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RESUMO

O objetivo desse trabalho consistiu em avaliar a distribui¢do e quantificar a biomassa de
espécies da familia Uvigerinidae, a fim de compreender a paleoprodutividade bentonica
e, por consequéncia, como 0s ecossistemas marinhos responderam as variagdes
ambientais. As amostras coletadas no talude continental da Bacia de Pelotas, cobrem os
Estagios Isotopicos Marinhos EIM 5- EIM 1 (7,2-112,5 Ka BP) e refletem as alteragdes
oceanograficas entre estagios glaciais e interglaciais. Oscilagdes nas massas de agua
influentes em cada periodo sdo refletidas no tamanho e na distribui¢do das testas de
Uvigerinidae, devido as diferentes exigéncias ecologicas e aos micro-habitat de cada
espécie identificada neste estudo. A biomassa acumulada desses individuos aumentou
entre o EIM 3 — EIM 1, assim como a presenga de testas maiores, provavelmente devido
ao aumento da produtividade primaria durante o periodo glacial e a influéncia de massas
d’agua mais frias e ricas em nutrientes, como a Agua Profunda Circumpolar. Além de
Uvigerinidae inferir mudangas no fluxo de matéria organica ao longo do tempo, os
descritores métricos (comprimento, largura, volume, alongamento) e a biomassa
acumulada, refletem também estratégias reprodutivas dos géneros Trifarina e
Uvigerina. Portanto, estimar biomassa, além de quantificar a biometria das testas, se
mostrou uma metodologia importante para entender a ecologia das espécies e como estas

responderam as mudangas ambientais.

Palavras-chave: Fauna bentonica, Paleoprodutividade, Atlantico Sul.



ABSTRACT

The present work aims to evaluate the family Uvigerinidae species distribution and biomass, in
order to understand benthic paleoproductivity and consequently, how marine ecosystems
answered to environmental variations. The samples collected from Pelotas Basin continental
slope, cover MIS 5 —MIS 1 (7.2 — 112.5 Ka BP) and reflect the oceanographic changes between
glacial and interglacial stages. Water masses oscillations in each period are reflected in
Uvigerinidae tests distribution and size, due to the different ecological requirements and
microhabitats for each species identified in this study. Beyond Uvigerinidae infers changes in
organic matter flux through time, the metric descriptors and the accumulated biomass reflects
the reproductive strategies for Trifarina and Uvigerina genus. Therefore, the biomass
estimative, in addition to quantify the tests biomass, corresponded to an important methodology

for understand the species ecology and how it answered to environmental changes.

Key words: Deep-sea Benthos, Paleoproductivity, South Atlantic.
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1. INTRODUCAO GERAL
1.1 PRODUTIVIDADE OCEANICA E MUDANCAS CLIMATICAS

As alteragdes no clima da Terra afetam aspectos como a estrutura e produtividade dos
ecossistemas globais. Previsdes confiaveis da consequéncia das mudangas ambientais induzidas
pelo homem sdo relevantes para entender os impactos dessas alteracdes nos ciclos
ecossistémicos. Dentre esses, o ecossistema marinho e o sistema atmosfera-oceano sdao fontes
determinantes para compreensdao das mudangas climaticas (Rost and Riebesell, 2004). Nesses
sistemas, a producdo primaria realizada pelo fitoplancton ¢ um fator importante na regulagao
do clima, como produto do compartilhamento do didxido de carbono entre o oceano e atmosfera
(FALKOWSKI, WOODHEAD, 2013).

A produtividade primaria reduz a concentragdo do CO> na superficie oceanica e parte do
material organico gerado pelos organismos fotossintéticos serve de alimento para o zooplancton
e para outros organismos marinhos superiores. Uma parcela desse material que deixa a
superficie, afunda em dire¢do ao leito marinho (Sen Gupta and McNeil, 2012). A exportagado
do carbono, sequestra o dioxido de carbono atmosférico utilizado como matéria prima para os
organismos fotossintetizantes e¢ tem como produto final a biomassa de organismos
fitodetritivoros. O processo responsavel por transportar o carbono da superficie até o fundo

marinho, contra um gradiente de concentragdo, ¢ chamado de bomba biologica (Passow and

Carlson, 2012).

Até o periodo industrial, a bomba bioldgica se mantinha proxima a um estado de equilibrio
entre o suprimento de nutrientes do oceano e a exportagdo de carbono para o assoalho oceanico
(Petit et al., 1999). A¢des antropogénicas como o desmatamento e a oxidacdo de combustiveis
fosseis, interferem no balango da bomba bioldgica, ja que o oceano capta cerca de um ter¢o dos
gases estufa lancados através de agdes humanas (Turley et al., 2010). O aumento progressivo
de dioxido de carbono no oceano poderd provocar ao longo do tempo, por exemplo, a
diminui¢do do pH marinho, causando interferéncias fisiologicas em diversos organismos
(Raven et al., 2005). As mudangas no funcionamento da bomba biologica estdo relacionadas
com os ciclos de pressdo atmosférica do didoxido de carbono durante periodos glaciais e
interglaciais. Assim, o aumento das concentracdes de CO: na atmosfera tém exaltado a
importancia de estudos relacionados ao ciclo do carbono e a bomba biolégica (FALKOWSKI,

WOODHEAD, 2013).
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Um dos grandes objetivos das Ciéncias da Terra atualmente ¢ desenvolver ferramentas para
compreender o funcionamento do clima terrestre, através por exemplo, da reconstru¢do de
cenarios de mudanga climaticas enfrentadas pelo planeta em periodos geoldgicos passados e,
com isso, prever quais serdo as consequéncias futuras das mudangas observadas hoje. (Weart,

2015)

Como ja abordado, reconstru¢des no padrao de produtividade ocednica sao de grande
interesse pela sua relacdo com os ciclos do carbono, um importante gas na regulagcdo climatica
(Sun et al., 2006). A reconstrucao da variagao espacial e temporal da produtividade primaria e
a sua associacao com os ciclos de carbono organico, permitem compreender como fluxos de
matéria organica funcionaram em um dado local. A andlise de sedimentos marinhos antigos,
principalmente os compostos por carbonato biogénico, sua relacio com fluxos de matéria
organica e com a produtividade primdria oceédnica, sdo objetivos comuns aos estudos de
paleoprodutividade, os quais buscam por mudangas espaciais e temporais desses componentes
biogénicos e por suas causas, principalmente com relagdo as variagdes no clima da Terra (Sun

et al., 2006).

