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RESUMO
A quantidade de grdos de polen recuperados de registros sedimentares da Amazonia
Ocidental é ainda distante do adequado para uma abordagem complete das mudancas do
clima nessa regido durante o Ultimo Maximo Glacial. Neste trabalho, a dindmica da
vegetacdo do Oeste da Amazdnia durante os Ultimos 42 mil anos é analisada no contexto
de prévios e novos dados. Dois testemunhos de sedimentos foram amostrados de terracos
fluviais do Rio Madeira, o maior tributéario ao sul do Amazonas. Os locais de estudos s&o
cobertos pela floresta tropical. Analise dos grdos de pdlen registraram uma significativa
proporc¢do de espécies de arvores andinas adaptadas ao frio, representadas por Alnus (0-
20%), Hedyosmum (1-15%), Podocarpus (0-5%), Illex (1-11%) e Weinmannia (0-1%)
pelo menos entre > 42,000 cal anos AP e 10,300 cal anos AP. Durante o Holoceno, apenas
gréos de pdlen representativos de ervas e da vegetacdo moderna da Amazonia persistiu.
Esse novo registro polinico confirma previa analise através de multi-indicadores
paleoambientais em dois testemunhos amostrados da Regido de Humaita, onde uma
significativa populagéo de plantas, no momento restrita a areas andinas localizadas em
altitudes maiores que 2000 — 3000 m, em &reas de terras baixas da Amazo6nia no inicio e

provavelmente durante o Ultimo Maximo Glacial.

Palavras-chave: Alnus; Amaz6nia Brasileira; Ultimo Méaximo Glacial; Palinologia
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ABSTRACT
The amount of pollen data recovered from the sedimentary record of western Amazonia
is still far from adequate to fully approach climate changes in this region over the Last
Glacial period. In the present work, vegetation dynamics of western Amazonia during the
past 42000 cal yr BP is analyzed in the context of previous and new pollen data. Two
sediment cores were sampled from fluvial terraces of the Madeira River, a major southern
Amazonian tributary. The study sites are covered by tropical rainforest vegetation. Pollen
analysis recorded a significant proportion of cold-adapted Andean tree species,
represented by Alnus (0-20%), Hedyosmum (1-15%), Podocarpus (0-5%), Illex (1-11%)
and Weinmannia (0-1%) at least between > 42,000 cal yr BP and 10,300 cal yr BP. During
the Holocene, only pollen representative of herbs and modern Amazon vegetation
persisted. This new pollen record confirm previous multiple proxies analyzes of two
sediment cores sampled also from Humaité region, where a significant plant population,
at present restricted to Andean areas located at altitudes higher than 2000 - 3000 m, in
areas of the Amazonia lowland toward the onset, and probably, during the Last Glacial

Maximum.

Keywords: Alnus; Brazilian Amazonia; Last Glacial Maximum; Palynology
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CAPITULO 1 - APRESENTACAO
1.1 INTRODUCAO

A busca por novos indicios que contribuam para solucionar as incognitas
relacionadas as variacdes climaticas e da vegetacdo que ocorreram durante o Ultimo
Maximo Glacial (UMG) na Floresta Amazonica brasileira tem estimulado muitas pesquisas
(Hoorn & Wessilingh, 2011; Maslin et al., 2012; Cheng, 2013; Rull, 2013; Cohen et al.,
2014; Guimardes et al., 2016). Essa tematica vem sendo abordada pela comunidade
cientifica ha algumas décadas (Irion, 1982; Salati & Vose, 1984; Salo, 1987), porém muitas
lacunas sobre a evolucgdo dessa floresta para este intervalo de tempo necessitam de mais

detalhamento.

Durante 0 UMG ocorreram significativas mudancas climaticas globais (Zhang,
2014; Wang et al., 2014; Jasechko et al., 2015; Tallavaara et al., 2015; Eaves et al., 2016;
Werner et al.,, 2016), sendo que os impactos registrados para regido ocorreram através das
bruscas reducfes nas taxas pluviométricas, as quais alcancaram valores até 55% menores
que os atuais, variando entre 500 e 1500 mm (van der Hammen & Absy, 1994; van der
Hammnen & Hooghiemstra, 2000). Essa diminuigdo no volume de chuvas, combinada com
decréscimos na temperatura e o estresse hidrico nas vegetaces tipicas de floresta equatorial
Umida, devido as baixas concentracfes de CO2 atmosféricos (Mayle et al., 2004), pode ter
favorecido a expansdo das savanas (Haffer & Prance, 2001; Beerling & Mayle, 2006),
reduzindo assim a area dessa floresta em até 14 % (Mayle et al. 2009). Essas teorias sdo
confrontadas por Wilson et al. (2011), que apds analisarem isOtopos de oxigénio,

identificaram um consideravel aumento nas taxas pluviométricas sobre a Bacia Amazonia.

Ainda existem muitas controvérsias sobre os padrdes de temperatura e umidade para
0 UMG (Conlivaux et al., 2000; Conlivaux et al., 2001; Salo, 1987), mas alguns modelos
climaticos sugerem um acentuado decréscimo em termos de temperatura para as regides
tropicais durante esse periodo (Webb et al., 1997; Ganopolski et al., 1998; Gasse e Van
Campo, 1998; Stute & Talma, 1998). Entretanto, Cruz et al. (2005) indicam que houve
oscilagBes da temperatura para esse intervalo de tempo, e ndo uma queda continua. Os
valores propostos, de um modo geral, ndo apresentam um denominador comum. Os
resultados do projeto CLIMAP (1976) indicam uma diminuicdo da temperatura cerca 2°C,
enquanto para Van der Hammen & Hooghiemstra (2000), D'Apolito et al. (2013) e Cohen
et al. (2014) a queda foi de 4-6°C. Em outra perspectiva, Thompson et al. (1995) propGe até

12°C abaixo dos padrdes atuais.



O mesmo debate pode ser estendido para a umidade, cujos questionamentos séo se
houve um clima mais frio e Umido ou mais frio e &rido, onde Van der Hammen &
Hooghiemstra (2000), Mayle et al. (2004), Maslin et al. (2011) argumentaram sobre
condi¢bes mais aridas durante o UMG que o presente. Posteriormente D'Apolito et al.
(2013) afirmou que a conclusdo de Colinvaux et al. (1996), Colinvaux & De Oliveira
(2001) e Bush et al. (2004) a respeito de um clima frio e umido foi baseada em
interpretacOes imprecisas de registros sedimentares datados de aproximadamente 21.000
anos AP da Colina de Seis Lagos no noroeste do Brasil, sugerindo que na realidade o clima
teria sido frio e arido. Entretanto, Mosblech et al.(2012) afirmam que no decorrer dos
altimos 94.000 anos a Amazodnia ndo passou por periodos aridos prolongados, confirmando
0 exposto por Bush et al. (2002) que sugeriram a predomindncia de umidades elevadas, até
maiores que atual (Baker, 2001). Para Cheng et al. (2013) que analisaram is6topos de
oxigénio em espeleotemas, as alteracbes foram mais sutis, com aumento da umidade no
oeste da Amazénia, enquanto as condi¢cdes mais aridas prevaleceram na Amazonia oriental,
em comparacdo com o final do Holoceno. Guimardes et al. (2014) resume que a
confiabilidade e precisdo da inferéncia sobre esse debate ainda permanece em grande parte

limitado.

Registros palinologicos do Lago Calado, referentes ao UMG, indicam uma area
influenciada por flutuagdes do nivel de agua do sistema de drenagem amaz6nica, incluindo
um intervalo de tempo onde o género Mauritia foi mais abundante (Behling et al., 2001), o
que reflete um periodo de umidade elevada. A identificacdo de Podocarpus nos sedimentos
quaternarios de aproximadamente 15.000 anos AP da Lagoa de Caco (Ledru et al. 2001)

conduziu estes autores a interpretarem condigdes mais frias e imidas na floresta amazoénica.

Os dados aqui apresentados tem por finalidade expandir o conhecimento a respeito
da dindmica da vegetacdo ocorrida ao longo do UMG na regido de Humaita-Am, situada
nas terras baixas da Amazonia Ocidental, de onde foram retirados dois testemunhos
sedimentares das margens do Rio Madeira, maior afluente do Rio Amazonas e um dos
maiores em extensdo do mundo, utilizando para isso ferramentas multidisciplinares, tais
como a andlise polinica, facies sedimentares e datacdo por Carbono-14. Portanto, esse
trabalho pretende disponibilizar novos dados para as discussdes sobre os padrées climaticos

que preponderaram principalmente durante o Pleistoceno tardio.



1.2 OBJETIVO

1.2.1 Geral

Identificar eventuais impactos da diminui¢cdo da temperatura durante o UMG na

vegetacdo da regido de Humaita.

1.2.2 Especificos

v
v

Identificar paleoambientes deposicionais;

Identificar as assembleias de gréos de pdlen ao longo dos testemunhos;
Determinar a ordem cronologica do estabelecimento dos ambientes
deposicionais e vegetacio através de datacdes **C (AMS);

Estabelecer correlacGes entre as paleovegetagdes e os ambientes deposicionais e
Concatenar as assembleias polinicas identificadas nos perfis estratigraficos com

0s padrdes climaticos ja publicados para a regido amazonica desde o0 UMG.



CAPITULO 2 - ESTADO DA ARTE

Este capitulo destina-se a resumir ao leitor a finalidade da utilizacdo de diferentes
técnicas integradas, tais como a datacdo por **C e o estudo dos grdos de pélen, que visam
estabelecer parametros mais confidveis no que tange o estudo de reconstituicdo
paleoambiental, além de discorrer sobre aspectos relacionados aos eventos climéaticos que
influenciaram a dindmica da vegetacdo na Amazonia brasileira durante o Pleistoceno tardio e

Holoceno.
2.1 DATACAO *C

O C-14 é um isétopo radioativo natural do elemento Carbono, o qual € o grande
responsavel pela determinacdo da idade de fosseis e artefatos de diversos tipos. Sua formacéo
acontece nas camadas superiores da atmosfera (Lal, 1988), a partir do bombardeamento por
néutrons contidos nos raios cosmicos que incidem no nitrogénio- 14 (Equacéo 1), reagindo
com o oxigénio do ar formando o (**CO,) (Equagdo 2), que é absorvido por vegetais e seres
vivos (Farias, 2002).

147N + 10n N 146C + 1]_H (1)
Yc +0,— 1Co, (2)

Segundo Kotz, (1999), a quantidade de carbono-14 manteve-se constante nos ultimos
20.000 anos. O teor desse is6topo também € constante nos vegetais e animais, que enquanto
Vivos, sdo sujeitos a cerca de 15 desintegracdes por minuto e por grama de carbono total, no
entanto, quando o vegetal ou animal morre, cessa a absorcdo de CO, com carbono 14, e
comeca 0 decaimento beta do mesmo (Libby et al., 1949). Nesse decaimento, apds 5.730

anos, a radioatividade caira para a metade (Equacéo 3).
A= Ag.e™ (3)

Libby et al. (1949) desenvolveram uma equacdo representativa do processo de
decaimento do **CO, onde t representa o tempo decorrido apds a morte do organismo, A é a
atividade especifica da amostra no tempo t=0, A corresponde a atividade especifica da
amostra no tempo (t) e A € constante de desintegracao, sendo igual a 0,693/T (T= meia vida do
14C).



