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Resumo

Os pinipedes sao mamiferos marinhos que iniciaram sua historia
evolutiva no final do Oligoceno e inicio do Mioceno, com evidéncias
moleculares partindo por volta de 22,5 milhdes de anos. O grupo esta
distribuido ao longo das costas da América do Sul continental, realizando
grandes deslocamentos sazonais, principalmente a costa do Brasil com o
intuito de buscar alimentos e descanso. No entanto, fatores como as correntes
oceanicas também condicionam a chegada na regido. Atualmente, s&o
documentadas sete espécies de pinipedes para a costa brasileira, em
contrapartida, os registros fosseis do grupo sao raros e compreendem
unicamente a familia Otariidae. Este trabalho tem como obijetivo identificar os
pinipedes fosseis do Rio Grande do Sul, sua paleoecologia e relacionar o
paleoambiente. A area de estudo esta inserida nos depdsitos quaternarios da
Planicie Costeira do Rio Grande do Sul (PCRS), onde os fésseis em maior
ocorréncia sao das espécies Otaria flavescens e Arctocephalus australis.
Foram identificados 35 elementos ésseos, em sua maioria pés-cranianos,
majoritariamente umeros (31), também trés fémures e um fragmento de cranio.
Através das analises morfolégicas, 19 espécimes adultos e um juvenil de O.
flavescens foram identificados. Em relagdo a A. australis houve a identificacao
de seis espécimes adultos e para o género, nove juvenis. O beachrock aderido
ao fragmento de cranio de O. flavescens com composigdo isotopica de §'3C (-
5.01%0) e 3'80 (-3.46%0) infere a possibilidade de momentos de exposigdo e de
intensa infiltracdo de aguas metedricas durante a génese dos depdsitos nos
quais os cimentos carbonaticos precipitaram. Os resultados aumentam a
ocorréncia de espécimes fbosseis de pinipedes na costa do extremo sul
brasileiro e apresentam um fragmento inédito de cranio de O. flavescens, visto
a raridade do material. Sendo assim, o indicativo aponta que ndo houve uma

mudanca faunistica significativa em comparagao com o registro moderno.

Palavras-chave: Otariidae; Otaria flavescens; Arctocephalus australis;

Isétopos estaveis.



Abstract

The pinnipeds are marine mammals that originated in the late Oligocene
to early Miocene, with molecular evidence dating back to approximately 22.5
million years ago. The group is distributed along the coasts of continental South
America, undertaking large seasonal migrations, primarily to the coast of Brazil
in search of food and rest. However, factors such as ocean currents also
influence their arrival in the region. Currently, seven species of pinnipeds are
documented on the Brazilian coast, while fossil records of the group are rare
and consist solely of the family Otariidae. This study aims to identify the fossil
pinnipeds from Rio Grande do Sul, their paleoecology, and relate the
paleoenvironment. The study area of this article is located within the Quaternary
deposits of the Coastal Plain of Rio Grande do Sul (RSCP), where the most
common fossil finds are of the species Otaria flavescens and Arctocephalus
australis. A total of 35 bone elements were identified, mostly postcranial,
predominantly humeri (31), but also three femora, and a fragment of a skull. 19
adult specimens and one juvenile of O. flavescens were identified. Regarding A.
australis, six adult specimens were identified, and for the genus, nine juveniles.
The beachrock adhered to the fragment of O. flavescens skull, with isotopic
composition of 3'C (-5.01%0) and &'80 (-3.46%.), suggests the possibility of
exposure periods and intense infiltration of meteoric waters during the genesis
of the deposits in which the carbonate cements precipitated. The results expand
the occurrence of fossil pinniped species on the southernmost Brazilian coast
and present of O. flavescens skull fragment, which is unprecedented for the
Brazilian coast due to the rarity of the material. Therefore, the indication points
out that there was no significant faunal change in comparison to the modern

record.

Keywords: Otariidae; Otaria flavescens; Arctocephalus australis; Stable

isotopes.



Capitulo I: Introduc¢ao

Quaternario é o periodo mais curto da historia geoldgica da Terra,

dividido em Pleistoceno e Holoceno, épocas com duragbes muito

desiguais. O Pleistoceno teve seu inicio a 2,5 Ma Antes do
Presente (AP) e se prolongou até os 11.500 ka AP [Suguio, 1999]. O Holoceno
iniciou a 11.500ka AP e perdura até os dias atuais. Tal periodo é apresentado
como o0 mais numeroso em informacgdes paleoecolégicas e se caracteriza como
uma era de instabilidade climatica, e de bruscas e expressivas alteracdes
ambientais. No decorrer do seu percurso, movimentagdes tectdnicas
acompanhadas por oscilagdes relativas do nivel do mar e estagios glaciais se
sucederam. A partir do Pleistoceno Superior, os ecossistemas passaram por
diversas mudancas, influenciadas pelo resfriamento global e pelo aumento
gradativo da temperatura durante o Holoceno [Corréa, 2021]. Durante os
estagios glaciais, a expansdo do gelo marinho ao redor da Antartida
desencadeou mudancgas no clima e na geografia do Hemisfério Sul. O elevado