Pelo fato das medicdes diretas do fluxo do carbono para o oceano profundo ndo poderem
ser feitas para periodos passados, as reconstrucdes sdo realizadas a partir de registros
geoquimicos e micropaleontologicos no sedimento marinho. Existe uma grande variedade de
métodos qualitativos ou quantitativos que podem ser aplicados, idealmente de modo conjunto,
em busca de um detalhamento melhor para inferir mudangas na produtividade marinha ao longo

do tempo (PAYTAN, 2009).
1.2 FORAMINIFEROS E PROXIES PALEOCEANOGRAFICOS

Em trabalhos que envolvem estudos paleoceanograficos e de reconstrugdo climatica, um
dos grupos mais utilizados como proxy corresponde aos foraminiferos; protistas unicelulares
de ampla distribuicdo e boa preservagdo no registro fossil, englobados por uma carapaca que
pode ser constituida por particulas aglutinadas ou por minerais, como calcita, aragonita ou silica
(ARMSTRONG, BRASIER, 2005;BURONE, HELENA, et al., 2011). Dados obtidos a partir
da analise da abundéncia e riqueza de espécies ao longo de testemunhos, da morfologia e da
composi¢do geoquimica da sua carapaga sdo utilizados nessas reconstrugdes (Duleba et al.,

2003).
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A estrutura da comunidade de foraminiferos bentdnicos, a composi¢cdo de espécies € o
tamanho dos organismos refletem, entre outros fatores, o fornecimento de matéria organica para
o sedimento marinho, ja que o fluxo de carbono representa uma fonte de alimento para a
comunidade bentonica e por isso sdo considerados proxies confidveis em estudos de
paleoceanografia e paleoprodutividade (Gooday, 2003; Sun et al., 2006). A disponibilidade de
matéria organica e a concentracdo de oxigénio, sdo os principais fatores que controlam a
abundancia e a distribui¢do de foraminiferos bentonicos no oceano profundo (FONTANIER,
C, MACKENSEN, et al., 2006, ENGE, WITTE, et al., 2014, ALMEIDA, MELLO, et al.,
2015). Essa afirmacao embasa o modelo trofico-oxico estabelecido por JORISSEN, STIGTER,
WIDMARCK (1995) o qual infere que espécies que habitam meios oligotréficos e bem
oxigenados estdo presentes nos sedimentos superficiais € compoem grande parte das espécies
com habitos epifaunais. J& em ambientes eutroficos e didxicos, a assembleia de foraminiferos
¢ predominantemente dominada por taxons de infauna. Espécies que compreendem a epifauna
ou infauna rasa se beneficiam da matéria organica labil, j4 organismos infaunais estdo
relacionados a matéria organica refrataria (Gooday, 2003). Assim, a analise da abundancia e
riqueza de populagdes epi ou infaunais € positivamente correlacionada com estimativas de fluxo

de carbono anuais para um determinado local (PAYTAN, 2009).

Uma importante fonte de alimento corresponde a camada de fitodetritos presente no
assoalho oceanico, que se forma tipicamente em periodos de picos de produtividade primaria
sazonais (Gooday, 2003). A maioria das espécies de Uvigerina sao consideradas proxies de
baixa oxigenagdo ¢ alta quantidade de matéria organica depositada no fundo marinho
(Kawagata et al., 2006). Com isso, a investigagao de uvigerinideos representa uma importante
estratégia para identificar periodos e variagdes na produtividade ocednica. NOMAKI,
YAMAOKA, SHYRAIAMA (2007) apontam que diferencas na abundancia ou biomassa de
foraminiferos bentonicos do género Uvigerina, também refletem a preferéncia alimentar e os

aspectos ecologicos frente a picos de matéria organica.

Andlises isotopicas em testas de foraminiferos sdo amplamente utilizadas em
reconstrucdes paleoceanograficas, ja que as variagdes na composicdo isotopica de carbono e
oxigénio sao relacionadas as variagdes paleoambientais, de modo que espécies de foraminiferos
secretam suas testas em equilibrio com a dgua do mar, ou seja, sdo registradas nelas as
caracteristicas isotopicas das massas d’agua (Zerfass and Andrade, 2008). A razio entre 30
/'O em conchas carbondticas permite inferir condigdes da temperatura no oceano profundo, ja

a proporgdo '*C/'?C esta relacionada a processos fisiologicos, tais como a fotossintese, ambas
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podem ser usadas como proxies de paleoprodutividade e configuragdes de massas d'agua
(SCHMIEDL, GERHARD, PFEILSTOCKER, et al., 2004, FONTANIER, C, MACKENSEN,
et al., 2006). O '2C ¢é preferencialmente utilizado na fotossintese, assim, o aumento de valores
de 8'°C no carbonato mineralizado por microfosseis marinhos, indica um empobrecimento de
isotopos leves, o que ¢ interpretado como um aumento da produtividade fitoplanctonica

(WEFER, et al, 1999, ZERFASS, ANDRADE, 2008).
1.3 FERRAMENTAS PARA INFERIR A PALEOPRODUTIVIDADE

Diante do que foi exposto, as variacdes na riqueza e abundancia de espécies de
foraminiferos bentonicos fitodetritivoras, aliada a sua biomassa, sdo proxies importantes para
inferir processos que interferem no fluxo do carbono ao longo do tempo geoldgico (VOLKER

ALTENBACH, STRUCK, 2001, LOUBERE, JACOBSEN, et al., 2011).

Dentre outras defini¢cdes, a biomassa pode ser representada pela quantidade de carbono
organico e o volume da testa (Murray and Alve, 2000). Pode ser expressa por diversas medidas,
devido a variedade de métodos de inferéncia (FREITAS, 2019). No entanto, esses métodos
muitas vezes apresentam problemas que dificultam seu uso, seja por destruirem a carapaga para
sua medicao, por sua dificil aplicagdo e calibracdo ou pelo seu custo. Assim, uma alternativa
corresponde ao célculo da biomassa a partir do biovolume, que associa formas geométricas
como uma representacao da forma da carapaga (MURRAY, 2006; MOVELLAN, SCHIEBEL,
et al., 2012; FREITAS, 2019). FREITAS (2019) propde que a automatizagao da estimativa do
biovolume pode reduzir o esfor¢o e facilitar a obtengcdo desse dado com menor subjetividade

(acuidade visual) e uma maior precisao.

Caracteristicas geométricas e suas variacdes tanto geograficas como temporais em
estudos paleontoldgicos permitem identificar interferéncias em processos ecoldgicos e
fisiologicos, como tamanho da populagdo e taxas metabdlicas (Hunt and Roy, 2006). Pela sua
abundancia no ambiente marinho e pela sua carapaca mineralizada, foraminiferos bentdnicos
sdo organismos ideais para investigar os possiveis parametros oceanograficos que interferem
no seu tamanho ou crescimento, como por exemplo a relagdo entre a razdo de area-volume e
temperatura, oscilagdes no fluxo de matéria organica e concentragdo de oxigénio (Keating-

Bitonti and Payne, 2016).

Portanto, para utilizar as medidas de biomassa e abundancia de foraminiferos
bentonicos, em particular de uvigerinideos como proxies, ¢ necessario que estes mostrem

correlagdes com parametros abioticos. Assim, nesse trabalho, fatores abidticos como carbonato
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biodetritico nos sedimentos, iso6topos de carbono e oxigénio em testas de Uvigerina, distribuigao
e caracteristicas das massas d’agua sdo associados a abundancia, riqueza e biometria dos taxa

estudados.

2. JUSTIFICATIVA

O estudo de condicdes climatologicas e oceanograficas passadas permite inferir como
estas irdo se comportar no futuro, principalmente devido aos impactos antropogénicos causados
nao somente na atualidade, mas desde o periodo industrial. Mudangas climéaticas ocasionadas
pelos efeitos do aquecimento global, j4& podem ser testemunhadas em cenarios de eventos
extremos atuais. A previsdo de mudancas climaticas globais, baseada em eventos passados,
serve como um alerta para os impactos de episodios futuros. Assim, espera-se que a analise de
proxies como a biomassa, abundancia e caracteristicas paleoecoldgicas dos foraminiferos
bentdnicos contribua para a compreensao das respostas biologicas a regulacao climatica, ciclo
do carbono, variacdes nos picos de paleoprodutividade e mudangas no comportamento de

massas d’agua de fundo.

2.1 PERGUNTAS DE PESQUISA

* A abundancia relativa das espécies da familia Uvigerinidae, responde as
variacdes na disponibilidade do carbono durante os eventos climaticos do

Quaternario Tardio no talude da bacia de Pelotas?