Objetos com mais de 40.000 anos (ou seja, aproximadamente sete “meias-vidas™),
também ndo podem ser datados com grande seguranga, uma vez que apos esse espaco de
tempo, a radiacdo emitida terd sido reduzida a praticamente zero. Logo a técnica aplica-se
com boa margem de seguranca para objetos que tenham entre 100 e 40.000 anos de idade
(Pezzo, 2002).

Um fator que influencia diretamente a concentragdo de *C ao longo do tempo s&o as
mudancas na intensidade do campo magnético da terra e a atividade solar (Bradley, 1992),
essas oscilagdes foram mais significativas nos ultimos 11.000 anos AP (Goslar et al., 2000).
A acdo dos ventos solares gera um aumento na quantidade da proporcao de raios cosmicos na
atmosfera externa, assim, aumentando também o fluxo de néutrons e a producéo de **C (Silva,
2001).

2.2 ANALISES PALINOLOGICAS

A palinologia aplicada a paleoecologia e, por conseguinte a reconstrucao
paleoambiental tem sido extensamente utilizada em diferentes regides brasileiras (Salgado-
Labouriau, 1961, 1997; Absy et al., 1991; Behling & Costa, 2000, 2001; Cohen et al., 2005,
2008, 2009, 2014). Onde por intermédio de comparacOes entre palinomorfos fésseis e seus
taxons atuais catalogados em palinotecas ou literaturas especificas torna-se possivel inferir
sobre mudancas ocorridas na vegetacdo, tendo em vista que o correto reconhecimento do grao
de pdlen nos permite identificar a planta produtora do mesmo, bem como relatar variacbes
climéticas ocorridas no momento da deposicdo do sedimento (Salgado-Labouriau, 1973,
1984, 2001).

Como produto da organizacao dos dados obtidos na fase de identificacdo dos grdos de
polen temos os diagramas polinicos, os quais indicam as variagfes ocorridas na flora ao longo
do momento de deposicdo da sequéncia estratigrafica analisada, com isso, evidenciando as
possiveis migracBes e sucessdes vegetais ocorridas naquela regido. As oscilacdes climaticas
sdo induzidas pelas variagdes ocorridas no conjunto da vegetacao, tendo em vista o fato de
necessitarem de condicdes fisicas propicias a sua sobrevivéncia (Salgado-Labouriau, 1973,
1984, 1994, 2001; Putman, 1994; Begon et al., 1996)



23 O CLIMA NA AMAZONIA BRASILEIRA DURANTE O ULTIMO MAXIMO
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Um dos mais antigos modelos a respeito das mudancas climaticas ocorridas na floresta
Amazonica partiu de Haffer (1969), cuja hipotese dos reflgios, que sugere uma fragmentacgéo
dessa floresta em inimeros blocos de floresta Umida, € considerada um importante paradigma
referente aos mecanismos e padrdes de distribuicdo de floras e faunas. Esta hipotese é
embasada na mudanca do clima. Durante o Pleistoceno tardio ocorreu uma fase seca e fria que
causou os refagios da floresta umida (Viadana, 2000). Esses refugios foram separados por
varios tipos de savana, floresta seca, florestas de lianas, bem como aquelas adaptadas a climas
sazonalmente secos (Haffer & Prance, 2001).

A interpretacdo de dados obtidos a partir da analise polinica de lagos da regido de
Carajas-Pa, cujos intervalos foram datados de 26000 a 15000 anos AP por Absy et al. (1991)
e Sifeddine et al. (2001), indicam a expansdo generalizada de savana durante 0 UMG, esta
concluséo é coerente com a hip6tese dos Reflgios (Absy et al., 1991; Haffer & Prance, 2001).

Nos dias atuais ainda € possivel observar manchas de savanas e outras unidades de
vegetacdo aberta junto as areas de floresta tropical no Brasil (Prance, 1982; Pires & Prance,
1985; Sanaiotti et al., 1997; Miranda & Absy, 2000; Gottsberger & Silberbauer-Gottsberger,
2006; Ratter et al., 2006; Magnusson et al., 2008). As savanas Amazonicas sdo consideradas
por alguns autores como evidéncias da hipdtese dos refugios (Haffer, 1967, 1969, 1974;
Prance,1978, 1987; Haffer & Prance, 2001; Ab’Saber, 2002).

Existem hipoteses que consideram as extingGes de alguns taxons da mega-fauna da
Amazobnia como consequéncia de mudancas climéaticas. Segundo esta hipotese, a extin¢cdo
tardia de alguns tdxons da mega-fauna na transi¢do Pleistoceno e Holoceno em alguns lugares
do Brasil foi decorrente da preservacdo de areas de reflgios e posterior desfragmentacédo

destas paisagens (Hauk, 2008).

Muitos autores ndo aderem a ideia da floresta amazénica ter sido fragmentada em
refagios (Bush & Oliveira 2006). Eles propbem que a mesma permaneceu continua
(Conlivaux & De Oliveira, 1999), admitindo que para a manutencdo da biodiversidade uma
regido necessita de constancia para evitar as extin¢des da flora (Conlivaux & De Oliveira,
2001), ou seja, a mesma jamais foi fragmentada pela aridez, ao menos durante o Pleistoceno
(Conlivaux et al. 2000).



Trabalhos mais recentes desenvolvidos nas proximidades da area de estudo revelaram
uma alternancia de vegetagdes do Pleistoceno tardio até o Holoceno, quando estabeleceram-se
os tdxons modernos representativos da floresta Amazoénica. Entre 42600 e 35200 anos AP
foram identificadas assembleias polinicas caracteristicas de vegetacdo adaptada ao clima frio,
tais como Alnus, Podocarpus, Hediosmum, Weinmannia, lllex e Drymis, cujos exemplares
atualmente restringem-se as elevadas altitudes andinas. Esses dados indicam uma significativa
diminuicdo na temperatura média anual para aquele periodo na regido de Humaitd-AM
(Cohen et al., 2014; Friaes, 2013).



CAPITULO 3 - AREA DE ESTUDO

Os testemunhos foram amostrados as margens do rio Madeira, proximo da cidade de
Humaita-AM. O testemunho PV58 e PV37 (Figura 1) apresentam as seguintes coordenadas:
7°29'7.48"S/63° 0'45.65"0 e 8°10'31.31"S/ 63°17'43.07"0O.

AMAZON FOREST s ot TE T AMAZON FOREST ’

Humaita-AM
O

Figura 1: A e C) Mapa geomorfolégico do entorno do Rio Madeira e localizagdo da area de trabalho
B) Distribuigéo da atual localizag¢do de Alnus na América do Sul.

O clima predominante foi caracterizado como tropical chuvoso, enquadrando-se assim,
no grupo A segundo a classificacdo de Koppen. As temperaturas médias oscilam entre 24 e 26
°C, que torna a regido propicia a acomodar uma vegetacao tipica de florestas tropicais (Brasil,
1978).

A malha hidrica é preponderantemente formada pelas bacias dos rios Madeira, Purus e
Jurud, cuja orientacdo se da no sentido sudoeste-nordeste com inflexdes no sentido leste-
oeste, cujos padrdes de drenagem sdo caracterizados como sub-dendritico, onde os tributarios
se estendem horizontalmente, fato que pode denotar um fraco controle topografico ou

estrutural insignificante, segundo as classificacfes de Howard (1967) e Almeida (1974).

Elevados indices de precipitacdo sdo observados, tendo como média anual valores entre
2250 e 2750 mm, que implica de maneira direta na umidade relativa do ar que alcanga 85%.
Os periodos chuvosos se iniciam em outubro, enquanto 0s secos ocorrem entre junho e
agosto. A cobertura vegetal predominante é a arboreal incluindo vegetacdo de floresta densa
ou aberta que se alternam muitas vezes em contatos bruscos com grandes manchas de savana
(Brasil, 1978).



3.1 GEOLOGIA

A érea de estudo (Figura 2B) esta inserida na bacia do Solimdes, a qual inicialmente foi
denominada de bacia do Alto Amazonas por Cordani et al. (1984). Ja4 Caputo (1984) utilizou
a atual nomenclatura para diferencia-la da bacia do Amazonas, uma vez que exibia evolucao
geologica distinta. A bacia do Solimdes apresenta uma extensdo de aproximadamente 600.000
km? e limita-se ao norte pelo escudo das Guianas, ao sul pelo escudo Brasileiro, a leste pelo

arco de Purus, a oeste pelo arco de lquitos (Eiras et al., 1994) (Figura 2A).

Segundo Rossetti et al. (2005), essa bacia é do tipo foreland formada durante a fase de
ascensdo da Cadeia Andina entre o Cretaceo e Terciario por processos extensionais
intraplacas. Eiras et al. (1994) dividiram a estratigrafia da bacia do Solimbes em duas
sequéncias sedimentares de primeira ordem: a Paleozdica, ndo aflorante e intrudida por diques

e soleiras de diabasio, e a Mesozoica-Cenozdica.

As discordancias que separam 0s pacotes sedimentares sdo bem evidentes, permitindo
assim, o reconhecimento de seis sequéncias deposicionais de segunda ordem, que sdo:
Ordoviciano, Siluriano-Devoniano, Devoniano-Carbonifero, Carbonifero-Permiano, Cretaceo
e Paledgeno-Nedgeno (Eiras et al., 1994). A espessura maxima dos sedimentos é de 3500
metros, incluindo rochas Paleozoicas, Mesozobicas e Cenozdicas (Caputo, 1984).
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Figura 2: A) Divisdo das bacias do Amazonas e Solimdes e seus alto estruturais; B) Geologia da area
de estudo e localizacdo dos testemunhos amostrados (Adaptado de Caputo & Silva, 1990; Rossetti et
al., 2015)

A cobertura Cretacea e Miocena sdo representadas pelas formagdes Alter do Chéao e
Solimdes, respectivamente, que sdo constituintes do grupo Javari (Cunha et al. 1994; Eiras et
al. 1994). Nesse mesmo intervalo de tempo foram registrados na bacia do Solimdes

magmatismo basaltico a andesitico (Alves et al. 2002).

Além das formacdes Alter do Chdo e Solimdes, a cobertura sedimentar da Bacia do
Solimdes inclui estratos Pliocenos e Quaternarios, genericamente incluidos na Formacdo I¢a
(Caputo et al., 1972; Cunha et al., 1994; Maia et al., 1977). A Formagdo Ica, teve sua
distribuicdo estendida atraves das terras baixas amazonicas a uma area de aproximadamente
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1.000.000 Km? (Reis et al., 2006). Sua posicdo temporal foi refinada por Rossetti et al. (2015)
(Figura 1B), os quais obtiveram idades entre o Pleistoceno médio e tardio. Os terragos fluviais

do Rio Madeira dataram do Pleistoceno tardio e Holoceno (Rossetti et al., 2005).