volume de gelo correspondeu ao baixo nivel do mar, expondo a plataforma
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continental interna e reduzindo o habitat disponivel para as espécies marinhas
costeiras. Em contrapartida, o aumento do nivel do mar concomitantemente
com eventos de degelo resultou em inundagdes da plataforma continental

[Otto-Bliesner et al. 2007; Ludt & Rocha, 2015].

Os ciclos glaciais-interglaciais coincidiram com variagdes na circulagéo
oceanica e temperatura da agua, assim como na estratificagao, distribuicdo de
nutrientes e solubilidade do CO2 na agua do mar [Thatje et al. 2008; Denton et
al. 2010]. Tais mudangas causaram impactos na biota marinha do fitoplancton
para elevados niveis troficos [Ferrari et al. 2014; Martin-Garcia et al. 2018].
Uma gama de habitats diversificados comecgou a ser utilizada pelos mamiferos
marinhos, ocupando quase todos os niveis troficos [Berta, 2008]. Dentre as
principais linhagens existentes, esta inserido o grupo dos pinipedes que
compreendem um conjunto diversificado de pelo menos sete linhagens
evolutivas distintas que desde o Oligoceno desenvolvem adaptagdes para a
vida aquatica. Os pinipedes constituem um grupo monofilético que apresenta
trés familias atuais: Otariidae, com lobos e ledes-marinhos, Odobenidae, com
morsas e Phocidae, com focas e elefantes marinhos. O grupo conta com um
registro féssil datando do Oligoceno Superior ao inicio do Mioceno e sua
origem ocorreu inicialmente no Pacifico Norte, diversificando-se posteriormente

nos demais oceanos [Rice, 2008].

1.1 Pinipedes atuais e fosseis

Os pinipedes, como carnivoros aquaticos, possuem uma ampla
distribuicdo geografica devido a facilidade na qual se deslocam pelos mares.

Algumas espécies sdo comumente encontradas no Sul e, ocasionalmente, no



Sudeste do Brasil, principalmente em periodos pos-reprodutivos. O grupo
realiza grandes deslocamentos sazonais com o intuito de buscar alimentagao e
descanso e fatores como as correntes oceanicas também condicionam a
chegada a costa brasileira [Prado et al. 2016]. De acordo com Monteiro-Filho et
al. [2021], atualmente ndao ha colénias reprodutivas de pinipedes em territério
brasileiro e as mais proximas estdo no Uruguai. Sendo assim, sé&o
documentadas sete espécies de pinipedes no sul do pais: Otaria flavescens
Shaw, 1800 (Figura 1, A), Arctocephalus australis (Zimmermann, 1783; Figura
1, B), Arctocephalus tropicalis (Gray, 1872; Figura 1, C), Arctocephalus gazella
(Peters, 1875; Figura 1, D), Mirounga leonina (Linnaeus, 1758; Figura 1, E),
Hydrurga leptonyx (Blainville, 1820; Figura 1, F), Lobodon carcinophaga

(Hombron & Jacquinot, 1842; Figura 1, G).

A) B)




Figura 1. Caracterizacdo extraida de Monteiro et al. [2021] das espécies de pinipedes
ocorrentes na costa do Rio Grande do Sul na atualidade, destacando o dimorfismo sexual da
maioria delas.

Prado et al. [2016] observaram que as espécies mais frequentes no
litoral do Rio Grande do Sul sdo A. australis e O. flavescens, seguidas por A.
tropicalis e reportaram a incidéncia de espécimes vivos e mortos de ambos os
taxons entre os anos 1976 e 2013. Contudo, estudos mais amplos demonstram
que no passado geologico os pinipedes apresentavam maior riqueza de
espécies em alguns grupos, assim como diferentes ecomorfologias, tamanho
corporal e distribuicdo geografica [Berta et al. 2018; Velez-Juarbe & Salinas-
Marquéz, 2018]. As comparagdes de fauna sugerem que a ascensao e queda
de diferentes subclados do grupo de pinipedes sao provavelmente
dependentes de mudangas oceanograficas e disponibilidade de habitat ao
longo do tempo geoldgico [Boessenecker, 2013; Valenzuela-Toro et al. 2013;
Velez-Juarbe, 2017]. Entretanto, registros fésseis de pinipedes na costa do
Brasil sdo raros, compreendem principalmente a familia Otariidae e ndo ha
reportes sobre o0 seu contexto paleoecologico e paleoambiental [Oliveira &