* Quais fatores paleoecologicos e paleoceanograficos podem influenciar na

variacdo da biomassa de Uvigerinidae entre os testemunhos analisados?

* A variacdo na morfologia e biometria das testas analisadas refletem as oscilagodes

dos parametros ambientais?
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2.2 HIPOTESE

A abundancia, a biomassa e a riqueza de foraminiferos bentdnicos da familia Uvigerinidae
respondem positivamente, em escala milenar, ao aumento da produtividade primaria decorrente
de mudangas climaticas e do maior input de nutrientes no ambiente marinho associadas aos

periodos mais frios ao longo do Quaternario Tardio na Bacia de Pelotas.
2.3 OBJETIVOS

2.3.1. Objetivo Geral

Inferir variagdes nos padrdes de circulagdo oceanica e de flutuagdes na produtividade
primaria a partir de proxies bidticos analisados na Familia Uvigerinidae (foraminiferos
bentonicos) em testemunhos coletados no talude continental da Bacia de Pelotas ao longo do

Quaternario tardio.

2.3.2. Objetivos Especificos

* Avaliar a abundancia relativa e riqueza de uvigerinideos ao longo dos

testemunhos e discutir mudangas em sua distribui¢cdo ao longo dos ultimos 112

ka BP';

* Relacionar descritores métricos das testas (tamanho, alongamento e volume)
com variagdes nas condigdes ecologicas e oceanograficas ao longo dos

testemunhos;

* Identificar periodos de maior enriquecimento organico dos sedimentos e reducao
das condi¢des de oxigenacao a partir da determinacdo da abundancia e biomassa

de uvigerinideos.

! A sigla Ka BP significa “Kilo annum/thousand years before present”. E usada para especificar eventos que
ocorreram antes da origem pratica da datagdo por radiocarbono na década de 1950. BP refere-se também ao periodo
em que testes com armas nucleares interferiram na composicao isotdpica do carbono na atmosfera.
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BIOMETRIC AND BIOMASS ANALYSIS OF QUATERNARY UVIGERINIDAE
(FORAMINIFERA) FROM SOUTHERN BRAZILIAN CONTINENTAL SLOPE

Este capitulo apresenta o contetido do artigo que compoe esta dissertagdo e foi submetido a
revista Marine micropaleontology em 14 de junho de 2020
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Highlights

* Higher relative abundance of Uvigerinids and smaller test size characterize a warmer period
between MIS 5 and MIS 3

* Trifarina angulosa higher dominance is linked to periods of NADW stronger influence; near-
bottom currents strengthen and lower marine productivity

* Richness of Uvigerinidae family increases as Circumpolar Deep-Water advances northward
during MIS 2, highlighting the occurrence of Uvigerina peregrina and Uvigerina mediterranea

* Accumulated biomass peaked during last glacial stage with major contribution of Uvigerina
hispidocostata and Uvigerina peregrina

Abstract

Relative abundance, test size, elongation index, volume, and biomass variations of Uvigerinidae
species were analyzed in 1921 tests from 42 samples of two cores recovered from continental
slope of the Western South Atlantic. Variations in Uvigerinids distribution and their tests
metrics are discussed based on main climatic and oceanographic changes through the last glacial
cycle. Higher dominance of Trifarina angulosa during the interglacial stages suggests that this
species is favored by a stronger influence of NADW - North Atlantic Deep Water (warm,
nutrient-poor, and oxygen-rich water mass) and currents near-bottom. The increase in CDW -
Circumpolar Deep Water (oxygen enriched and nutrient depleted water mass) influence during
the glacial stage is related to higher uvigerinids richness, larger and less elongated tests, and
increasing in the accumulated biomass. Moreover, the results obtained reveal the potential
usefulness of these test metric, based on high taxonomic level (Family), to identify major
changes in ocean circulation and carbon flows to the seafloor through time. A regression model
was also formulated to convert test length to total test volume for Uvigerinidae, which can
facilitate the data acquisition in future studies, expanding their use as paleoceanographical
proxies.

Keywords: Southern Atlantic, Uvigerina, Paleoproductivity
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3.1 Introduction

Climate oscillations during the late Quaternary had a powerful impact in oceanographic
processes, such as nutrient cycling, carbon sequestration, oceanic circulation, marine
productivity and oxygen availability (Sweetman et al., 2017; Violante, 2017; Kandiano et al.,
2019). Changes in the marine productivity pulses and water column stability derived from
climatic shifts have the potential to alter the amount and quality of the organic matter that
reaches the seafloor, with consequences for the benthic food web, biodiversity and distribution
patterns (Chiessi et al., 2015; Sweetman et al., 2017;Mazurkiewicz et al., 2020). In the Western
South Atlantic region, changes in species composition, abundance, body size and other
geochemical descriptors of deep-sea benthic foraminifera, as other marine communities, reflect
these paleoceanographic shifts (Nagai et al., 2009; Almeida et al., 2015; Rodrigues et al., 2018;
Ovsepyan et al., 2019). Moreover, microfossil populations of coccolithophorids, planktonic and
benthic foraminiferids have been used to explain these environmental variations and trends in
the southern Brazilian continental slope during the last 130 ka (MIS 5 to MIS 1) (eg. Leonhardt
et al., 2013; Portilho-Ramos et al., 2014; Ferreira, et al., 2014; Almeida et al., 2015; Chiessi et
al., 2015; Petr¢ et al., 2016; Rodrigues et al., 2018; Petro et al., 2018; Petré and Burone, 2018;
Schmitt et al., 2019)

Uvigerinidae is one of the most dominant deep-sea benthic foraminifera family found
throughout the oceans. The genus Uvigerina has an elongate test, with triserial to biserial coiling
in initial portion and uniserial in later growth stages, and a neck in terminal position of the
aperture. Another important genus is 7rifarina, that has an elongate, thin, and translucent test
with a triangular shape. The key characteristics used to distinguish Uvigerinidae is the test size,
the length/width ratio, the chamber arrangement and test shape (Schonfeld, 2006; Schweizer,
2006). The shape diversity in benthic foraminifera species is usually related to epifaunal or
infaunal habit, habitat characteristics (Jorissen, 1999), water column and sediment depth and
temperature (Boltovskoy and Wrigth, 1976; Corliss and Fois, 1990), as to light intensity and
water motion (Hallock, 1979; Hohenegger, 2009). As test shape is influenced by environmental
characteristics its phenotypic expression can evidence dominant factors in a given region
(Healy-Williams and Williams, 1981).

The area/volume ratio of Uvigerina peregrina tests decreases in high dissolved oxygen
concentrations and increases in lower concentrations (Keating-Bitonti and Payne, 2017),
whereas high abundance, of Uvigerina peregrina alongside smaller body size (63-150um) and
biomass is a response to higher food availability (Nomaki et al., 2005). Most Uvigerina species
preferentially occupy shallow infaunal niches (Corliss and Emerson, 1990; Morigi et al., 2001;
Licariet al., 2003), which are the best microhabitats conditions for Uvigerina mediterranea and
Uvigerina peregrina reproduction due to a seasonal phytodetritus enrichment. (Fontanier et al.,
2006). However, they can migrate downward through the sediment layers, searching for more
favorable ecological conditions. (Loubere et al., 1995; Schmiedl et al., 2000, Geslin et al.,
2004). The intermittent organic matter flux to the ocean floor favors opportunistic Uvigerinids
reproductive strategy (Koho et al., 2008; Schmiedl et al., 2010; Enge et al., 2014).