A Formacdo Alter do Chédo tem ocorréncia restrita no leste dessa bacia, estendo-se, de
forma ampla, em direcdo a Bacia do Amazonas. Esta unidade consiste em arenitos grossos,
argilitos, conglomerados e brechas intraformacionais de coloragcdo vermelho-amarronzados,

tradicionalmente atribuidos a sistemas fluviais (Cunha et al., 1994; Rossetti et al., 2005)

A Formacdo Solim@es consiste de depdsitos lacustres e fluvio-deltaicos, de idade
Mioceno tardio a Plioceno (Nogueira, et al., 2013), sendo composta por argilitos, siltitos,
arenitos argilosos finos a médios, brechas com fragmentos sub-angulares, com concrecdes
carbonaticas, gipsiferas e ferruginosas e intercalagfes de linhitos (Hoorn, 1993). A espessura
varia entre 200 a 600 m em funcdo da paleotopografia do embasamento, acunhando-se para
leste, proximo ao arco de Purus (RADAMBRASIL, 1977).

3.2 GEOMORFOLOGIA E RELEVO

Regido dominada por baixa amplitude térmica, com elevadas temperaturas medias,
precipitacdo bem distribuida e um complexo sistema vegetacional disposto em éreas
periodicamente inundadas e areas de terra firme, que sdo caracteristicos do dominio

morfoclimatico amazénico (Ab”Saber, 1997).

A area tem uma gama de elevacdo baixa (~ 100 m de altitude). Os sedimentos do
Quaternario (Pessenda et al., 2001;. Latrubesse, 2002) ocorrem principalmente ao longo dos
terracos fluviais e acima da planicie de inundacdo da area moderna com variacGes de altitude
entre 45 e 100 m (Bertani et al., 2014; Rossetti et al., 2015).

A regido exibe uma paleomorfologia composta por grandes meandros fluviais, cuja
dindmica de migracdo e abandono pode ter sido influénciada por instabilidades tectonicas na

Amazonia durante o Quaternario (Rossetti et al., 2007, 2008; Hayakawa et al., 2010).

Os solos que ocorrem nesta unidade sdo os Podzolicos Vermelho-Amarelos, as Lateritas
Hidromorficas de elevacOes e os Latossolos Amarelos. Os padrfes de drenagem dominantes
sdo do tipo dendritico na por¢do noroeste e norte, e retangular no restante (RADAMBRASIL,
1978).
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3.2.1 Lagos de meandro abandonado (Oxbow Lakes)

O termo oxbow lake é frequentemente usado para descrever o resultado da aglomeracao
de vaérios tipos de canal, tanto em curvas de meandros individuais como em atalhos de
corredeira e atalhos em colo (Fisk 1947; Allen 1965), além de segmentos mais longos que
incluem multiplos cortes (Allen 1965; Lewis & Lewin 1983) ou mesmo processos de avulséo
(Slingerland & Smith 1998).

Lagos formados a partir de meandros abandonados constituem indicadores da fase de
migracéo lateral do canal, como resultado da eroséo de suas margens e posterior acre¢cdo nas
barras em pontal. Allen (1965) interpretou as estratifica¢cbes cruzadas heteroliticas como
sendo produto da sedimentacdo lateral em canais sinuosos. Como loops de meandros tornam-
se extremamente sinuosos eles sdo propensos ao abandono pelo fluxo do rio, podendo assim

ser canalizados mais rapidamente no inicio da historia de um lago (Smith, 1983).

Apos a fase de desligamento de parte do canal e posterior geracdo do oxbow lake, 0s
mesmos passam a servir de bacia deposicioanl e ser sedimentada por material
dominantemente de granulacdo fina, sendo carreadas para a mesma como carga suspensa
durante as inundagdes, bem como por grdos de pblen da vegetacdo de seu entorno (Taylor
1944; Law & Reynolds, 1966; Hager & Hutter, 1984; Neary & Odgaard, 1993; Keshavarzi &
Habibi, 2005; Constantine et al., 2010).

3.3 VEGETACAO

Muitas pesquisas & respeito da coexisténcia entre vegetacdo de savanna e floresta
tropical foram desenvolvidas na regido Amazonica, algumas norteadas pelo ponto de vista da
historia geoldgica (Rossetti et al., 2010), e outras embasadas no estudo de gréos de polén e
mudancas climaticas (Conlivaux e De Oliveira, 2001, 1999; Conlivaux et al., 2000, 1996),
cujos efeitos sobre a biodiversidade ja foram constatados em paises europeus (Huntley et al.,
2004).

As areas cobertas por vegetacdo de savana natural em torno de Humaita abrangem
aproximadamente 615 km? (Vidotto et al., 2007). Na 4rea de estudo, uma grande mancha de
vegetacdo aberta esta presente, ocorrendo em média por cerca de 20 km de comprimento e até
10 km em largura. A vegetacdo arborea é representado principalmente por Euphorbiaceae,

Bignoniaceae, Fabaceae, Moraceae, Anacardiaceae, Malpighiaceae, Malvaceae, Sapotaceae,
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Rubiaceae e Apocynaceae. As ervas sdo representadas principalmente por Poaceae,

Cyperaceae e Asteraceae.

Perto dos locais de amostragem, 138 espécies e géneros distribuidos entre 37 familias

de vegetacdo arborea e herbacea foram identificadas (Vidotto et al., 2007) (Tabela 1).

Tabela 1: Lista das espécies ocorrentes no sul do estado do Amazonas (Vidotto et al., 2007)

Family and species

Anacardiaceae
Tapirira guianensis

Aubl.

Annonaceae
Annona spl
Annona sp2
Annona sp 3
Annona sp 4
Annona sp 5
Annona sp 6
Annona sp7
Guatteria sp
Xylopia aromatica

Apocynaceae

Couma guianensis Aubl.

Geissospermum aff.
Urceolatum

Himatanthus sucuuba
Araceae

Philodendron sp
Avraliaceae
Schefflera morototoni
Arecaceae
Allagoptera caudescens
Astrocaryum acaule
Euterpe precatoria
Geonoma multiflora
Lepidocaryum tenue
Mauritia flexuosa
Mauritiella armata
Oenocarpus bacaba
Oenocarpus bataua
Oenocarpus minor
Orbignya speciosa
Socratea exorrhiza
Asteraceae
Eupatorium sp
Vernonia herbacea
Bignoniaceae
Jacaranda sp 1
Jacaranda sp 2
Bromeliaceae
Ananas ananassoides
Burseraceae
Bursera sp
Hemicrepidospermum
sp
Protium paniculatum
Protium spl
Protium sp2
Celastraceae
Goupia glabra

Biological
form

Arboreal

Arboreal
Arboreal
Arboreal
Arboreal
Arboreal
Arboreal
Arboreal
Arboreal
Arboreal

Arboreal
Arboreal

Arboreal

Epiphyte

Arboreal

Arboreal
Shrub
Shrub

Arboreal
Arboreal
Arboreal
Arboreal
Arboreal
Arboreal
Arboreal

Herb
Arboreal

Arboreal
Arboreal

Herb

Arboreal
Arboreal

Arboreal
Arboreal
Arboreal

Arboreal

Veg.
units

Forest

Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest

Forest
Forest

Forest

Forest

Forest

Forest
Savanna
Savanna

Forest
Forest
Forest
Forest
Forest
Forest
Forest

Savanna
Forest

Forest
Forest

Savanna

Forest
Forest

Forest
Forest
Forest

Forest

Family and species

Flacourtiaceae

Casearia grandiflora
Cambess.

Casearia sp
Heliconiaceae

Heliconia psittacorum
Lauraceae

Aniba spl

Aniba sp2

Nectandra cuspidata

Nectandra lanceolata

Ocotea spl

Eschweilera sp
Linaceae

Ochthocosmus cf barrae
Lythraceae

Cuphea sp
Physocalymma
scaberrimum
Malpighiaceae
Banisteriopsis sp
Byrsonima spl
Byrsonima sp2

Byrsonima cf verbascifolia

Malvaceae

Hibiscus furcellatus
Marantaceae

Monotagma sp

Bellucia grossularioides

Miconia tiliifolia Naudin

Miconia sp

Miconia sp3
Marantaceae

Tibouchina aspera

Tibouchina sp
Monimiaceae

Siparuna guianensis

Siparuna sp
Moraceae

Naucleopsis caloneura
Myristicaceae

Iryanthera sp

Virola sebifera

Virola surinamensis

Virola sp

Virola sp2

Myrtaceae
Eugenia spl
Eugenia sp2
Myrcia sp

Piperaceae

Biological
form

Arboreal
Arboreal
Herb

Arboreal
Arboreal
Arboreal
Arboreal
Arboreal
Arboreal

Arboreal

Herb
Arboreal

Arboreal
Arboreal
Arboreal
Arboreal

Arboreal

Herb

Arboreal
Arboreal
Arboreal
Arboreal

Shrub
Arboreal

Shrub
Arboreal

Arboreal

Arboreal
Arboreal
Arboreal
Arboreal
Arboreal

Arboreal
Arboreal
Arboreal

Veg.
units

Forest
Forest
Savanna

Forest
Forest
Forest
Forest
Forest
Forest

Forest

Savanna
Forest

Forest
Forest
Forest
Forest

Forest

Savanna
Forest
Forest
Forest
Forest

Savanna
Forest

Savanna
Forest

Savanna

Forest
Forest
Forest
Forest
Forest

Forest
Forest
Forest



Chrysobalanaceae
Couepia sp
Licania spl
Clusiaceae
Caraipa savannarum
Vismia cayennensis
Vismia guianensis
Vismia latifolia
Vismia sp
Cyperaceae
Bulbostylis sp
Cyperus sp
Fimbristylis sp
Kyllinga sp
Rhynchospora sp
Scleria aff reflexa
Dilleniaceae
Curatella americana L.
Davilla rugosa Poir

Arboreal
Arboreal

Arboreal
Arboreal
Arboreal
Arboreal
Arboreal

Herb
Herb
Herb
Herb
Herb
Herb

Arboreal
Liana

Forest
Forest

Forest
Forest
Forest
Forest
Forest

Savanna
Savanna
Savanna
Savanna
Savanna
Savanna

Forest
Forest

Piper sp 1
Piper sp 2
Poaceae
Andropogon bicornis L.
Andropogon lanatusR. Br.
Andropogon leucostachyus
Aristida capillacea
AXonopus aureus
Lasiacis cf ligulata
Panicum parvifolium
Paspalum spl
Rubiaceae
Alibertia edulis
Palicourea sp
Sapotaceae
Pouteria guianensis
Pouteria spl
Selaginellaceae
Selaginella fragilis

Shrub
Shrub

Herb
Herb
Herb
Herb
Herb
Herb
Herb
Herb

Arboreal
Arboreal

Arboreal
Arboreal

Herb

Savanna
Savanna

Savanna
Savanna
Savanna
Savanna
Savanna
Savanna
Savanna
Savanna

Forest
Forest

Forest
Forest

Savanna
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A Floresta Tropical densa possui composicéo floristica heterogénea, destacando-se pela

ocorréncia de espécies emergentes (maiores que 30 m). DiferenciacGes especificas quanto a

ocorréncia de algumas espécies foram atribuidas a variagdes pedolégicas e do relevo (Bispo,

2007).