Drehmer, 1997; Drehmer & Ribeiro, 1998; Rodrigues et al. 2004]. No trabalho
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mais recente que aborda fdsseis de pinipedes em territorio brasileiro,
Rodrigues et al. [2004], citam que nos depdsitos do Pleistoceno na costa sul do
Brasil, o registro de carnivoros pinipédios é escasso e que maiores estudos da
fauna marinha, principalmente dos mamiferos, serdo necessarios para que
futuramente se possa correlacionar com outras faunas sul-americanas. No
trabalho supracitado, o grupo foi registrado para o Quaternario no litoral gaucho

com base em material dos géneros Arctocephalus e Otaria.

O registro fossil, no entanto, é fundamental para entender os efeitos das
alteragdes ambientais sobre os mamiferos marinhos ao longo do tempo e pode
fornecer informacdes sobre a evolucédo, distribuicdo e extingdo das espécies
[Fordyce, 2009]. Neste sentido, a possivel presenca de carbonatos aderidos
aos fosseis permitem a analise de isotopos estaveis de carbono (3'3C) e
oxigénio (8'0) para inferéncias paleoceanograficas, possibilitando
compreender o ambiente marinho no passado [Panarello et al. 2021]. Os
elementos Osseos de pinipedes representados por umero, fémur e cranio
(Figura 2) sao especialmente uteis para tais estudos, porque exibem
morfologias que sao diagnosticaveis ao nivel de género e/ou espécie [Sanfelice

& Ferigolo, 2008; Borella et al. 2018].
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Figura 2. Caracterizagado da anatomia éssea de um otariideo, destacando o cranio, na cintura
escapular o umero, e na cintura pélvica o fémur, elementos fundamentais na identificagdo

taxondmica. Adaptado de Goldfinger [2004].

1.2 Ocorréncias de pinipedes féosseis na América do Sul

Atualmente, os géneros Otaria e Arctocephalus estao distribuidos ao
longo de todas as costas sul-americanas, desde o Equador ao Cabo Horn do
Chile no Oceano Pacifico, e do sul do Brasil ao sul da Argentina no Oceano
Atlantico [Cozzuol, 1996]. O registro mais antigo conhecido da familia na
América do Sul é do Plioceno Superior e Pleistoceno Inicial, localizado na
Formagédo Pisco do Peru, representado pelo otarideo primitivo Hydrarctos
lomasiensis, sendo até o momento, o registro féssil mais antigo desta familia
no Hemisfério Sul [Muizon, 1978]. Ha alguns relatos de otarideos do
Pleistoceno da Argentina, mas a atribuicdo taxondmica é duvidosa [Valenzuela-

Toro et al. 2010b]. O registro fossil de Otariidae do Chile é fragmentario e



esparso e a proveniéncia estratigrafica ndo pdde ser estabelecida com preciséo
[Valenzuela-Toro et al. 2010b; Sepulveda et al. 2011]. Entretanto, no
Quaternario do Brasil, tanto individuos do género Arctocephalus e da espécie
O. flavescens foram relacionados através de elementos, tais como umeros,
astragalo, metacarpo e osso temporal [Oliveira & Drehmer, 1997; Drehmer &

Ribeiro, 1998; Rodrigues et al., 2004].

Os dados de ocorréncia relatados juntamente com o registro fossil
conhecido de pinipedes na América do Sul mostram uma distribuicao
geografica diferente de otarideos e focideos durante o periodo Nedgeno
(Figura 3). O registro de pinipedes do Mioceno Médio ao Plioceno Inicial no
sudeste do Oceano Pacifico é representado pelos géneros Piscophoca,
Acrophoca, Australophoca e Hadrokirus, do Mioceno Superior da Formagao
Bahia Inglesa do Chile e da Formagéo Pisco no Peru [Valenzuela et al. 2009;
2015; Amson & Muizon, 2014], ambas formagdes produziram varias espécies
de vertebrados marinhos, incluindo, pelo menos, quatro espécies de pinipedes
e ainda varias espécies e morfotipos permanecem por descrever [Valenzuela &
Pyenson, 2019], estando entre os registros de mamiferos marinhos foésseis
mais ricos do mundo. Em contraste com a Bacia do Pacifico Norte, nem
otarideos nem odobenideos foram relatados neste intervalo na América do Sul

[Muizon, 1981; Walsh & Naish, 2002].
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Figura 3. Mapa mostrando as ocorréncias de pinipedes fésseis na América do Sul modificado

de Valenzuela-Toro et al. [2013].
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Valenzuela-Toro et al. [2013] relatam que os restos cranianos e pos-
cranianos indeterminados da familia Otariidae além de restos atribuidos a
Otaria cf. flavescens do final do Pleistoceno no Estratos de Caldera sdo os
registros inequivocos mais antigos desta familia no Chile. Junto ao material da
familia Phocidae do Plioceno inferior da Formagao Bahia Inglesa, essas
ocorréncias agregadas do Chile fornecem novos dados estratigraficos sobre o
momento da rotatividade da fauna de pinipedes na América do Sul.
Especificamente, esses dados restringem o periodo de transicdo entre os
focideos e os otarideos ao final do Plioceno até o meio do Pleistoceno

[Valenzuela-Toro et al. 2013].