Understanding ecological and temporal patterns of Uvigerinidae is, therefore, essential
for organic carbon flux estimation and paleoproductivity reconstructions, as well as changes in
paleobathymetry and circulation patterns (Van Der Zwaan et al., 1999; Gooday and Hughes,
2002; Gooday, 2003; Geslin et al., 2004; Hess and Kuhnt, 2005; Das Manisha et al., 2018).
Besides their paleoecological applications, the Uvigerinids, mainly Uvigerina peregrina,
provide a good record of ocean geochemical properties (e.g, stable oxygen and carbon isotopes),
by building their tests in isotope equilibrium with seawater (Fontanier et al., 2006; Schonfeld,



22

2006), which likedlinked to population dynamics and biometric analysis have been used to
understand the variability of bottom water masses and paleoproductivity oscillations along the
Late Holocene in southeast Brazilian coast (Dias et al., 2013).

Foraminiferal biomass and biometric features have been the subject of many scientific
studies for several decades. These metrics are strongly dictated by changes in temperature
(Schmidt et al., 2003; Keating-Bitonti and Payne, 2016), organic carbon flux to the sea floor
(Caralp, 1989; Korsun et al., 1998; Bhaumik et al., 2014) and oxygen availability (Gerlach et
al., 1985; Hannah et al., 1994; Kaiho, 1999; Kaiho et al., 2006; Geslin et al., 2011). In addition,
size strongly influence whether calcification will increase or decrease with acidification in
marine carbonate systems, therefore, this metric plays a critical role in predicting foraminiferal
response to future climatic changes (Corliss, 1979; Henehan et al., 2017). Based on these
general evidences, the purpose of this study is to evaluate abundance, size (length, width,
depth), and biomass variations of Uvigerinidae species along two sediment cores retrieved from
Pelotas basin continental slope. The data and knowledge gained from this study will contribute
to a better understanding of Uvigerinidae size-dependent response to climatic and
oceanographic changes through Late Quaternary in the Western South Atlantic region.

3.2 Study Area

3.2.1 Geological and oceanographic settings

The Pelotas Basin is located between 28°30°S to 34°S, bound by the Floriandpolis High
in the north and the Polonio High in the south, and reaches up to 2000 meters depth (Morales
et al., 2017). Sediment cores have been retrieved from the northern sector of the basin (Figure
1), that is characterized by a low-gradient continental shelf (shelf break ~ 180 m). Muddy and
sandy-bioclastic sediments characterize the transitional facies between the outer shelf and upper
slope (Rocha et al., 1975). The surface sediments types (fine sand to very fine silt) in the region
are composed by siliciclastic sediments and authigenic phosphorites from diverse sources
(Mabhiques et al., 2019).

Tropical Water (TW) and South Atlantic Central Water (SACW) presently influence the
Southwestern Atlantic in the upper layer. The deeper water column layer is influenced by the
Antarctic Intermediate Water (AAIW), Upper Circumpolar Deep Water (UCDW), North
Atlantic Deep Water (NADW), Lower Circumpolar Deep Water (LCDW) and Antarctic Bottom
Water (AABW) (Campos et al., 1995; Stramma and England, 1999). The AABW is cold, rich
in nutrients and poor in oxygen concentration and the NADW is warm, rich in oxygen and poor
in dissolved nutrients. UCDW and LCDW are described with low oxygen concentration and
salinity and high dissolved nutrients (Stramma and England, 1999). The warm Brazilian current
(BC) and the cold Malvinas Current (MC) contour the South America continental margin in
opposite directions. The encounter of these currents forms the Brazil-Malvinas Confluence
region (also known as South Atlantic Convergence Zone), which moves from 30° to 46°S due
climatic seasonal variations and local winds stress (Wainer et al., 2000). The major drivers of
the ocean productivity in the area are related to this convergence zone, as well as La Plata Plume
and continental shelf upwelling (Gonzalez-Silveira et al., 2006).

Major changes in ocean circulation during the Quaternary are associated with glacial -
interglacial cycles, as consequence of relative sea level fluctuations and disturbances in the
strength of the Atlantic Meridional Overturning Circulation (Riithlemann et al., 1999). During
the last deglaciation, periods of decreased strength of the AMOC are associated with warmer
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sea surface temperatures in the South Atlantic. During the Last Glacial Maximum, an increase
ocean productivity is directly linked to a higher input of terrigenous sediments and the BC
offshore displacement in the Brazilian upper continental margin (24° - 25°S) (Nagai et al.,
2010), whereas a high surface productivity in Santos Basin during glacial periods is related to
La Plata River plume, alongside a shelf-break upwelling and higher flux of eolian dust (Almeida
et al., 2015). For the same region, the influence of oceanographic physical parameters, for
example, periods of enhanced SE trade winds, may have caused peaks of low sea surface
temperature (SST) around 70, 50-45 and 20 Ka BP (Petr¢ et al., 2016).

SIS 188 and SIS 249 cores location in the Southwest Atlantic Ocean

South Atlantic

Figure 1. Map showing location of sediment core and bathymetry of the study area

3.5 Materials and Methods

Samples were selected from two piston cores, SIS 188 (29°13°16.266”SS,
47°17°1.761”W; 1.514 m depth, 3.65 m long) and SIS 249 (30°5°6.39’S, 47°5°35, 63”W; 2.091
m depth, 1.94 m long), retrieved at Pelotas Basin slope by Fugro Brasil. The samples were
collected in 10 cm intervals, 1 cm slice and started at 21 cm from the top of SIS 188, and at 50
cm from the top of SIS 249. Both cores have similar sedimentological characteristics: relative
proportion of detrital mud ranged from 71.2 % to 94.4% and carbonate content between 10.1%
and 38.1% (Petrd, 2018).

3.3.1 Stable Isotopes, Age model and Geochemical data

The age models used in this research were proposed and/or described previously by Petro,
(2018); Rodrigues, (2018) and Duque-Castafio et al. (2019). They are based on the foraminifera
oxygen isotope curve (Lisiecki and Stern, 2016) using AMS 14C on foraminifera as control
points. The analyses were performed at Radiocarbon Laboratory of the Universidade Federal
Fluminense (UFF) and Stable Isotope Laboratory of the University of California, Santa Cruz
(SIL-UCSC). Isotope data are reported relative to the Vienna Pee-Dee Belemnite (V-PDB)
standard. The detrital mud content was determined by laser diffraction particle size analyzer
after the extraction of carbonate. The carbonate content was determined by the weight loss after
a reaction with hydrochloric acid (HCL) 10%. More information about the analytical processing
and results can be found in Petr6, (2018), Rodrigues et al. (2018) and Lopes et al. (submitted).
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3.3.2 Microfossil Processing

For this study, benthic foraminifera were picked from 16 samples of SIS 249 and 26
samples of SIS 188. A minimum of 300 individuals were counted from the sand fraction (>
63um) of each sampling interval. All Uvigerinids specimens (1921 tests) from the cores were
analyzed. Details about sample processing for analysis of total benthic foraminifera assemblage
composition is described in Schmitt et al. (2019). For taxonomic classification Loeblich and
Tappan, (1988); Bornmalm, (1996); Schonfeld, (2006); Schweizer, (2006); Milker and
Schmiedl, (2012); Aturamu, (2016) and WoRMS (2020) — World Register of Marine Species
were used as references.