Trabalhos recentes em areas distintas da Amaz6nia baseados em dados de subsuperficie

(Rossetti et al., 2010) e sensoriamento remoto (Bertani, 2011; Hayakawa et al., 2010) tem

sugerido que mudangas na organizacdo dos sistemas de drenagem durante o Quaternario

implicam na presenga de manchas de savana em é&reas de concentracdo de morfologias

fluviais e sistemas deposicionais abandonados. Isto se deve a controles estruturais exercidos

por areas de subsidéncia ativa e sua influéncia na configuracdo dos elementos da paisagem

(Bertani et al., 2014).
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CAPITULO 4 - MATERIAIS E METODOS
4.1 ATIVIDADES DE CAMPO

Realizadas em novembro de 2014, as atividades de testemunhagem de sedimentos
ocorreram nas proximidades da cidade de Humaitd, situada no sul do estado do
Amazonas, de onde foram extraidos através de sondagem por percussao os testemunhos
intitulados de PV 37 e PV-58, cujas profundidades alcancadas foram de 7 e 12 metros.
Foram coletadas amostras em intervalos de 5 cm destinadas a palinologia. Dessa

maneira, foram contabilizadas 141 amostras.
4.2 ARMAZENAMENTO DAS AMOSTRAS

O acondicionamento das amostras coletadas a partir dos testemunhos PV-58 e
PV-37 realizou-se em campo, cujas mesmas foram postas em sacos plasticos. Em
seguida, armazenadas num refrigerador a temperatura de 4° C, para assim evitar a
proliferacdo de fungos e bactérias, que segundo Conlivaux et al. (1999) podem
comprometer as datacdes por *C, tendo em vista que esses organismos possuem
capacidade de metabolizar os hidrocarbonetos presentes nos sedimentos e liberar
carbono na forma de CO, para atmosfera, dessa forma contaminando-as com carbono

recente.
4.3 DATACAO POR *C (AMS)

As amostras de sedimentos foram fisicamente tratadas através da remocdo de
raizes e fragmentos vegetais com auxilio do microscopio. O material residual foi entdo
quimicamente tratado com HCI a 2% na temperatura de 60 °C durante 4 horas, logo
apos as amostras lavadas com agua destilada até o pH neutro e secas (50 °C), a fim de
remover eventuais fracGes organicas mais jovens (acidos fulvicos e acidos himicos) e
carbonatos. A matéria organica sedimentar foi datada através de um Accelerator Mass
Spectrometer (AMS) no BETA Analytic Laboratory. As idades **C seréo apresentadas
em idade convencional (anos A.P) e idade calibrada (cal. anos A.P) (x20), de acordo
com Reimer et al., (2004).
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4.5 PALINOLOGIA
4.5.1 Processo de extracdo de polen

De um modo geral, as amostras de sedimento coletadas exibiram grande
concentracdo de matéria organica, cuja granulometria variou de areia até argila, fatos
que a priori impossibilitam a identificacdo dos palinomorfos que estejam presentes. Em
virtude disso, foram necessérios procedimentos laboratoriais, como reagdes quimicas,
que enfatizaram a selecdo dos grdos de polen e a eliminacdo das demais particulas

organicas e inorganicas.

Para tal, utilizou-se um padrdo de amostragem calibrado em 1 cm?®, que é feita
com precisdo, para posterior calculo de concentracdo polinica, sendo que 0 equipamento
utilizado consisti num cilindro produzido a partir de aco inoxidavel, onde o sedimento é
inserido dentro de sua cavidade, sendo em seguida expelidos por um embolo, cujo
produto adquirido sdo pastilhas que posteriormente serdo introduzidas em tubos de
centrifuga graduados em 15 ml e com fundo cbnico, 0s quais sdo constituidos de

polipropileno, tendo em vista sua utilizagdo como meio receptor do &cido fluoridrico.
4.5.2 Adicao de um marcador exético

Concomitante a insercdo da pastilha contendo o material sedimentar padronizado,
adicionou-se um marcador exotico que teve por finalidade servir de balizador para o
calculo da concentracdo polinica (g/cm®), além da taxa de acUmulo de pélen
(g/cm?/ano), (Conlivaux & De Oliveira, 1999). Os grdos exoticos utilizados foram
esporos de Lycopodium clavatum (Stokmarr, 1974), cuja escolhe se deu pelo fato do
mesmo apresentar-se, em termos de concentracdo, praticamente insignificante em
florestas tropicais. Cada tablete desse marcador é constituido de aproximadamente
10600 graos de Lycopodium, o procedimento seguinte a esse é o tratamento acido das

amostras.
4.5.3 Tratamento com Acido Cloridrico (HCI)

Nesta etapa 0s tubos previamente preparados com o material sedimentar e
marcador exotico, foram submetidos a uma solucdo contendo 5 ml de HCI a 10%, cujo
intuito foi a eliminacdo do carbonato de calcio (CaCO3) e dissolugdo da matriz

carbonética da pastilha de Lycopodium. A reacdo ocorrida é expressa por (Equacao 4):
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CaCOs(s)+ HClag) — CO2c) + H20(1) + Ca®* 2CI g (4)

Apbs, o material foi homogeneizado utilizando-se o Agitador Vortex, modelo QI-
901, que gera até 2800 rpm. O passo seguinte consistiu na separa¢do da solucdo do
material residual, através de decantagdo via Centrifuga por um periodo de 10 minutos
com velocidade de 5000 rpm. Um ponto importante neste processo € o de lavagem do
material com &gua destilada, seguindo os mesmos procedimentos acima citados, até que
0 sobrenadante encontre-se incolor ou transparente, que significara uma correta

separagdo, assim ndo havendo perda do contedo decantado.
4.5.4 Tratamento com Acido Fluoridrico (HF) concentrado

O segundo passo é o tratamento com HF, tendo em vista que as grandes
quantidades de material silicatico observado nas amostras poderiam impossibilitar a
identificacdo dos grdos de polen. Para tal, utilizou-se 3 ml desse &cido, que foi
homogeneizado e deixado em repouso por 24 horas para dissolver a maior quantidade

possivel de silica, cuja reacdo € expressa por (Equacao 5):
SiOz(s) + HGF(Aq) — HzSiFe(Aq) + H202(|_) (5)

Finalizado esse tempo, o material é levado a Centrifuga para separacéao e posterior
retirada do liquido residual, sendo submetido a uma nova lavagem, para que assim

possamos iniciar a terceira etapa.
4.5.5 Tratamento com Acido Acético Glacial (C;H,0,)

Nesta etapa foi visada a desidratacdo da amostra, sendo considerado um passo
delicado do processo, preparando-as para insercdo da acetdlise, tendo em vista a reacédo
entre agua e acido sulfarico ser altamente exotérmica, podendo o material ser expelido

do tubo de forma perigosa.

Para isso, adicionou-se 8 ml de C,H40, aos tubos por um periodo de 20 minutos,
cujos procedimentos seguintes foram a homogeneizacao e centrifugagdo com posterior

descarte do liquido residual.
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4.5.6 Tratamento com Acetélise

O ultimo tratamento &cido a ser realizado foi a acetdlise, cuja técnica
desenvolvida por Erdtman (1952) e modificada em Melhem et al. (2003) consiste na
remocao de celulose e polissacarideos por meio de uma mistura contendo a proporcao
de nove partes de anidrido acético (CH3COCHj3) para uma parte de acido sulfarico

concentrado (H,SO,).

Nesta etapa foi adicionado 3 ml da mistura para cada tubo, os quais foram
acondicionados em banho-maria por 30 minutos a temperatura média de 70°C para
catalisar a reacdo, sendo os mesmos homogeneizados em intervalos de 10 minutos.

Apds esse periodo o material foi centrifugado e realizada a lavagem com agua destilada.

Por fim, o produto obtido desses tratamentos acidos foram transferidos para tubos

de Eppendorf e preenchidos com agua destila e alcool.
4.5.7 Montagem de laminas para microscopia

O material armazenado nos Eppendorfs foi retirado através do uso de pipetas de
Pasteur e posteriormente adicionado sobre as laminas Bioslide cujas dimensdes sdo de
25,4 x 76,2 mm, sendo inserida também uma pequena quantidade de glicerina, cujo
proposito foi estabelecer uma melhor fixacdo do conjunto (Moore et al. 1991). Feito
iss0, assentou-se as laminulas 22 x 22 mm, por fim a selagem foi realizada utilizando-se

esmalte base de unhas, evitando assim exposic¢do a umidade do ar.

As laminas prontas foram guardadas em caixas plasticas especificas, sempre na

posicao vertical, para assim evitar o agregamento do material.
4.5.8 Andlise microscopica e confeccéo dos graficos polinicos

A identificacdo e contagem dos grdos de polen foi realizada nos laboratorios
(LADIC- Laboratorio de Dinamica Costeira) e (GSED- Grupo de Pesquisa de Bacias
Sedimentares da Amazonia), em ambos utilizou-se microscopios Carl Zeiss Axioskop
conectado a um computador por meio de microcamera, onde através do software

AxioVision as imagens foram obtidas, processadas e armazenadas num banco de dados.

Para a confeccdo dos diagramas polinicos e analises estatisticas foi utilizado o

programa TiliaGraph, onde os dados obtidos foram inseridos e tratados.
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4.6 DESCRICAO DAS FACIES

As facies sedimentares sdo caracterizadas pelo conjunto de aspectos litoldgicos,
estruturais e organicos (Middleton, 1978), refletindo um processo de sedimentagéo
particular (Reading, 1986). Walker (1984) considera como determinante para a
reconstituicdo paleoambiental a associacdo de facies, afirmando que esse conjunto
define um ambiente deposicional. O objetivo principal da analise estratigrafica
quantitativa € estabelecer a relacdo da secdo estudada com o tempo, tanto relativamente
ao tempo geoldgico, no sentido de idade, quanto ao intervalo necessario a sua

sedimentacdo (Chaves, 2000).

Planicies de inundacdo e lagos proporcionam condi¢cGes adequadas para o
acumulo e preservacdo de gréos de pélen originados da vegetacdo que se estabeleceu de
maneira concomitante a0 momento de deposigdo do sedimento (Cohen et al., 2014).
Sedimentos lacustres apresentam mair potencial de preservacdo dos grdos de polen
transportados pelo vento e daqueles provenientes da vegetacdo em torno do lago. A
propor¢do da intensidade do sinal fornecido por cada tipo de pdlen de diferentes
vegetacOes é limitada pela distancia percorrida pelo mesmo, havendo decescimo de

concentracdo conforme aumenta distancia do transporte (Davis, 2000; Xu et al., 2012).