No entanto, em um aspecto geral, as mudancas ambientais que
aumentam a distribuicdo e abundancia da produtividade primaria foram,
provavelmente, fatores determinantes na condugao da diversidade taxondmica
e ecoldgica de pinipedes nos ambientes costeiros e pelagicos [Slater et al.
2017]. A mudanga evolutiva na fauna austral de pinipedes do final do
Cenozoico também pode ser diretamente comparada com registros
contemporaneos de grandes vertebrados marinhos de outros sistemas de
ressurgéncia marinha em todo o mundo, podendo revelar tendéncias ou
padroes evolutivos comuns na estrutura das comunidades marinhas ao longo
do tempo geoldgico. Sendo assim, outros vertebrados marinhos, como aves
oceanicas, condrictes e cetaceos, exibem um padrdao semelhante com uma
reestruturacdo em sua diversidade e distribuicdo durante a transigdo do
Plioceno para o Pleistoceno, apontando para o forte potencial de fatores
abidticos na evolugdo desses grupos [Fordyce et al., 2002; Boessenecker,

2011; Villafana & Rivadeneira, 2014]. Portanto, pesquisas que considerem
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tanto a riqueza quanto a abundancia das assembleias de grandes vertebrados
marinhos sao fundamentais para compreender melhor a paleoecologia dos
mamiferos marinhos nas cadeias alimentares oceénicas [Pyenson et al.,

2014b; Kelley & Pyenson, 2015].
1.3 Area de estudo

A planicie costeira do estado do Rio Grande do Sul (PCRS, Figura 4) é
uma unidade geomorfologica com extensdo de 620 km, localizada
precisamente entre 29° e 35° de latitude Sul e 48° e 53°30' de longitude Oeste.
E considerada uma das quatro provincias costeiras do estado que permanece
acima do nivel do mar. Corresponde a por¢ao superior da Bacia de Pelotas,
que possui espessura maxima de 10 km, originada através da erosdo de
rochas do embasamento pré-cambriano e paleozoico, que forneceram a
principal fonte de sedimentos para sistemas deposicionais do tipo Laguna-
Barreira durante o Quaternario [Closs, 1970]. Estes sistemas deposicionais
foram controlados por mudangas no nivel do mar iniciadas por ciclos glaciais-
interglaciais, e sdo denominados como sistema Laguna-Barreira |, Il, lll e IV, no
qual cada um representa uma fase maxima de transgresséo marinha [Villwock

& Tomazelli, 1995; Tomazelli et al. 2000].

As oscilagdes de paleoniveis do mar abaixo do atual durante o
Quaternario tém sido caracterizadas por rupturas de pendentes dos fundos
oceanicos que foram formadas durante a estabilizagcao dos paleoniveis marinho
no desenvolver da dindmica dos processos transgressivos. A plataforma
continental do estado do Rio Grande do Sul esteve tectonicamente estavel

durante o Quaternario e foi submetida ao movimento de soerguimento bastante
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suave em épocas mais recentes [Corréa, 1986]. Os estudos dessa plataforma
continental mostrou que varias escarpas submersas, com vertentes mais
acentuadas, representam posicoes de estabilizagdo de antigos niveis do mar
que se apresentam continuas sobre toda a plataforma continental e se
encontram situadas a profundidades de -20/-25 m, -32/-45 m, -60/-70 m, -100/-
110 m e -120/-130 m. No entanto, foi proposto que o paleonivel de -120/-130 m
representa o limite de regressdo maxima, de idade pleistocénica tardia e
corresponde ao Ultimo Maximo Glacial (UMG) ha cerca de 17.500 ka AP

[Corréa, 1986, 1990, 1996].