3.3.3 Morphometric Analysis and Biomass estimative

The uvigerinidae photomicrographs were acquired using the stereomicroscope Zeiss Axio
Zoom V16 (max magnification - 644x) with the AxioVision software support. The program
allows the capture of a series of images with defined focus range while providing the distance
between this range measured by the microscope (the z-axis). This measurement allows the
thickness degree calculation and infer some metabolic responses to oxygen stress. Also, an
elongation index (width/depth) proposed by Blott and Pye, (2008) was used for analyze growth
patterns and its relation with abiotic changes through time.

Although foraminiferal assemblages provide reliable data for statistical analysis with
small sample volumes (Mojathid et al., 2008), the acquisition of statistically significant body
size data is time consuming. Thus, efforts to assess these metrics in a faster, accurate and
reproducible way has been a long-standing goal (Briguglio et al., 2013). With the objective to
retrieve uvigerinidae tests size and biomass measurements, this study uses the open source R
package forlmage (v0.1.0, Freitas, 2019) developed specifically for the study of foraminifera.
This package allows the measurement of test outline, giving values of area, major and minor
axis distance (length and width), and retrieves the z-axis (depth) distance measured by the
microscope. The first module of this package corresponds to the image analysis and individual
measurement, through the measure function. The second module consists of volumetric
calculations and biomass estimative through the functions: volume.total, bio.volume and
biomass. The geometric model selected to calculate uvigerinidae test was cone + half ellipsoid
(Figure 2). The available geometric models in the package are associated with the shape of
several foraminifera genus. Considering that foraminiferal tests are not entirely occupied by
protoplasm (Gerlach et al., 1985 ; Altenbach, 1987; Hannah et al., 1994; Geslin et al., 2011), in
this study, the average value of 70.57% of cell occupancy (n= 95 of Angulogerina, see Freitas,
2019) was used to estimate the biovolume. The biovolume was converted to cell carbon content
(biomass, expressed in pgCore.ind™) using the cell density of 0.089 pgCore.pm™ proposed by
Michaels et al., (1995) as carbon conversion factor.

A polynomial regression analysis for all tests smaller than 500 pm (n = 1863), was
performed to investigate the relationship between test length and volume. This statistical
technique consisted of creating a “best fit” line through of the available data points, using a least
square method to define parameters estimates. The accuracy of the model was evaluated using
the following statistical indicators: Test F; normality residuals’ distribution and root-mean-
square error — RMSE. Relationships among biometric measures and geochemical descriptors
were tested using Spearman's rank correlation coefficient (rs) and assuming as significant
correlation p values < 0.05. The Mann Kendall Trendal Test was used to identify a possible
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tendency in the samples. The data were analyzed using PAST software version 3.25 (Hammer
et al., 2001) .

A &
h h
- v v
-
d_two d_two
Cone + half ellipsoide Uvigerinidae

V=m/12 *d_one *h *d_two

Figure 2. Geometric model applied to estimate the volume of the tests. Abbreviations: d_one = depth, d_two =
width, h = length

3.4 Results

3.4.1 Richness and Abundance of Uvigerinidae family

Uvigerinidae is second only to by Cassidulinidae as the most abundant family in the
sediment cores. The relative abundance of uvigerinids in core SIS 188 varies between 5.6 %
(20.9 ka BP) and 31.6 % (27.8 ka BP), with average ofthe 17.6%. For core SIS 249, the highest
value (30.3 %) is registered in its base (112.5 ka BP) and the lowest (9.3 %), at 59.04 ka BP,
with an average of 15.3 % (Figure 3). A total number of six uvigerinids species were identified
in the study area. Trifarina angulosa, Uvigerina auberiana, Uvigerina mediterranea, Uvigerina
peregrina, Uvigerina hispidocostata and Uvigerina dirupta in SIS 188, only Uvigerina dirupta
did not occurred in the SIS 249 core (Figure 3). Although the number of species fluctuates
throughout the cores, there is an increasing trend towards the top of the core SIS 188, with more
frequent higher richness values between 26.1 and 7.2 ka BP. The assemblage in both cores is
dominated by Trifarina angulosa. It represents more than 60% of all uvigerinids from SIS 249
(exception to 84.1 ka BP sample) and from SIS 188 samples before 20 ka BP. Abundance of
Uvigerina mediterranea, Uvigerina peregrina and Uvigerina hispidocostata increases towards
the top of SIS 188 core while the dominance of Trifarina angulosa decreases. Relative
abundance of all uvigerinids are presented in Appendix 1. (Table Al).
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Figure 3: Relative abundance of the family Uvigerinidae expressed as a percentage of the total number of
individuals in each sample, considering all taxa also richness and relative abundance of each uvigerinid species (as
a percentage of the total individuals of the family Uvigerinidae) in the cores (a) SIS 188 and (b) SIS 249.

3.4.2 Morphometric Analysis

A total of 1247 individuals from SIS 188 and 674 from SIS 249 were measured and
analyzed (Appendix 1 - Table A2; Appendix A2 — Figure Al). The specimens test length, width,
depth and elongation index were analyzed to assess its response to environmental changes
through time. Samples from the SIS 188 were generally marked by a wider range of test sizes
(individuals larger than 500 pm represent less than 5% of the uvigerinids in this core), while
samples from SIS 249 have a more restricted variability (tests larger than 500 um were not
found in this core). Although size heterogeneity throughout the cores, it is possible to identify
an increasing trend in the importance of the larger tests upwards (MIS 3 to MIS 1) in core SIS
188 (Mann Kendall Test: S = -143, p value = 0.002) and from MIS 3 to MIS 5 (towards the
base of the core) in core SIS 249 (Mann Kendall Test: S = 58, p value = 0.01).

Variations in the morphological features of the uvigerinids were also analyzed according
to the tests’ elongation index, based on width/length ratios (Appendix 2 — Figure A2). Adopting
the nominal classification proposed by Blott and Pye (2008) for sedimentary particles, 45% of
the tests from SIS 188 belong to the “not elongate” class (ratio values between 0.8 and 1.0) and
39% were classified as “slightly elongate” (values between 0.6 and 0.8). For core SIS 249, 40%
of the tests were classified as “slightly elongate”, while the remaining were considerate
“moderately elongate” (28% with values 0.4 to 0.6) and “not elongate” classes (29% with
values 0.8 to 1.0). It is possible to identify a decreasing trend (MIS 3 to MIS 1) in the elongation
values for SIS 188 (S = 141; p = 0.002; Figure 4), meaning that the tests are slightly more
elongated during MIS 1. No statistically significant trend is observed for core SIS 249 (S = -40;
p =0.078; Figure 4)
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Figure 4. Box plot showing the measures of variability (quartile method) for the biometrics descriptors (a) length,
(b) width, (c) depth and (d) elongation index in the cores SIS 188 and SIS 249.
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3.4.3 Volume, Biovolume and Biomass estimative

The measured length, width and depth of each specimen were used to calculate the test
volume based on the geometric model that best resemble the Uvigerinidae test. Test volumes
range from 7.64E+04 to 9.50E+07 pm?® (median 4.68E+05 um?®) in core SIS 188 and from
1.11E+05 to 1.41E+07 (median 6.25E+05 um?®) in core SIS 249.

The relationship between test length (um) and volume (pm?®) is plotted in Figure A3
(Appendix 2). The measures of length explain 89% of the volume variance. Polynomial
regression (2 degree) presented in Equation 1 provides the best approximation of the
relationship between test length and volume (F: 7642.5; p value < 0.05),

Volume (pm?) = 112.09*(length)? - 22462*(length) + 1.3E10°

The root mean squared error (RMSE), used as a measure of the differences between
predicted values and observed values (i.e., size of the errors of estimative) is 8. 10E5105 pm?.
This equation has general applicability for Uvigerinidae family test volume from the
measurement of a single linear dimension (i.e. test length), which implies less analytical effort.