Os registros polinicos provenientes de sistemas fluviais ativos refletem uma
mistura de sinais de pdlen de diferentes rochas/sedimentos de distintas épocas, tendo em
vista que os sedimentos carreados por rios consistem num material retrabalhado de suas
margens. Além disso, alguns estudos tém relatado o transporte de pélen em rios (Brush
& Brush, 1972; Solomon et al., 1982).

Planicies de inundacdo sao areas rasas e planas que ocorrem entre canais e sujeitas
a influxos periddicos quando ocorre transbordamento durante periodos de cheia. Os
sedimentos sdo dominantemente oriundos do canal principal, com contribuicdes
menores de collvios e sedimentos eélicos (Wolman & Leopold, 1957). Adicionalmente,
os sedimentos da planicie de inundacdo séo constantemente retrabalhados a medida que

0s canais migram lateralmente (Posamentier & Walker, 2006).

Meandros abandonados s&o a causa mais comum da formagao de lagos de origem
fluvial, os quais podem se conectar ao rio principal por canais menores e estreitos.

Leques e canais de extravasamento ocorrem quando a vazdo do rio aumenta, por
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exemplo, durante periodos de cheia. Com isto, suas margens sofrem rompimentos
localizados, fazendo com que a carga sedimentar seja transportada sobre sedimentos
finos da planicie de inundacéo. Sob condigdes de energia de fluxo elevada, a erosdo da
planicie de inundagdo é favorecida, surgindo canais secundarios. Quando a erosdo é
insignificante ou ausente, os fluxos se tornam desconfinados, dando origem a leques de
transbordamento (Pye, 1994).
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CAPITULO 5 - LATE PLEISTOCENE GLACIAL FOREST ELEMENTS OF
BRAZILIAN AMAZONIA

ABSTRACT

The amount of pollen data recovered from the sedimentary record of western
Amazonia is still far from adequate to fully approach climate changes in this region over
the Last Glacial period. In the present work, vegetation dynamics of western Amazonia
during the past 42000 cal yr BP is analyzed in the context of previous and new pollen
data. Two sediment cores were sampled from fluvial terraces of the Madeira River, a
major southern Amazonian tributary. The study sites are covered by tropical rainforest
vegetation. The sedimentary deposits consist mostly of massive sand, heterolithic
bedded sand/mud as well as either laminated or massive mud. These deposits were
formed under reducing and low energy conditions in an abandoned fluvial channel/lake
environment. Such depositional setting favored the preservation of a pollen community
suggestive of arboreous taxa common to the modern Amazonian rainforest mixed with
herbaceous vegetation. Pollen analysis also recorded a significant proportion of cold-
adapted Andean tree species, represented by Alnus (0-20%), Hedyosmum (1-15%),
Podocarpus (0-5%), Illex (1-11%) and Weinmannia (0-1%) at least between > 42,000
cal yr BP and 10,300 cal yr BP. During the Holocene, only pollen representative of
herbs and modern Amazon vegetation persisted. This new pollen record confirm
previous multiple proxies analyzes of two sediment cores sampled also from Humaita
region, where a significant plant population, at present restricted to Andean areas
located at altitudes higher than 2000 - 3000 m, in areas of the Amazonia lowland toward

the onset, and probably, during the Last Glacial Maximum.
1 INTRODUCTION

Climate in Amazonia towards the onset and during the Last Glacial Maximum
(LGM) has been a matter of great debate. There is no consensus about the moisture
variability, as both humid and arid conditions have been defended for the LGM in
several Amazonian areas (Beerling and Mayle, 2006; Bush et al., 2004a; Cheng et al.,
2013; Colinvaux and De Oliveira, 2001; Colinvaux et al., 1996a; D’ Apolito et al., 2013;
Gosling et al., 2009; Hammen and Hooghiemstra, 2000; Irion, 1982; Maslin et al., 2012,
2011; Mayle and Beerling, 2004; Mayle et al., 2009; Mosblech et al., 2012; R&sénen et
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al.,, 1987; Rull, 2013). In addition, some climate models suggest a progressive
temperature decrease for the tropics during the LGM (Ganopolski et al., 1998; Gasse
and Van Campo, 1998; Stute and Talma, 1998; Webb et al., 1997). Cruz et al. (2005),
however, demonstrated a discontinuous temperature decrease. There is also a
disagreement regarding the amount of temperature drop during this glacial event.
Hence, according to CLIMAP (1976), temperature dropped by about 2 °C, while other
studies indicated a decrease of as much as 4-6 °C (Cohen et al., 2014; D’Apolito et al.,
2013; Hammen and Hooghiemstra, 2000) or even 12 °C below the modern mean

temperature (Thompson et al., 1995).

Pollen records from Ecuador and Panama, together with the northward advance of
Araucaria forests in southeastern Brazil (Bush et al., 1992, 1990; Ledru, 1993; Liu and
Colinvaux, 1985; Pessenda et al., 2009; Piperno et al., 1990), provide evidence for
significant cooling in glacial times. Measurements of sea surface temperature (SST) in
the tropics and noble gas concentration in fossil groundwater of eastern Brazil also
suggest cooling (Guilderson et al., 1994; Stute et al., 1995). Climate models support
that decreasing surface temperatures in the tropics in glacial times is plausible
(Ganopolski et al., 1998; Gasse and Van Campo, 1998; Stute and Talma, 1998; Webb et
al., 1997).

The pollen record from Lake Pata, located in the Western Amazonia lowland,
indicates continuous occupation by closed tropical forest during the past 40,000 years.
A glacial forest composition at the LGM suggests a modest cooling (P. A. Colinvaux et
al., 1996a). During this time interval, Amazonia was colonized by significant
populations of plants typical of modern montane areas. During the early Holocene
global warming, plants intolerant to the warmer climate retreated from the lowland
forest (Colinvaux et al., 2000). Glacial-age pollen, phytolith and macrofossil data from
lacustrine deposits at mid-elevations in Amazonian areas of Ecuador and Panama
demonstrate significant plant populations currently restricted to elevations higher than
2000 - 3000 m growing at about 1000 m above modern sea level. Among these plant
taxa were Podocarpus, Drimys and Alnus, none of which are present on the lower
slopes of the Andes today (Bush et al., 1990; Colinvaux et al., 1997; Liu and Colinvaux,
1985). Therefore, pollen data suggest a response of Amazonian plant populations to
temperatures colder than around 5-6°C during glacial times (Bush et al., 2002,

Colinvaux et al., 2000). Such evidence provides arguments for a lowland rain forest



23

throughout the last glacial period with a quite different composition to that seen in
Amazonia today (Bush, 2002). This, however, does not preclude the possibility that
some peripheral areas that currently experience seasonal moisture deficits may have
been drier (Bush, 1994; Colinvaux et al., 1996a).

Previous pollen data from Western Brazilian Amazonia indicated cold-adapted
Andean plants, such as Alnus, Hedyosmum, Weinmannia, Podocarpus, llex and Drymis
at least between > 42,600 and < 35,200 cal yr B.P. (Cohen et al., 2014). While pollen of
herbs and tree taxa common to the modern Amazonian rainforest persisted through the
Holocene, the cold pollen assemblage is restricted to the Late Pleistocene. This work
aims to provide a better evaluation of the extension of the LGM effects on lowlands
(elevation of ~100 m) of the Western Amazon forest. To approach this issue, we
provide pollen data derived from additional sediment cores sampled near the Madeira
River, the largest tributary of the Amazonas River (Fig.3A). Pollen analysis was
combined with descriptions of sedimentary facies and geomorphology, as well as AMS

radiocarbon and optically stimulated luminescence dating.
2 STUDY AREA

The study area is located near the town of Humaita, south of the State of
Amazonas in the Western Brazilian Amazonia (Figure 3A, B). This area presents
surfaces with small elevation range (~100 m elevation) and wide distribution of
Quaternary sediments (>500,000 km2) associated with savanna patches (Latrubesse and
Franzinelli, 2002; Pessenda et al., 2001). The equatorial climate is warm and humid,
with mean annual temperature between 24°C and 26°C, and mean annual precipitation
between 2,250 and 2,750 mm (Brasil, 1978).

2.1 GEOLOGYCAL CONTEXT AND PALEOENVIRONMENT

The study area is located in the foreland Solimdes Basin. In addition to Paleozoic
sequences, this basin includes the Alter do Chéo (Cretaceous) and Solimdes (Mioceno)
Formations that are part of the Javari Group (Cunha et al., 1994; Eiras et al., 1994).
Overlying these units, there are Plio-Pleistocene strata generically included in the Ica
Formation (Caputo et al., 1972; Cunha et al., 1994), as well as Pleistocene-Holocene
deposits (Rossetti et al., 2015).



24

Deposits in the study area formed in a fluvial system influenced by tectonic
reactivations during the late Quaternary (Hayakawa et al., 2010; Rossetti et al., 2008).
The deposits occur mainly along river terraces and above the modern floodplain, with
variations in altitude between 45 and 100 m (Bertani et al., 2015; Rossetti et al., 2015).
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Figure 3: Location of the study area: a) Modern Alnus distribution (Punyasena et al., 2011),
study site of previous studies about the LGM in Brazil (Absy et al., 1991; Behling, 2001,
Colinvaux et al., 1996a; Ledru, 1993; van der Hammen and Absy, 1994; Van der Hammen,
2000); b) main geomorphologic features based on SRTM data, sampling sites of the studied
cores and topographic profile; ¢) Pleistocene glacial pollen zone based on correlation between
the cores PV-02, HU-01 (Cohen et al., 2014), PV-37 and PV-58.

Part of the fluvial deposition occurred within oxbow lakes. These are lakes
formed by the abandonment of meanders during lateral channel migration. Such fluvial
dynamics includes erosion of channel margins and further accretion in point bars.
Oxbow lakes result from channel shutdown, and they are low-energy sites for the
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accumulation of fine-grained sediments from suspensions. A significant proportion of
pollen grains preserved in oxbow lake deposits derive from the surrounding vegetation
(Constantine and Dunne, 2008; Hager and Hutter, 1984; Keshavarzi and Habibi, 2005;
Law and Reynolds, 1966).

2.2 VEGETATION

The study area occurs in a region dominated by open vegetation in sharp contact
with dense rainforest. Rainforest species are mainly represented by Euphorbiaceae,
Bignoniaceae, Fabaceae, Moraceae, Anacardiaceae, Malpighiaceae, Malvaceae,
Sapotaceae, Rubiaceae and Apocynaceae. Areas of open vegetation nearby the town of
Humaita, where the study are is located, cover approximately 615 km? (Vidotto et al.,
2007). In these areas, Vidotto et al. (2007) identified 138 species and genera distributed

among 37 families of woody vegetation and herbaceous (Table 2).