-54°0'0.00" -53°0'0.00" -52°0'0.00" -51°00.00"

-31°0'0.00”
-31°0'0.00"

RIO GRANDE
DO SUL

-32°0'0.00”
-32°0'0.00"

Atlantico
Sudoeste

-33°0'0.00”
-33°0'0.00"

; 1 ka 17.5ka
-54°0'0.00" -53°0°0.00" -52°0'0.00” -51°0°0.00”

Figura 4. Mapa geoldgico simplificado da PCRS baseado em Corréa [1996], mostrando a
localizagdo da area de estudo na Planicie Costeira do Rio Grande do Sul (representada pela

porgédo em cinza claro), que compreende uma regido que se estende desde a praia do Cassino,
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no municipio do Rio Grande, até a praia Hermenegildo, no municipio de Santa Vitéria do
Palmar.

No decorrer das fases transgressivas e regressivas, desenvolveram-se e
desapareceram paleoambientes, sendo sua existéncia preservada na forma de
indicadores de paleoniveis marinhos e de paleolinhas costeiras que refletem o
deslocamento horizontal da linha de costa resultante das variagdes verticais do
nivel do mar. Através de beachrocks, paleolinhas de costa submersas foram
formadas e atualmente, sdo muito utilizadas como evidéncias de paleoniveis do
mar abaixo do atual [Corréa, 1996; Bezerra et al. 2008]. Estas paleolinhas
possuem diferentes estagios isotopicos marinhos (EIM) que marcam ciclos
glaciais-interglaciais, provenientes das oscilagbes do nivel do mar no
Quaternario, originando diferentes depdsitos biodetriticos pleistocénicos que
atualmente se encontram submersos e abrigam uma grande quantidade de
fésseis, que eventualmente, sdo trazidos da plataforma continental interna a
superficie pelas redes de pesca [Buchmann & Rincon-Filho, 1997]. Também
sao encontrados elementos na linha de praia atual, como resultado do
retrabalhamento de depdsitos lagunares pleistocénicos da plataforma
continental adjacente, através das flutuagbes do nivel do mar no Holoceno
Médio e por processos hidrodindmicos atuais, tais como deriva litoranea e acao

de ondas [Rodrigues et al. 2004; Angulo & Souza, 2014].

A curva paleoclimatica proposta por Servant [1984], observa que no final
da regressao pleistocénica e inicio da transgressao holocénica, aos 17.500 ka
AP, o clima se apresentava frio com uma leve variagédo. Ja de 16.000 a 11.000
ka AP, caracterizou-se um periodo interglacial. Um novo periodo glacial

ocorreu entre 11.000 e 9.000 ka AP, ocasionando uma nova subida do nivel do
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Profundidades (m)

mar, mas neste meio tempo, houve um momento curto de clima frio,
provocando uma pequena regressao, com uma nova estabilizagdo do nivel
marinho. De 5.000 a 3.500 ka AP o clima varia de umido mais quente a frio e a
partir dos 3.500 ka AP comegou a mudar para temperado quente, elevando a
temperatura e aumentando os portes florestais, concomitantemente com os rios
e as redes de drenagem se acentuando. Sendo assim, durante os periodos de
clima frio, a velocidade de subida do nivel do mar diminuiu ocasionando com
isso a estabilizacdo da linha de costa. Com base na curva eustatica (Figura 5)
também ¢é possivel reconhecer trés fases de evolugdo paleogeografica na
durante a dultima fase

plataforma continental do Rio Grande do Sul,

transgressiva entre 17.500 e 6.500 ka AP [Corréa, 1990, 1996].

IDADE X 1000 ANOS AP
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I+ 1+

280 anos

Desvio padrao médio

Figura 5. Curva eustatica do nivel do mar da plataforma continental do Rio Grande do Sul,
Brasil. Adaptado de Corréa [1990].

No contexto geografico atual, o litoral do Rio Grande do Sul ndo possui
promontérios rochosos vulcanicos, exceto no extremo norte. As praias
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dominadas por ondas variam de intermediarias a dissipativas e sdo controladas
pela Corrente das Malvinas, que transporta as aguas da plataforma
subantartica para o norte, bem como pela Corrente do Brasil, que transporta as
aguas tropicais para o sul do Atlantico Sul central [Dillenburg et al. 2009;
Calliari & Toldo, 2016]. As descargas do Rio da Prata e da Lagoa dos Patos
também sao influentes, com a Lagoa dos Patos sendo estabelecida pelo
Pleistoceno Superior (120.000 ka AP), como evidenciado pela Laguna-Barreira
Il [Tomazelli et al. 2014]. Porém, tanto no passado quanto no presente, a
confluéncia das correntes oceanicas do Brasil e das Malvinas que junto as
descargas de agua doce de ambos os rios resultam em uma alta produtividade
que se torna atrativa para a megafauna marinha [Pavanato et al. 2012]. Sob a
influéncia de tal confluéncia estd a PCRS formada por sedimentos dos
periodos Nedégeno e Quaternario, caracterizada por ter o mais amplo e
completo registro geoldgico do Quaternario em territorio nacional [Tomazelli et
al. 2000; Modller Jr et al. 2008], que possui aspectos favoraveis a preservacao
de fdsseis, possibilitando a ocorréncia de uma fauna abundante na regido
durante as épocas do Holoceno e Pleistoceno. Sabe-se, portanto, que tais
materiais derivam de depdsitos submersos formados em paleolinhas de costa