Assuming that cell occupancy corresponds to 70.57 % of the total test volume in
uvigerinids (see Freitas, 2019), biovolumes in this study range between 5.39E+04 and
6.70E+07 pm?® with median of 3.30E+05 pm? in SIS 188 and from 7.80E+04 to 9.93E+06 pm?
with median of 4.41E+05 pum? in SIS 249. Biovolume results were converted into carbon
biomass, adopting 0.089 pg Corg um™ as cell density (Michaels et al., 1995). Accumulated
biomass represents the sum of all individual biomass of each sample. The lower accumulated
biomass values were measured in the core SIS 249, fluctuating from 0.8 pgCory at 63.3 ka BP
with a maximum of4.1 pg Corg at 78.7 ka BP and lower variability throughout the core (median
1.4 pg Corg). In contrast, SIS 188 values ranged from 1.9 pg Core (39.4 ka BP) to 55.3 pg Corg
(20.9 ka BP), with median of 5.5 pg Cor. It is worth mentioning the marked biomass increase
towards the core top (Mann Kendall Test: S = -150, p value = 0.001). During the end of the
MIS 2 and beginning of the MIS 1 the accumulated biomass values are predominantly above
10 pg Corg (Figure 5).
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Figure 5: Variability in the total biomass of uvigerinids along the time in the cores SIS 188 and SIS 249

Although SIS 188 has the highest uvigerinids accumulated biomass and relative
abundance values, no relationship was observed between these two descriptors (Figure 6). In
other words, the samples with the highest percentage of the Uvigerinidae family were not
necessarily those with the highest biomass of these taxa. For example, the samples at 20.9 ka
BP and 9.5 ka BP in SIS 188, have the highest biomass values (> 20 pg Corg) and the lowest
relative abundance values (< 15%). On the contrary, a sample from the base of SIS 249 (112.5
ka BP) has relative abundance > 30% and biomass <5 pug Corg.
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Figure 6. Relationship between accumulated biomass and relative abundance of Uvigerinidae in the cores SIS 188
and SIS 249.

3.4.4 Analyses of Correlation

A correlation analysis between biological and geochemical variables was carried out to
assess the environmental relationship with the observed morphometric and biomass patterns.
The results of the Spearman correlation analysis are presented in Table A3 (Appendix 1).
Among the variables analyzed, only carbonate biodetritic content (%), stable carbon (813Cuyig
- %o) and oxygen (6180uvig - %0) isotopic composition of Uvigerina presented a significative
correlation (p value < 0,05) with Uvigerinids biometric descriptors. Carbonate content is
negatively correlated with relative abundance of Uvigerinids (rs = -0.45, p = 0.013) and
positively with test length (rs = 0.48, p = 0.007 ). The 313Cuyig is inversely correlated with
uvigerinids abundance (rs = -0.32, p = 0.040) and elongation index (rs = -0.47, p = 0.002). The
0180uyig 1s positively correlated with the elongation index, (rs = 0.57). The 6180uyig is the only
variable correlated to the accumulated biomass (rs = 0.36). The higher ratio values in MIS 2
and MIS 1 coincides with the biomass peaks observed in SIS 188.



31

3.5 Discussion

3.5.1 Uvigerinidae species distribution as paleoceanographic indicators

According to the adopted age models, the cores embrace interglacial and glacial periods
through the Marine Isotopic Stages MIS 5 to MIS 1. During most of these periods, Uvigerinidae
plays a significant role in the total benthic foraminifera assemblage, second only to
Cassidulinidae (particularly Globocassidulina subglobosa) in abundance on both cores. Most
species of the Uvigerinidae family are considered part of the infauna. They are adapted to
organic matter-rich environments, with high bacterial concentration, and capable of living in
low oxygenated areas (Schweizer et al.,2005; Schonfeld, 2006; Das et al., 2018). These
characteristics are also described for some Cassidulinidae species (Murray, 2006; Ovsepyan et
al., 2019). The high abundances of these families, associated to other ecological proxies derived
from foraminifera studies, point to the dominance of eutrophic conditions in the study area, as
previously discussed by Rodrigues et al. (2018) and Schmitt et al. (2019).

Most of the biological descriptors analyzed in this study responded to changes in oceanic
circulation and carbon flux fluctuations during the interval from MIS 5 to MIS 1. The decrease
in the relative abundance of uvigerinids (mainly in Trifarina angulosa) upward cores is
probably related to general trend towards climate cooling from MIS 5 to MIS 2 (Petr6, 2018;
Schmitt et al., 2019). During this time interval, changes in nutrient input caused an increase in
superficial waters primary productivity, which had its peak during the MIS 2 (Schmitt et al.,
2019). These trophic conditions favored the development of epifaunal populations
(Alabaminella weddellensis and Epistominella exigua) and consequently reduced the relative
importance of infaunal species like uvigerinids in the study area.

Within the Uvigerinidae family, Trifarina angulosa is the dominant species in all samples,
except at 84.1 ka BP (SIS 249). Its dominance may suggest that this site is impacted by strong
currents, which is consistent with the absence of arborescent foraminifera (Rhadammina and
Rhizammina) observed in the samples. This finding is also commented by Yamashita et al.
(2016) for the deeper stations of the Sao Paulo Bight. According to Morigi et al. (2012) physical
parameters, especially currents, can benefit oligotypical associations dominated by resistant
species like Cibicides lobatulus, Cibicides refulgens and Trifarina angulosa. Beyond higher
energy environments, Trifarina angulosa is capable to live in cold waters and oxic to suboxic
conditions (Das et al., 2018). The decrease in the relative abundance of this species towards
the Holocene, simultaneously with the increase in the richness of uvigerinids, notably the larger
participation of Uvigerina peregrina and Uvigerina mediterranea, suggest marked changes in
paleoceanographic conditions.

Some studies have showed differences within Uvigerinidae ecological niches, bathymetric
distribution, food and substrate preferences, even though this family is generally associated to
high surface productivity, dysoxic bottom waters and organic carbon rich sediments. (Fontanier
et al., 2003; Geslin et al., 2004; Schweizer et al., 2005; Das et al., 2018). Uvigerina peregrina,
an important species in this study, is found in regions of high and sustained flux of organic
matter. It seems to feed on more degraded organic matter than Uvigerina mediterranea, which
occupies more superficial niches in the sediment probably due to its preference for fresh labile
organic matter (De Rijk et al., 2000; Schmiedl et al., 2000; Geslin et al., 2004). Uvigerina
hispidocostata is associated to high and continuous food supply, with low seasonality (Jayaraju
et al., 2010). Uvigerina dirupta and Uvigerina auberiana represent environments with low
oxygen concentrations (Wilson and Costelloe, 2011; Machain-Castillo et al., 2019). Therefore,
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the increase in richness and abundance of other Uvigerinidae species, besides Trifarina
angulosa, towards the SIS 188 core top, mainly during 20.9 to 7.2 ka BP suggest higher and
continuous organic flux during glacial periods, as well as dysoxic conditions.