Table 2: Pollen taxa identified in the PVV-37 and PV-58

Taxa Taxa
Acanthaceae Didymopanax
Aizoaceae Ericaceae
Alnus Euphorbiaceae
Alternanthera Fabaceae
Amaranthaceae Hedyosmum
Anacardiaceae llex
Anacardium Malpighiaceae
Annona Malvaceae
Annonaceae Marantaceae
Apocynaceae Mauritia
Aquifoliaceae Melastomataceae/Combretaceae
Araliaceae Meliaceae
Arecaceae Mimosa

Asteraceae Moraceae/Urticaceae
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Betulaceae Myrtaceae
Bignoniaceae Poaceae
Borreria Podocarpus
Burseraceae Protium
Chloranthaceae Rubiaceae
Cunoniaceae Sapotaceae
Cyperaceae Weinmannia

3 MATERIAL AND METHODS
3.1 REMOTE SENSING

The morphological aspects of the study area were characterized from the analysis
of Landsat 5-TM images, obtained by the digital archive of the Brazilian National
Institute for Space Research-INPE. The topographic profile is from the digital elevation
model (MDE) of the Shuttle Radar Topography Mission-SRTM data provided by the
National Aeronautics and Space Administration-NASA. The software Global Mapper 8
(Global Mapper LLC, 2009) was used to process the topographic data (Figure 3B).

3.2 FIELD SAMPLING AND SEDIMENT DESCRIPTION

This work was based on two sediment cores measuring 7 m (PV37: 7° 29' 7.48"S /
63° 0' 45.65"W) and 12 m (PV58: 8° 10' 31.31"S / 63° 17" 43.07"W) in length (Figure.
3A and 3B). These were obtained using a Percussion Drilling System (Hammer
Cobra TT), which allowed the recovery of continuous cores 5.5 cm in diameter.

The cores were described in the field using characteristics such as lithology,
texture and structure (Harper, 1984; Walker, 1992), which were annotated in measured
lithostratigraphic profiles. Sediment grain sizes were determined by laser diffraction
using a Laser Particle Size SHIMADZU SALD 2101 in the Laboratory of Chemical
Oceanography of the Para Federal University (UFPA). Prior to grain size analysis,
approximately 0.5 g of each sample was immersed in H,O, to remove organic matter,
and the residual sediments were disaggregated by ultrasound (Franca et al., 2012). The
grain-size scale of Wentworth (1922) was used in this work, with separation of sand
(2-0.0625 um), silt (62.5-3.9 um) and clay (3.9-0.12 um) fractions.


http://www2.jpl.nasa.gov/srtm/
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3.3 PALYNOLOGICAL ANALYSIS

For pollen analysis, a total of 180 samples measuring 1.0 cm® were taken at 5.0
(PV-58) and 10 cm (PV-37) intervals. All samples were prepared using standard pollen
analytical techniques including acetolysis (Faegri and lversen, 1989). Sample residues
were mounted on slides in glycerin jelly. Pollen and spores were identified by
comparison with reference collections of about 4,000 Brazilian forest taxa and various
pollen keys (Absy, 1975; Colinvaux et al., 1999; Markgraf and D’ Antoni, 1978; Roubik
and Moreno, 1991; Salgado-Labouriau, 1973). The reference collections of the
Laboratory of Coastal Dynamics from the UFPA and *“C Laboratory of the Center for
Nuclear Energy in Agriculture (CENA/USP) were additionally used to help identifying
the pollen and spore grains. The low pollen concentration usually required a minimum
counting of 100-150 pollen grains per each sample. Microfossils consisting of spores,

algae and some fungal were also counted, but they were not included in the sum.

Forty-two pollen taxa were identified (|Table 2) and distributed in different
ecological groups. The pollen diagrams were statistically subdivided into pollen
assemblage zones using a square-root transformation of the percentage data, followed
by stratigraphically constrained cluster analysis (Grimm, 1987). Some intervals with
absence of pollen or only a few pollen grains (<3000 grains/cm3) were related to factors
such as sediment grain size, microbial attack, oxidation and/or mechanical forces). They
can also be due to characteristics inherent of the pollen grains, such as sporopollenine
content, as well as the chemical and physical composition of the pollen wall (Havinga,
1967). In addition, pollen grains tend to decay rapidly in sandy sediments when
compared to muddy deposits. This is due to the better drainage of sands caused by large
interstitial pores, which allows the pollen grains to be abraded by mobile inorganic
matrix and oxidized during soil hydration-dehydration cycles (Faegri, 1971; Grindrod,
1988).

The interpretation of pollen profiles of oxbow lakes or floodplain sediments must
consider pollen from ‘‘local’’ vegetation, and background pollen from ‘‘regional’’
vegetation (Andersen, 1970, 1967; Janssen, 1966; Sugita, 1994). These contribution of
these components might differ for each pollen taxon (Davis, 2000). Pollen recovered
from lake and fluvial plain sediments are generally assumed to derive from nearby

vegetation. The proportion of pollen grains provided by each vegetation type is
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distance-weighted (Cohen et al., 2008; Davis, 2000; Xu et al., 2012), with higher values

corresponding to closer sources.

Several other interacting factors determine the degree to which the pollen
assemblages reflect each plant community. The most important are pollen productivity,
species dispersal characteristics, local-scale patterns of species distribution in each
community, as well as the representation of local and extra-local pollen rain.
Environment effects, such as depositional conditions, hydrodynamics, and water table
depth, also influence the pollen representation in sediments (Li et al., 2008).

3.4 RADIOCARBON DATING

Eight samples of sedimentary organic matter (10 g each) were selected for
radiocarbon analysis, five being derived from core PV-48 and three from core PV-37. In
order to avoid possible contamination by shell fragments, roots and seeds (e.g. Goh,
1978), the sediment samples were examined and physically cleaned under a
stereomicroscope. Dating was carried out at the BETA Analytic Laboratory using an
accelerator mass spectrometer (AMS). Radiocarbon ages were normalized to a 8*3C of —
25%0 VPDB and reported as calibrated years (cal yr B.P.) (26) using CALIB 6.0

software and SHcal13 curve (Reimer, 2013).
3.4.1-Optically Stimulated Luminescence (OSL)

Two samples were analyzed by OSL at the Luminescence and Gamma
Spectrometry Laboratory (LEGaL) at University of Sdo Paulo (USP-SP). OSL
measurements were carried out in the Risg OSL/TL models DA-20 and DA-15
equipped with blue LEDs, Hoya U-340 filters and built-in 90Sr/90Y beta sources.
Equivalent doses were determined through the single-aliquot regeneration (SAR)
protocol as described in Duller (2004) and Murray and Wintle (2003). A dose recovery
test was performed with given doses between 65 and 175 Gy. Only aliquots with
recycling ratio between 0.9 and 1.1, recuperation less than 5% and negligible infrared
stimulation signal were used for equivalent dose calculation. Concentrations of natural
radionuclides for dose rate calculation were determined with high resolution gamma
spectrometry using a high purity germanium detector (relative efficiency of 55%) in an
ultralow background shield. The activities of 40K and 238U and 232Th daughter

nuclides were calculated through an efficiency calibration based on ISOCS (In Situ
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Object Counting System) for the used HPGe detector. The radioactive isotope contents
of part of the samples were also determined by Genie-2000 instrumental neutron
activation analysis (INAA) using a Canberra S-100 MCA detector with 8192 channels.
Samples were irradiated in the research reactor's pool IAE-R1 at the Institute of Nuclear
Research (IPEN-CNEN), Brazil. Constituent elements in coal fly ash (NIST-SRM-
1633b) and trace elements in soil (IAEA-Soil 7) were used as a standard and to check
the analysis, respectively. Radionuclide concentrations were converted in dose rates
using conversion factors by Guérin et al. (2011) considering attenuation by water
saturation. The cosmic dose rate was calculated through the sample's latitude, longitude,
elevation, burial depth and density (Prescott and Stephan, 1982). The total error of the
dose rate and ages was calculated according the Gaussian law of error propagation. In
average, 14 aliquots per sample were analyzed, with exponential or linear—exponential
growth functions being used to describe dose-response curves. Equivalent doses were
calculated using the central age model (CAM) (Galbraith et al., 1999). The central age
model (CAM) and minimum age model (MAM) were used for over-dispersion lower or

greater than 0.30, respectively.
4 RESULTS AND DISCUSSION
4.1 DATING

Radiocarbon and Optically-Stimulated Luminescence (OSL) dates are presented
in table 3, and it reveals ages of sedimentary organic matter ranging from > 42.000 to
~3400 cal yr BP. The old records for both cores contain age inversions (Figure. 5 and 7)
that may reflect a rapid filling of the lake and/or reworking of older sedimentary organic
matter along its pathway and differences in the dating methods (see section PV-58 —

Late Pleistocene).
4.2 FACIES DESCRIPTION

The sampling sites present dense and open forest, but some natural savanna
patches occur distributed in the study area. The core PV 58 and PV 37 were taken from
old fluvial terraces that are located about 15 m and 7 m higher than the modern
floodplain of the Madeira River (Fig. 3A). The cores were taken from a paleomeander
morphology preserved on the surface of a fluvial terrace, and the stratigraphy reveals

massive and laminated mud, as well as massive and cross stratification sand and
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heterolithic beddings (Table 4 and Figure 5 and 7). Facies association was based on
sedimentary features and pollen content. It has allowed to propose an abandoned fluvial
channel/lake associated to flood plains as depositional environment to the deposits of
the cores PV-37 and PV-58 (Figs 4 and 6).

Table 3: Sediment samples selected for radiocarbon dating and results with code site, laboratory
number, depth, material, *C yr BP and calibrated (cal) ages.

LAB. CORE DEPTH  OSLAGE CARBON  CALIBRATED
NUMBER (M) 14 AGE
(YR BP) (CAL YR BP)
304803  PV-37 3.4-35 38.400+ 330 41991 - 42911
PV-37 5.2-5.3 38.620+ 420 42018 - 43163
309810
304801  PV-37 6.7-6.8 29.040+ 160 32762 - 33643
406692  PV-58 2.2-2.3 3300 +/-30 3385 -3509
L0281 PV/-58 3.2-33 1549+ 275
397689  PV-58 4.9-5 9210 +/-30 10240 - 10394
406694  PV-58 8.2-8.3 6110 +/-40 6790 - 7000
397690  PV-58 9.55 3410 +/-30 3635 - 3475

L0282 PV-58 114 2106 + 332
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Table 4: Lithofacies descriptions of cores PV-37 and PV-58

FACIES ABREVIATIONS

SEDIMENTARY PROCESS

Massive
sand

Massive
mud

Wavy
heterolhitic
deposits

Lenticular
heterolhitic
deposits

Parallel
laminated
mud

Cross
laminated
sand

Sm

Mm

Hw

HI

Mlp

Scl

Deposition episodic from sand inflow into the
environment (Crevasse splay)

Sediment homogenization biological activity and/
or pedogenic processes.