durante as oscilagdes do nivel do mar no periodo Quaternario.
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Capitulo Il: Objetivos

objetivo geral desta dissertagdo consiste em realizar inferéncias
sobre a paleoecologia e o paleoambiente dos pinipedes que
ocorreram na PCRS que estdo presentes na colecdo do
Laboratério de Geologia e Paleontologia (LGP) da Universidade Federal do Rio
Grande — (FURG) e também do Museu de Ciéncias Naturais da Secretaria do
Meio Ambiente e Infraestrutura do Rio Grande do Sul — (MCN/SEMA-RS). Para

tanto, os seguintes objetivos especificos foram alcangados:

a. ldentificar e descrever morfologicamente os elementos fosseis para o

reconhecimento da ecologia de pinipedes pleistocénicos;

b. Analisar se os fosseis de pinipedes representam os géneros/espécies

atuais presentes na regidao da PCRS;
c. Verificar possiveis mudangas de ocorréncia geografica de pinipedes;

d. Inferir na medida do possivel as condi¢des ambientais estabelecidas

no periodo Quaternario.
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Capitulo lll: Materiais e Métodos

3.1 Materiais

s elementos fosseis de pinipedes estudados e descritos foram

coletados por pesquisadores do LGP da FURG e pesquisadores

da Secgado de Paleontologia do MCN/SEMA-RS. Estes elementos
passaram por um processo de triagem e receberam um numero de
tombamento acompanhado dos acrénimos LGP/U, onde LGP indica sigla do
laboratorio e U referente a ordem Carnivora e MCN-PV que indica a sigla da
Colecédo de Paleovertebrados do Museu de Ciéncias Naturais do Rio Grande
do Sul. Tais materiais foram coletados desde a década de 1990 até o ano de
2022, a partir de saidas de campo, especialmente nas praias do Cassino,
Hermenegildo e Concheiros do Albardao localizadas nos municipios de Rio
Grande e Santa Vitéria do Palmar, respectivamente, ao longo do setor sul da

Planicie Costeira do Rio Grande do Sul.
3.2 Metodologia
3.2.1 Identificagao e descrigdo morfolégica dos ossos fosseis

Houve a identificacdo de 35 elementos &sseos, incluindo umeros,
fémures e um fragmento de cranio junto a revisdo do material identificado e
estudado pertencente ao Museu de Ciéncias Naturais da Secretaria do Meio
Ambiente do Rio Grande do Sul (MCN/SEMA-RS). Estes foram comparados
com os esqueletos e cranios de pinipedes atuais depositados no acervo do

Laboratorio de Ecologia e Conservagdo da Megafauna Marinha (ECOMEGA)
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da FURG e também do MCN/SEMA-RS, visando a determinagao das espécies

e 0 possivel sexo dos espécimes fosseis.

Para a identificacdo taxonémica dos pinipedes, foram utilizados como
referéncia 43 ossos de espécimes atuais que proporcionaram uma visualizagao
tridimensional que permitiu a comparacao de caracteres. Além disso, foram
realizadas analises a olho nu de elementos osseos isolados, sendo medidas
com a utilizacdo de paquimetro digital (margem de erro de 0,02mm) e
comparados com espécimes existentes além da bibliografia especializada que
auxiliou na descricdo morfologica (Figuras 6, 7, 8, 9, 10; Tabelas 1, 2, 3)
[consultar Garcia, 2003; Sanfelice & Ferigolo, 2008; Sepulveda et al. 2011;

Borella et al. 2018 para uma descricéo osteoldgica detalhada das espécies].
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Figura 6: Umero direito, face cranial e face caudal de Otaria flavescens (O) adaptado de
Garcia [2003]. c: capitulo; cd: crista deltopeitoral; ch: cabega; csl: crista supracéndilo lateral; I:
epicondilo lateral; m: epicondilo medial; fo: fossa do olecrano; le: labio externo da tréclea; li:
labio interno da tréclea; tm: tubérculo maior; tmi: tubérculo menor; 1, 2, 3 e 4: descritos na

Tabela 1. Escala =5 cm.

