do alto rio
Paraguai (ou de suas sub-bacias), sejam utilizadas séries historicas mensais a depender da

disponibilidade de base de dados.

3.1.2. Estagdes hidrologicas

Na regido de estudo (Mato Grosso € Mato Grosso do Sul) as estacdes hidroldgicas (estagdes
pluviométricas e fluviométricas) sdo escassas e falhas, tanto em cobertura geografica (baixa
densidade demogréfica de estacdes), quanto em consisténcia de dados (CRISTALDO et al.,
2017). Para a selecao das estagcdes pluviométricas e estacdes fluviométricas, analisamos dados
de diversas estacdes na area de estudo, porém muitas apresentaram falhas de mais de 4 meses
ao ano, além de diversas falhas anuais por década, por vezes consecutivas. Neste sentido, a
depender da sub-bacia ou area de estudo estudada, a falta de estacdes fluviométricas com dados

consistentes se torna um gargalo cientifico.

3.2. Conclusao

Este estudo revelou tendéncias hidrologicas distintas para as trés bacias contribuintes
do Pantanal, com redugdes significativas na precipita¢do e na vazao dos rios das bacias do Jauru
(MT) e Taquari (MS). Na bacia do rio Miranda (MS), tais varidveis apresentaram tendéncia

crescente. A redugdo da precipitacao e vazao dos rios na regido centro-norte da Bacia do Alto
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rio Paraguai (BAP) impacta diretamente as areas alagadas do Pantanal, que mostraram
tendéncia significativa de diminuigdo para o periodo analisado (1986-2023).

A identificacao de processos de memoria de longo prazo (fendmeno de Hurst), nas séries
temporais de areas alagadas e no nivel do rio Paraguai (régua de Ladario), indica uma redugao
persistente nas variaveis hidroldgicas, em que anos secos tendem a ser sucedidos por mais anos
secos. Fato que compromete a resiliéncia hidrica e ambiental do Pantanal frente as variagdes
climaticas, e, consequentemente, gera impactos negativos ambientais e socioecondmicos, como
diminui¢do da biodiversidade, aumento do risco de incéndios e perda de navegabilidade.

Diante dos resultados, destaca-se a urgéncia do planejamento e da implementacao de
estratégias de manejo adaptativo nas politicas publicas ambientais, que visam a adaptagao e
mitigacdo dos efeitos de variabilidades aos eventos extremos— como, por exemplo, a criacdo de
Planos Estaduais de Recuperacdo Nativa que respondam ao Plano Nacional (PlanaVeg) e o
fortalecimento dos Comités de Bacias Hidrograficas regionais para a estruturacdo de
governanga hidrica de toda a BAP. Para isso, a colaboragdo entre pesquisadores, gestores e

comunidades locais sera crucial para desenvolver solugdes eficazes e sustentaveis para a regido.
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