Alternation in power flow, with a balance between
depositions of clay from suspension of sand.

Low flow energy suspension, but with periodic
sand inflows.

The mud deposition occurs by suspension under
low energy flow. Heterolithic deposits also
represented low energy, but with episodic input
sand higher energy flow.

Deposition from the migration shaped in the lower
bed flow. Constant oscillation flow with deposition
from the traction, alternating with episodes of
deposition suspensions.
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4.3 CORE PV-37 (LATE PLEISTOCENE).

The radiocarbon dates of the core PV 37 revealed late Pleistocene ages (33,000 — 42,000
cal yrs BP) along wavy and lenticular bedding. The pollen record showed a significant
presence of taxa adapted to cold climate (0-22%), such as Alnus (20%), Hedyosmum (10%)
and Podocarpus (5%). Herbs pollen (10-100%) are represented by Poaceae (10-100%) and
Cyperaceae (0-50%), Asteraceae (0-18%). Modern representative taxa from the Amazonian
forest (10-90%) consists mainly of Euphorbiaceae (5-45%), Moraceae/Urticaceae (5-25%),
Fabaceae (5-25%), Rubiaceae (0-24%), Myrtaceae (0-70%), Apocynaceae (0-10%),
Malpighiaceae (0-5%), Acanthaceae (0-10%). Palm pollen (0-20%) are also present (Figs. 4
and 5).

4.3.1 Core PV-58 (Late Pleistocene)

Along this core was not recorded Pleistocene ages, but considering the Holocene ages
obtained between 0 and 5 m, probably the interval 5 — 12.2 m was deposited during the late
Pleistocene (Fig. 6). Regarding the ages ~7000 and ~3500 cal yr BP obtained from 8.25 m
and 9.55 m depth, respectively, likely they were rejuvenated. Younger carbon contamination,
along these lower levels, may be caused by invasion of roots, infiltration of organic
compositions dissolved in water, influence of microorganisms, and of soil fauna (Pessenda et
al., 2001).

An OSL date of 2106 + 332 years was obtained from 11.4 m depth. Considering the
reliability of OSL dating found at this site, the sediment sampled to this analysis could have
been deposited in an stratigraphic interval by lateral incision, caused by a channel flow, into
underneath the upperlayers. However, along the stratigraphic succession of the PV-58 was not
identified erosive surfaces or sandy sediments near the selected muddy samples for dating.
Alternatively, another factor that can justify this younger OSL date is the chemical
weathering. In the course of chemical weathering, the sediment may undergo changes in water
content, elemental concentration, and mechanical properties, all of which may result in
changes of dose rate and equivalent dose by redistribution of radioactive elements. The net
result is inconsistency (overestimation or underestimation) in the measured OSL ages (Jeong
etal., 2007).

A Pleistocene age for these deposits is reinforced by the fact that the LGM phase in

lowland tropical forests of South America is represented by a hiatus of several thousand years,
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indicative of a dry climate (Ledru et al., 1998). This conclusion is based on the occurrence of
abrupt lithologic changes coupled with changes in sedimentation rate interpolated from
radiocarbon dates. For instance, all the following records exhibit a hiatus in sedimentation
between 23,000 and 13,000 14C yr BP (Carajas), 30,000 and 16,000 14C yr BP (Maicurt),
and 38,600 and 11,030 14C yr BP (Laguna Bella Vista) (Absy et al., 1991; Colinvaux and De
Oliveira, 2001; Mayle et al., 2000; Sifeddine et al., 2001). Similar situation was identified by
Cohen et al. (2014) in the core HU-01, where occurred a hiatus along a lacustrine
sedimentation between ~35,200 and ~16,900 cal yr BP (Fig. 3C). Assuming an absence or
low sedimentation during the LGM in the PV-58 site, the muddy sediments below 5.5 m,
where occurs a sandy layer (Fig. 6), could have been deposited before the LGM. In this case,
there is greater uncertainty with older age ranges, such as those older than 40 cal ka BP, due

to the limits of the dating method that makes ages imprecise.

Then, the ages of the bottom of the PV-58 would be purely tentative. All of the ages
obtained for the two cores were considered (Figs. 5 and 7), with exceptions of 6790 — 7000
cal yr BP (8.25 m depth), 3475 — 3635 cal yr BP (9.55 m depth) and 2106 + 332 years (11.4 m
depth) that are younger outliners and obtained by radiocarbon and OSL analyses.

In addition, the pollen record below 5 m depth indicated an assemblage representative
of taxa currently found under colder climates, similar to the core PV-37 (Fig. 5), represented
by Illex (1-11%), Hedyosmum (1-15%), Alnus (0-4%), Weinmannia (0-1%) and Podocarpus
(0-1%) (Figs. 4 and 5). Therefore, probably these sediments were accumulated during the late
Pleistocene.

Considering the pollen profile during this interval, herbs pollen are represented by
Poaceae (15-100%), Asteraceae (2-30%), Alternanthera (0-9%), Amaranthaceae (0-15%),
Cyperaceae (0-1%), Borreria (0-5%) and Aizoaceae (0-1%). The modern representative taxa
from Amazonian forest (5-50%) consists mainly of Moraceae/Urticaceae (5-25%),
Malpighiaceae (0- 15%), Euphorbiaceae (0-35%), Fabaceae (5-30%), Mimosa (5-30%)
Rubiaceae (0-20%), Apocynaceae (0-20%), Melastomataceae/Combretaceae (0-5%),
Myrtaceae (0-5%), Anacardium (0-10%) and Protium (0-10%). Palm pollen (3-45%) are also
present (Figure 5).
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4.3.2 Core PV-58 (Holocene)

During the last ~10,300 cal yr BP, herbaceous pollen (40-100%), mostly Poaceae (20-
100%), Asteraceae (0-50%), Alternanthera (0-35%) and Amaranthaceae (0-18%), dominated.
This period recored high values of taxa that occur in Amazon forest today, mainly represented
by Moraceae/Urticaceae (0-15%), Malpighiaceae (0-70%), Euphorbiaceae (0-50%), Fabaceae
(0-50%), Mimosa (0-5%) Rubiaceae (0-15%), Apocynaceae (0-2%),
Melastomataceae/Combretaceae (0-15%) and Anacardium (0-5%). Palm pollen (0-80%) are

also present. Taxa currently found under colder climates are absence (Figs 6 and 7).
4.4 IMPACTS OF LATE PLEISTOCENE GLACIAL PERIODS ON SOUTH AMERICA

Generally, the Last Glacial Maximum (LGM) is associated with global ice sheet
expansion ~26,500-19,000 years ago mainly in the northern hemisphere (Clark et al., 2009).
Despite of some models indicate that Antarctic Ice Sheet experienced significant expansion
during the LGM and post-LGM retreat of the ice sheet (Denton and Hughes, 2002;
Huybrechts, 2002; Nakada et al., 2000; Pollard and DeConto, 2009), the Antarctic Ice Sheet
advance and retreat simultaneous with northern hemisphere ice sheets during and after the
LGM remains controversial (Anderson et al., 2002; Weber et al., 2011). However, some
studies suggest that impacts of LGM may have occurred on the Amazonia (e.g. Anhuf et al.,
2006), and cold air could have been brought as far north as the equator. This mechanism
explains the observed vegetation changes in Amazonia, which would be related to increased
penetration of cold air as represented by the Mobile Polar High concept of Leroux (1993).
Considering the phase that precedes the LGM, Marine Isotope Stage 3 (MIS3) — a period
between 60 and 27 ka, the magnitude these changes in western Amazonia are fairly unknown
due to the lack of palaeoecological data. Globally, the MIS3 climates are 2°C warmer than
LGM (Van Meerbeeck et al., 2009).

Reconstructions have been performed to examine the impacts of theses glacial periods
at regional scales. For instance, according to Klein et al. (1999), the maximum glacier
extended earlier than 24,000 cal yr B.P. in the central Andes. Terminal moraines were dated
(Smith et al., 2005) at their lowest elevation in Bolivia at ~34,000 cal yr B.P. The LGM in the
Titicaca region, defined as 26,000-22,000 cal yr B.P. (Weng et al., 2006), was wetter and
about 5°-8°C colder than today (Abbott et al., 2000; Baker et al., 2001; Paduano et al., 2003).
A sediment core sampled from Lake Consuelo (1360 m above sea-level, asl), located in
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southeastern Peru, adjacent to the Bolivian border, indicates that the forest surrounding the
lake, between 43.5 and 22 k cal yr B.P. was dominated by a mixture of both upper montane
and lowland elements. Upper montane taxa include Alnus, Vallea, Podocarpus, Myrsine and
Symplocos, which are virtually absent from the modern pollen assemblage (Urrego et al.,
2005). Palaeocological studies in northeastern Bolivia (600 to 900 m asl) near the southern
margin of Amazonia present pollen of the predominantly Andean genus, such as Podocarpus,
Alnus and Ilex between 50 k cal yr B.P. and the late glaciation (Burbridge et al., 2004).

The onset of deglaciation of the West Antarctic Ice Sheet occurred between 14 and 15
ka (Clark et al., 2009), while in the Andes began between 21,000 and 19,000 cal yr B.P.
(Clark et al., 2002). Progressively, the climate warmed in many high montane locations
between ~ 20,000 and 18,000 cal yr BP (Bush et al., 2005; Paduano et al., 2003). At Lake
Titicaca, pronounced warming between 13,000 and 12,000 cal yr B.P. established near-
modern temperatures (Paduano et al., 2003; Ybert, 1992).

4.5 PLEISTOCENE GLACIAL FOREST OF BRAZILIAN AMAZONIA

The impacts of glaciations of the Pleistocene on the Amazon rainforest has been
intensely debated. The discussions are concentrated mainly on 1) whether the Amazonian rain
forest was fragmented in refuge islands or its area remained relatively stable. 2) Its floristic
composition changed according to establishment of connections with the Andean and Atlantic
rainforest ecosystems? (Colinvaux and De Oliveira, 2001; P. A. Colinvaux et al., 1996a;
Haffer and Prance, 2001; Hammen and Hooghiemstra, 2000).

This work and a recent publication (Cohen et al., 2014) contribute to the discussions
about whether the floristic composition of Western Amazonia was submitted to species re-
associations with Andean vegetation according to temperatures reduction during the late
Pleistocene. One core from Humaita (core HU-01, fig. 3C) in southern Amazonas state,
indicated pollen community of herbaceous vegetation, some modern representative taxa from
Amazon forest and cold-adapted plants from Andes represented mainly by Alnus (2-11%),
Hedyosmum (2-17%), Weinmannia (0-18%), Podocarpus (0-4%), llex (0-4%) and Drymis (O-
1%) at least between > 42,030 — 43,170 cal yr BP and <34,800 — 35,580 cal yr BP. The
herbaceous vegetation persisted during the Holocene, whilst the cold pollen assemblage
became extinct (Cohen et al., 2014). The fact of the present study also indicate an expressive
percentage of some taxa adapted to cold forest during the late Pleistocene, such as Alnus (O-
20%), Hedyosmum (1-15%), Podocarpus (0-5%), Illex (1-11%) and Weinmannia (0-1%)
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suggests a wide glacial impact on lowlands of Western Amazonia, following a transect of
~190 km (SW-NE) along the paleo floodplain of the Madeira River (Fig. 3B).