Figura 7: Umero direito, face cranial e face caudal de Arctocephalus australis (A) adaptado de
Garcia [2003]. c: capitulo; cd: crista deltopeitoral; ch: cabega; csl: crista supracondilo lateral; I:
epicondilo lateral; m: epicondilo medial; fo: fossa do olecrano; le: labio externo da tréclea; li:
labio interno da tréclea; tm: tubérculo maior; tmi: tubérculo menor; 1, 2, 3 e 4: descritos na

Tabela 1. Escala =5 cm.

Tabela 1: Caracteres discriminantes nos umeros que podem ser observados nos elementos

depositados nos acervos do LGP-FURG, MCN/SEMA-RS e ECOMEGA-FURG.

Arctocephalus Otaria
1) Sulco intertubercular Sim Nao
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fechado pela projegéo
do tubérculo maior
2) Superficie plana e

triangular na face cranial Sim Nao
do tubérculo maior
3) Limite da superficie Em direcio a base do Préoximo ao apice do
articular da cabeca tubérculo maior tubérculo menor
Proximal no labio interno
4) Convexidade do limite da troclea Proximal (ndo diferem)
da superficie articular Distal no Iabio externo
da tréclea

5) Morfologia triangular

Isosceles Equilatero
da fossa do olecrano

Figura 8: Os fémures de Otaria flavescens (O) e Arctocephalus australis (A) adaptados de
Garcia [2003]. Face caudal, f1: caractere 1; f2: crista, caractere 2; cm: condilo medial; cof:
cabeca; f: fossa do trocanter, f3: caractere 3; tm: trocanter maior; tmi: trocanter menor; f4:
depressdao em Arctocephalus australis e arredondamento em Otaria flavescens na lateral do

condilo medial direito. Escala = 5 cm.

Tabela 2: Caracteres discriminantes nos fémures que podem ser observados nos elementos

depositados nos acervos do LGP-FURG, MCN/SEMA-RS e ECOMEGA-FURG.
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Arctocephalus Otaria

1) Projecao caudal do

trocanter maior (norma Menos perceptivel Mais perceptivel
proximal)
2) Crista entre a cabeca
e trocanter maior Sim Nao

(norma caudal)

3) Borda distal da

, Menos marcado Mais marcado
tréclea
4) Depressao na norma
medial do céndilo Sim Nao
medial
5) Largura da fossa Menor Maior

intercondilar

Figura 9: Caracterizagéo da visao dorsal e ventral do cranio de Otaria flavescens destacando a
porcao palatal. ap: apdfise pré-orbital; cnd: crista nucal dorsal; cpa: constricao pds-orbital; cs:
cristas sagitais; f: frontal; n: nasal; on: orificio nasal externo; pfm: processo frontal do maxilar;
p: parietal; ps: processo supraorbital; a: alisfendide; b: basioccipital; bt: bula timpanica; bs:
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basisfendide; fi: forame incisivo; ff: fossa faringea; fh: forame hipoglosso; flp: forame lacerado
posterior; fla: fossa mandibular; lh: |[Amina horizontal do palatino; mp: processo palatino do

maxilar; tu: tubérculo faringeo. Escala = 5 cm.

Figura 10: Caracterizagdo da visao dorsal e ventral do cranio de Arctocephalus australis
destacando a porgao palatal. ap: apoéfise pré-orbital; end: crista nucal dorsal; cpa: constricdo
pds-orbital; cs: cristas sagitais; f: frontal; n: nasal; on: orificio nasal externo; pfm: processo
frontal do maxilar; p: parietal; ps: processo supraorbital; a: alisfendide; b: basioccipital; bt: bula
timpéanica; bs: basisfendide; fi: forame incisivo; ff: fossa faringea; fh: forame hipoglosso; flp:
forame lacerado posterior; fla: fossa mandibular; lh: ldmina horizontal do palatino; mp:

processo palatino do maxilar; tu: tubérculo faringeo. Escala = 5 cm.

Tabela 3: Descrigdo generalizada da diferenga morfolégica entre os crénios de Otaria
flavescens e Arctocephalus australis que podem ser observados nos elementos depositados

nos acervos do LGP-FURG, MCN/SEMA-RS e ECOMEGA-FURG.

Arctocephalus Otaria
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Comparagéo quanto
aos aspectos gerais

@) cranio de
Arctocephalus australis é
notadamente mais
delicado que o de O.

flavescens, no que se
referem as principais
diferencas. O rostro é

mais alongado e afilado.
O palato é menos
cbncavo, mais curto e de
largura  constante. A
oOrbita e
proporcionalmente maior,
mais larga e menos alta.
A constricao pés-orbital é
mais retilinea. A
vacuidade orbital possui
contornos mais
irregulares. 0] arco
zigomatico é mais baixo

e mais uniforme nos
contornos. A  porcao
craniana propriamente
dita é proporcionalmente
maior. As cristas
cranianas sa0 menos
desenvolvidas. 0]
occipicio € triangular em
funcao do menor

desenvolvimento das
cristas sagital e nucal
dorsal.