3.5.1 Biometric variations of Uvigerinidae test

Studies of foraminiferal size using two (length and width) or three dimensions (plus
depth) allow to evaluate morphological ratios, volume and biomass variations and have shown
to be useful as metrics for understanding paleoceanographic changes and biodiversity dynamic
in multi-timescale patterns (Keating-Bitonti and Payne, 2016; Hsiang et al., 2016). The higher
variability in tests size observed in SIS 188 samples from MIS 2 to MIS1, simultaneously to a
richness increase, which may suggest reproductive and life strategies diversification in order to
explore the increase in food supply during glacial stages, as inferred from coccolithophorids
record (Leonhardt et al., 2013). Molina (2019) also observed differences in Uvigerina peregrina
volume and size with respect to changes in food availability. Uvigerina mediterranea and
Uvigerina peregrina optimum growth under eutrophic conditions is also reported by
Schumacher et al. (2010). On the contrary, the lower food available from MIS 5 to MIS 3 (SIS
249) can be associated to occurrence of smaller tests and high dominance of 7. angulosa.

The higher ocean surface fertility during the last glacial stage is associated with carbonate
deposition and larger uvigerinids tests, but contrasts with the decrease in uvigerinids relative
abundance. This result may reflect changes in the foraminifer’s species assemblages due to
abrupt oceanographic changes, that occurred in this period, as discussed by Schmitt et al.
(2019).

Although in stressful environments foraminifera size tend to decrease as a reproductive
strategy or an attempt to decrease metabolic demand, not all species display the same patterns
of morphological variations due to environment shifts. For example, Bolivina spissa from Santa
Monica Basin shows no test volume response to a decrease in dissolved oxygen concentrations,
while the test volume of Uvigerina peregrina increases (Keating-Bitonti and Payne, 2017).
Moreover, it is important to consider that the size distribution observed can be also influenced
by the high dominance of one species (7rifarina angulosa). Which explains the size distribution
regularity, and uniform elongation values through core SIS 249 (with no significant trends),
whereas the significant size shift in SIS 188 increases alongside the number of species.

The lowest elongation index mean value was observed for Uvigerina hispidocostata tests
(0.6), while lowest sample values (all tests combined) were found between MIS 5 to MIS 3, an
interval characterized by Trifarina angulosa dominance. Higher elongation values (0.8) are
associated to lower values of 813Cuvig (negative correlation) and higher 5180uyig (positively
correlated), suggesting that under stronger influence of CDW (cold, nutrient and 6180-
enriched, and 613C depleted water mass) predominate Uvigerinids with rounded tests.
Schweizer et al., (2005) and Schonfeld (2006) have already considered the width:length ratio
(here called as elongation index) as a significant morphological criteria in discriminating
Uvigerina morphotypes. Nevertheless, the interpretation based on isotope measurements should
be used with caution considering the factors influencing stable isotope composition of deep-sea
benthic foraminifera. The isotope variability observed within and between cores can be a result
of vital effects, changes in organic carbon sources contributing to the pore water carbon
reservoir, ontogenetic variations, among others (Loubere, 1995; Theodor et al., 2016).
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In summary, the larger size, volume and less equant uvigerinids tests observed upwards
in core SIS 188 (MIS 3 to MIS 1) may be interpreted as a morphometric proxy of more favorable
conditions, as well as a consequence of the partial replacement of the population of Trifarina
by Uvigerina.

3.5.3 Biomass measures and changes through the time

Nomaki et al. (2015) discuss alternatives to individual foraminifera biomass calculations,
among them, the test volume is mentioned either by morphometrically measuring the test
external surface (using photomicrographs acquired by stereomicroscopies or SEM - Scanning
Electron Microscope) or by mapping the inner volume with a micro-X-ray Computed
Tomography (micro-CT). The first alternative, associated with the approximation of the test
shape to a three-dimensional geometric model, proved to be efficient to identify variations in
the behavior of the accumulated biomass through glacial and interglacial periods. The test
length use for calculating volume and consequently infer biomass in Uvigerina species is also
reported by Molina (2019).

The uvigerinids biomass peaked during MIS 2, dominated by the large-sized Uvigerina
hispidocostata and Uvigerina peregrina. The data suggested that these benthic species increase
following phytoplankton blooms during the glacial periods. Nevertheless, Uvigerinidae
population density does not follow this pattern. The higher numbers of uvigerinids per sample
were found during warmer periods (MIS 5 to MIS 3), when the accumulated biomass was lower
due to the dominance of small-sized individuals of Trifarina angulosa. Inverse pattern between
biovolume and abundance was also observed by Lesen, (2005) studying seasonal distribution
of Fursenkoina pontoni in South San Francisco Bay.

Besides the abrupt increasing in the Uvigerinidae biomass observed in the present study
during the MIS 2, changes in the composition of the foraminiferal assemblages (higher
abundance of family Cibicididae) and an increasing trend in the importance of epifaunal species
towards the colder periods were observed by Schmitt et al. (2019) and Rodrigues et al. (2018)
for the same cores. These authors attributed these foraminiferal behaviors as responses to the
increase in the volume of Circumpolar Deep Water flowing through the study area. Peterson
and Lohman, (1982) also associated Uvigerina peregrina with the two branches of CDW in
cores recovered from Rio Grande Rise area and proposed that its records can be used as
indicators of past changes in the advances/retreats of the NADW and CDW. The decrease in
rich oxygen NADW influence from MIS 3 to MIS 2, allowing the oxygen-poor CDW advances
to lower latitudes (Bickert and Wefer, 1996), has affected the nature and amount of food supply
and oxygen concentration in the South Atlantic sea floor. Besides the presence of the nutrient
rich CDW during the Last Glacial Maximum, others factors such as the increasing in the
terrigenous input to continental slope due the lower sea level and strengthening of the SE winds
transporting iron-rich dust, contributed to the increasing in the superficial marine productivity,
higher influx of organic matter and dysoxia at the sea floor (Mahiques et al., 2007; Nagai et al.,
2010; Leonhardt et al., 2013). All these features may have provided different food sources for
the uvigerinids, increasing the biomass of these eutrophic species (De Rijk et al., 2000).

3.5 Conclusion



34

The higher abundance of Uvigerinidae family during all time interval covered by this
research, point to the dominance of eutrophic conditions in the study area. Nevertheless,
changes in the uvigerinids richness, species abundances, test size, and biomass through the two
cores from Southern Atlantic continental slope suggest fluctuations in the deep-sea circulation
and carbon flux during the last 112 ka, with major changes occurring in the glacial stage MIS
2.

The dominance of Trifarina angulosa and smaller tests are interpreted as indicators of
stronger currents near-bottom and less food availability for deep-sea benthos, conditions which
prevailed during interglacial stages. As the climate cooling began, at about 30 ka BP, changes
in sea level and ocean circulation (retraction of NADW and advance of CDW northwards)
promoted an increase in surficial primary productivity and consequent intensification of the
carbon flow to the bottom. During this time, there was a simultaneous increase in uvigerinids
richness and in tests size mean, with higher elongation index values and peaks of accumulated
biomass. Thus, these features may be considered as indicators of more intense and sustained
phytoplankton blooms. Uvigerina peregrina and Uvigerina hispidocostata are among the
species that were favored by the organic enrichment and dysoxic conditions of the last glacial
period.

It was demonstrated that volume measure, associated with the approximation of the test
shape to a three-dimensional geometric model and the use of computational routines to
automate the measurements and convert volume into biovolume and into biomass, allowed to
identify variations in the behavior of the accumulated biomass through glacial and interglacial
periods. To encourage other researchers to include foraminifera biomass as one more proxy in
their studies, a length-to-volume conversion equation is also proposed, which allows
satisfactory precision estimate. This alternative is aimed to researchers who do not have
equipment available to measure tests depth and/or choose to reduce the time dedicated to the
acquisition of these measures.