It is noteworthy the fact of the cores selected for this work are the product of a pollen
analysis developed along twenty sediment cores sampled from Western Amazon region.
Unhappily, the cores have preserved few pollen. As described in palynological analysis
section, it may be caused by various external factors, such as sediment grain size, microbial
attack, oxidation and mechanical forces (Havinga, 1967). In the analyzed cores, the low
pollen preservation along mud sediments is probably due to an oxidizing environment that is
recorded by mud with iron staining and ferruginous nodules that may be related to a dry
period in distinct locations of the Amazon region during the late Pleistocene (e.g. Cordeiro et
al., 2011). As discussed in the section PV-58 (late Pleistocene), this dry period could have
caused the absence of radiocarbon and OSL dates during the LGM.

Regarding the temperature, the integration of these data tend to confirm the presence of
the glacial forest in the Western Amazon region during the late Pleistocene (Table 4), mainly
due to the Alnus pollen presence along the lower part of the studied cores. Modern
biogeographic data indicate that Alnus occurs along the Andes and Central American
mountains at about 2,000—3,000 m from southern Mexico to 28°S in northwest Argentina
(Fig. 3A). In South America, it covers whole mountainsides where mean annual temperatures
are between 8 and 18°C and minimum winter temperatures are no lower than -10°C (Furlow
and Furlow, 1979; Punyasena et al., 2011; Weng et al., 2004b). In Central America, areas of
maximum representation of Alnus in pollen rain varies from 20% to 60% (Bush, 2000). In
southern Peru, Alnus pollen values of <2% are almost certainly attributable to long-distance
dispersal, while its presence at >5%, probably, indicates the local occurrence of this plant
(Weng et al., 2004). Alnus occurs at 4-13% in samples collected above 2300 m, reflecting the
abundance of Alnus trees in the moist Andean forest belt between 2300 and 2800 m (Reese
and Liu, 2005; Weng et al., 2004a).

Regarding Pleistocene records, the Andean flank in western Amazonia presents Alnus
pollen percentage with values between 2% and 40% (Cérdenas et al., 2011). Alnus pollen is
recorded in several studies about the Quaternary of Brazil (Absy, 1979; Behling et al., 2004;
Colinvaux et al., 1996). However, it presents low percentage values, since it is not native in
Brazil and has a wind dispersal for hundred kilometers from Alnus trees (Davis and Deevey,

1964; Davis et al., 1973). In these studies, this taxon occurs with <1% in lake sediments and
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in soil surface (Absy, 1979; Behling et al., 2004; P.A. Colinvaux et al., 1996). Sediments
from the River Amazon and Southern Brazil recorded pollen Alnus with <5% and <2% during
the LMG, respectively (Haberle, 1997; Macedo, 2009).

The abundance of highland taxa in the base of the cores PV-37, PV-58 and HU-01,
accumulated during the late Pleistocene, and the absence of montane elements from the top of
the cores PV-58, PV-02 and HU-01 indicate a significant distinction between the Holocene
pollen assemblage and glacial vegetation at the studied transect (Fig. 3C). Considering the
integration of the studied cores, the uppermontane taxa assemblage, represented by
Weinmannia, Hedyosmum, Podocarpus, and Ilex is well represented by pollen types that are
relatively less dispersed and/or produced in low quantities relative to Alnus pollen (Weng et
al., 2004b). This is an evidence that cold-adapted plants migrated to terraces near the lakes
and zones topographically higher than fluvial plains in the study area during the late
Pleistocene. Considering specifically the Alnus trees, they could be occupying the Western
Amazonia lowland, but this taxon may have expanded to zones relatively more distant from
the study area. This cold-climate forest probably colonized areas of the Western Amazonia
lowland close enough to the study site to allow the dispersal of their pollen grains and their

preservation in lakes and floodplains sediments of the Western Amazon region.

The possibility of wind and fluvial pollen transportation from Andean areas is ruled out
as cold forest pollen were not recorded in the Holocene succession, which would be predicted
in the case of wind transportation from Andean areas. Additionally, based on facies analysis,
sediments were deposited in a low energy depositional environment disconnected from the
main stream, which minimizes the possibility of pollen sourced from Andean areas by fluvial
transportation. A broad discussion about the possibility of wind and fluvial pollen

transportation from Andean areas may be found in Cohen et al. (2014).

Table 4: Sites providing dated information of LGM ecological conditions based on pollen in
Brazil.

GLACIAL POLLEN LOCATION DISTANCE RADIOCARBON REFERENCE
AGE
Illex (0-5%); Katira <100 Km =~ 40000 Van der
Podocarpus (0-1%) and 9°S/ 63°W Hammen and
Weinmannia (0-2%). Absy, (1994)

Podocarpus (0-50%);
Illex (0-35%); Lake Pata ~1000 Km >40000 Conlivaux et al.
Weinmannia (0-35%); 0°16°N/ 66°41°"W (1996)
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Humiria (0-35%);
Hedyosmum (0-30%)
and Rapanea (0-25%).

lllex (0-8%); Lake Salitre ~2100 Km 28000 Ledru (1993)
Drymis (0-1%) and
Podocarpus (0-1%).
(Absy et al., 1991;

Illex (0-40%); Carajas ~1400 Km 26000- 15000 Sifeddine et al.,
Podocarpus (0-3%) 6°20°S/ 50°25°W; 1994; Ledru et al.
2001)
[llex (0-15%); Pantano de Monica ~1300 Km 17000-13000 Van der Hammen
Podocarpus (0-1,5%) 0°42°S/ 72°04°W (2000)
Podocarpus (0-2%) Lake Curuca 1800 Km 11700-10840 Behling (2001)

Hedyosmum (0-20%); Humaita (HUO1, 7°
Weinmannia (0-20%); 55'26" S /63° 04’

Alnus (0-15%); 59” W) and Porto <100 Km 42600-35200 Cohen et al. (2014)
llex (0-8%); Velho (PV02, 8°
Podocarpus (0-5%) and 46’ 43" S /63° 56’ 48
Drymis (0-2%) " W)

Therefore, based on previous palaeoecological studies, the lowland Amazonian rain
forest was submitted to a cooling (5 - 9°C) during the LGM (Bush et al., 2004b), and it caused
a mixture of both lowland elements and uppermontane in the lowland Western Amazonia in
the onset of the LGM (Cohen et al., 2014). Then, the present work reinforces the presence of
areas occupied by taxa adapted to cold climate (lllex, Hedyosmum, Podocarpus and Alnus) in
Western Amazonia. This glacial pollen assemblage integrated with pollen data of Cohen et al.
(2014) corroborate the significant decrease in mean temperature during late Pleistocene at
least in this sector of Western Amazonia, to allow the entrance of significant populations of

plants more adapted to cold temperatures into the lowland rain forest.

In addition, it complements the studies about the effects of LMG on the Amazon
lowlands and others regions of Brazil (Absy et al., 1991; Behling, 2001; Cohen et al., 2014;
Colinvaux et al., 1996b; Ledru, 1993; Ledru et al., 2001; Sifeddine et al., 1994; van der
Hammen and Absy, 1994; Van der Hammen, 2000). The present findings are in good
agreement with Rind's models, in which changes in latitudinal temperature gradient affect
large-scale atmospheric dynamics (Rind, 2000).

5 CONCLUSION

Sedimentary deposits representative of abandoned channel/floodplain and oxbow lake

sedimentary environments from old palaeo floodplain of the Madeira River, Western
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Amazonia, suggest reducing and low energy subaqueous conditions that favored preservation
of a pollen community of modern taxa from Amazon, herbaceous vegetation and cold-adapted
plants from Andes represented by Alnus (0-20%), Hedyosmum (1-15%), Podocarpus (0-5%),
Illex (1-11%) and Weinmannia (0-1%) during the late Pleistocene. These news pollen records
associated with previous multiple proxies analyzes (Cohen et al., 2014) indicated that the
floristic composition of Western Amazonia was submitted to species re-associations with
Andean vegetation, at present located at altitudes higher than 2000 - 3000 m, following the
temperature decrease during the late Pleistocene. Considering the relative abundance of Alnus
during the late Pleistocene (cores HU-1, PV-37 and PV-58) compared to Holocene succession
(core PV-2) and modern surface samples, the Alnus probably populated the Western
Amazonia lowland, or it was growing closer to the study site due to cooler temperatures

during glacial times.
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CAPITULO 6 - CONSIDERACOES FINAIS

Os trabalhos de campo e atividades de laboratorio realizadas no ambito deste trabalho
de mestrado permitiu descrever perfis estratigraficos baseados na sua granulometria,
estruturas sedimentares, contetdo polinico e datagcdes por C-14. No testemunho PV-58 foi
observado um ciclo granocrescente ascendente, o qual se inicia em depdsitos de lama com
laminacdo paralela e finaliza com depdsitos de areia macica. As associacOes de facies
sugerem a presenca de um canal ativo que depositou um pacote de areia macica de 1,5 m de
espessura recobrindo uma planicie de inundacdo, onde em seguida ocorre a instalagdo de um
lago gerado pelo abandono de um meandro (oxbow lake), que séo geralmente preenchidos por

material argiloso.

A espessura do deposito lacustre chega a aproximadamente 10 m, sendo muitas vezes
interrompido por depoésitos de rompimento de dique marginal (crevasse), que se tornam mais
espessos em direcdo ao topo. Essas interrupcBes podem representar fases de méaximo

afogamento dos sistemas aluviais.

Deve ser ressaltado que tal dindmica sedimentar criou um ambiente favoravel a
preservacao polinica e consequentemente o registro de uma paleovegetacdo que sugere uma
significativa queda nas temperaturas em um ambito regional durante o Maximo Glacial do
Pleistoceno. Essa mudanca climatica permitiu a expansdo da vegetacdo tipica do clima frio
dos Andes em direcdo as areas de planicies topograficamente baixas do oeste da Amazonia.
Esse estudo corrobora com trabalhos prévios (p.ex. Cohen et al., 2014) e reforca nogdo de
sensibilidade das diferentes unidades de vegetacdo que compbBe a Amazbnia diante das
mudancas climaticas. Esses dados contribuem néo apenas para uma analise mais robusta dos
impactos das mudancas climéaticas na Floresta Amaz6nica, mas também subsidiam os
modelos de projecdo dos impactos do recente aquecimento global sobre as diferentes grupos

de espécies vegetais que atualmente dominam a Amazonia.
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