The results from the present study are important to show how Uvigerinidae responds to
variations in the water masses and organic flux through time, acting, therefore, as proxies for
ecological and environmental reconstructions. A greater understanding of the responses of
important taxa based on size metric and biomass may enhance our ability to interpret
micropaleontologic data and might enable us to refine the use of these proxies at higher
taxonomic levels (for example, at family level as is the case of this study) for modelling
paleoceanographic processes.
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SIS 188 10.8 50.8 0.0 13.8 24.6 10.8 0.0
SIS 188 19.5 432 0.0 40.9 11.4 4.5 0.0
SIS 188 20.9 28.7 0.0 32.7 17.8 19.8 1.0
SIS 188 224 70.3 2.7 8.1 16.2 2.7 0.0
SIS 188 23.7 71.0 6.5 0.0 19.4 3.2 0.0
SIS 188 25.2 67.4 0 21.7 10.9 0 0
SIS 188 26.1 71.8 4.2 4.2 18.3 0.0 1.4
SIS 188 27.8 75.8 3.0 10.1 7.1 4.0 0.0
SIS 188 29.9 77.4 0.0 3.2 12.9 6.5 0.0
SIS 249 30.0 91.7 2.1 2.1 4.2 0.0 0.0
SIS 188 31.1 74.5 2.1 4.3 12.8 6.4 0.0
SIS 188 32.7 84.4 0.0 0.0 0.0 15.6 0.0
SIS 188 34.1 63.9 33 18.0 0.0 14.8 0.0
SIS 188 354 77.5 0.0 15.0 7.5 0.0 0.0
SIS 188 36.7 78.8 0.0 9.6 7.7 3.8 0.0
SIS 249 37.1 87.9 0.0 3.0 9.1 0.0 0.0
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SIS 188 42.1 76.7 4.7 16.3 0.0 2.3 0.0
SIS188 43.5 90.2 0.0 0.0 7.8 2.0 0.0
SIS 188 44.8 65.2 0.0 27.3 0.0 0.0 7.6
SIS 188 46.1 73.3 0.0 6.7 20.0 0.0 0.0
SIS 249 47.2 100.0 0.0 0.0 0.0 0.0 0.0
SIS 188 47.4 63.6 5.5 3.6 27.3 0.0 0.0
SIS 249 53.3 100.0 0.0 0.0 0.0 0.0 0.0
SIS 249 59.4 95.8 0.0 0.0 4.2 0.0 0.0
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Table Al. Relative abundance of Uvigerinidae species identified in the cores SIS188 and SIS249.
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SIS 108. 17. 120.4 1E+
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6
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Table A2. Average and standard deviation of the biometrics descriptors of uvigerinids tests (n total = 1921)
analyzed in the cores SIS188 and SI1S249
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Detrital Carbonate 5 13C sl}\gllo Uvigerinidae Length Elongation Volume Accumulated
mud (%) (%) Uvig (%o) % )g % (um) Index (um®) Biomass (pgC.cm?)
00
Detrital mud (%) 0.131 0.485 0.257 0.703 0.989 0.465 0.731 0.200
Carbonate (%) -0.3 0.000 0.013 0.013 0.007 0.138 0.113 0.551
8 13C Uvig (%o) -0.1 0.7 0.002 0.040 0.256 0.002 0.883 0.653
& 180 \Uvig (%o) 0.2 -0.4 -0.5 0.107 0.481 0.000 0.144 0.020
Uvigerinidae % -0.1 -0.5 -0.3 0.3 0.269 0.061 0.783 0.878
Length (um) 0.0 0.5 0.2 -0.1 -0.2 0.192 0.000 0.000
Elongation Index 0.1 -0.3 -0.5 0.6 0.3 -0.2 0.125 0.137
Volume (um3) 0.1 0.3 0.0 0.2 0.0 0.8 0.2 0.000
Accum
Biomass (pgC.cm- 0.2 0.1 -0.1 0.4 0.0 0.7 0.2 0.9
3)

Table A3. Spearman rank correlation coefficient between morphometric descriptors and total organic carbon,
carbon and oxygen isotope ratios in the cores SIS 188 and SIS 249. (values of the rs — lower triangle; p value —

upper triangle).

N=1923



Appendix 2.

250

200

SIS 188

Frequency

O 150 300 450 600 750 900 1050 1200
Length (um)

SIS 249

Y

0 150 300 450 600 750 900 1050 1200
Length fum)

75

150 225 300 375 450 525 600
Width (um)

75

150 225 300 375 450 525 600
Width {um)

Frequency

Frequency

75 150 225 300 375 450 525 600 675
Depth (um)

75 150 225 300 375 450 525 600 675
Depth (um)

48

Figure Al. Histograms showing the distribution of the classes of size for the length, width and depth of the uvigerinids tests

measured in the cores SIS 188 (N=1247 individuals) e SIS 249 (N = 674 individuals)
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Figure A2. Histograms showing the distribution of elongation index classes of the uvigerinids tests measured in the cores SIS

188 and SIS 249.
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Figure A3: Plot of test length (um) versus volume (um3) measures showing the best-fit polynomial regression
curve and equation to describe this relationship.
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Suplementary Data — Taxonomic List
Kingdom Chromista
Subkingdom Harosa
Infrakingdom Rhizaria
Phylum Foraminifera
Class Globothalamea
Order ROTALIIDA Lankester 1885
Family UVIGERINIDAE Haeckel, 1894
Subfamily UVIGERININAE Haeckel, 1894
Genus Uvigerina d’Orbigny, 1826
Uvigerina peregrina Cushman, 1923
Uvigerina mediterranea Hotker 1932
Uvigerina hispidocostata Cushman & Todd 1945
Uvigerina dirupta Todd 1948
Uvigerina auberiana d’Orbigny 1939
Genus TRIFARINA Cushman, 1923

Trifarina angulosa Williamson, 1858

50
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3 CONCLUSAO GERAL

Esse trabalho permitiu investigar ferramentas para estimar variacdes oceanograficas e
de produtividade primaria ao longo do Quaternario tardio, contribuindo para ampliar o
conhecimento sobre os processos de transferéncia de carbono da superficie ocednica para o
fundo marinho como a bomba bioldégica, um importante regulador no clima da Terra. A
biomassa de foraminiferos bentonicos da familia Uvigerinidae, composta em sua maioria por
espécies detritivoras, ou seja, que sao afetadas pela quantidade matéria organica depositada no
fundo oceanico, se mostrou um proxie para identificar os picos de producao primaria durante o
ultimo estagio glacial. A reducdo da produtividade primaria e maior dependéncia trofica de
matéria organica refrataria levou a reduc¢do da biomassa e aumento da dominéncia de Trifarina
angulosa nos estagios interglaciais. Outros descritores bidticos obtidos a partir do estudo desta
familia, como tamanho e alongamento das testas também permitiram discutir oscilagdes na
intensidade das correntes, oxigenacgao e nos nutrientes dissolvidos decorrentes de mudangas na
distribuicao das massas de dgua atuantes na regido ao longo do tempo. Além de qualificar a
biomassa de Uvigerinidae como um proxy para inferir oscilagdes na produtividade primaria ao
longo do tempo, as caracteristicas ecologicas e morfoldgicas a nivel de familia e espécie,
também correspondem a proxies referentes a mudangas ambientais, como oscilagdes nas

correntes de fundo e identificagdo de processos sazonais na produtividade primaria.
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