Comparativamente, o]
rostro de espécimes de
Otaria flavescens é curto
e marcadamente largo,
particularmente na regiao
dos caninos. O palato
0sseo é largo e muito
longo aos demais
géneros de Otariidae.
Apresenta-se
acentuadamente céncavo
de forma latero-lateral,
sobretudo nos machos. A
orbita é grande,
arredondada e
geralmente mais alta do
que larga, sendo
proporcionalmente maior
nas fémeas. A vacuidade
orbital €& de grandes
proporgoes. O arco
zigomatico é algo sinuoso
e obliquo meédio-
lateralmente. A porgcao
craniana propriamente
dita é aproximadamente
trapezoidal,
particularmente nos
machos. A fossa temporal
estd bem definida. A

crista nucal dorsal
determina para o]
occipicio uma forma

quadrangular nos machos
e dorsalmente mais
arredondada nas fémeas.

3.2.2 Analise de is6topos estaveis

A amostra rochosa utilizada estava aderida ao fragmento do cranio de

um espécime de Otaria flavescens e foi analisada no espectrémetro de massa
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de fonte gasosa, Delta V Advantage — Gas Bench 2 da Thermo Scientific™, nas
dependéncias do Laboratério de Geologia Isotopica, na Universidade Federal
do Rio Grande do Sul (UFRGS). Para o preparo da amostra e analise, uma
quantidade de aproximadamente 300 pug da mesma foi adicionada e
pulverizada dentro de um tubo de vidro de 12 ml, com tampa de plastico e

septo de silicone.

No amostrador do equipamento a amostra e padrdes analiticos utilizados
para a analise da batelada, foram organizados. Os padrdes utilizados foram:
NBS18 (8'3C = -5,01 %ovros; 8'80 = -23,20 %oveos), IAEA CO1 (8'3C = 2,49
%ovrDB; 8180 = -2,40 %ovroB), REI 1 (8'3C = -7,85 %ovroB; 880 = -7,90 %ovrDB) €

BSB (3'3C = 2,10 %ovrps; 5'80 = -2,00 %ovrDB).

Apos, a amostra e padroes passaram pelo procedimento de Flush, que
consiste na substituicdo do ar atmosférico do tubo que contém a amostra pelo
gas inerte He (99,999% de pureza). Em seguida, aproximadamente trés gotas
de acido fosforico concentrado e isento de umidade, foram adicionados no tubo

para reagir com a amostra de carbonato, de acordo com a seguinte equagao:
CaCOs (s) + 2 H3POu4q) = Cas(POa)2y + 3CO2g) + 3H20(1)

O tempo de reacao para a amostra foi de uma hora na temperatura de
70°C. A partir disso, o gas de CO2 produzido no tubo, a partir da referida

reacao, foi analisado.
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Capitulo IV: Artigo Cientifico

ara a obtengdo do titulo de Mestre pelo Programa de Pos-

Graduagdo em Oceanologia, é requerido que o discente realize a

submissao de pelo menos um artigo cientifico como primeiro autor
em periddico com corpo indexado. Desta forma, os resultados da pesquisa
desenvolvida durante o periodo de mestrado e a discussdo dos resultados
serdo apresentados em forma de um artigo. O manuscrito, de autoria de
Cristian Yan Montana da Rocha, Silvina Botta, Amanda Goulart Rodrigues e
Paula Dentzien-Dias, é intitulado “Quaternary pinnipeds from southern
Brazil: paleoecological and paleoenvironmental inferences” e foi submetido
para publicacdo no peridédico “Journal of South American Earth Sciences”
(Qualis-CAPES A2 na area de Geociéncias) e abordara as identificagdes,
descrigdes anatdbmicas e morfoldgicas dos elementos de pinipedes fésseis,
além de inferir o paleoambiente. A formatacao esta de acordo com o solicitado

pela revista.
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Abstract

Pinnipeds are marine mammals that began their evolutionary history during the
Late Oligocene and Early Miocene, with molecular evidence starting around
22.5 million years. This group is distributed along the coasts of continental
South America, with large seasonal displacements, especially towards the
Brazilian coast seeking food and rest. However, factors such as ocean currents
also control their arrival in the region. Currently, seven modern pinniped species

are reported along the Brazilian coast. On the other hand, fossil records of this
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group are rare and comprise only the family Otariidae. This article aims to
identify the fossil pinnipeds from southern Brazil, their paleoecology and relate
the paleoenvironment. The study area of the present investigation
encompasses Quaternary deposits of the Southern Brazil Coastal Plain, where
the most frequent occurrences of fossils belong to the species Otaria flavescens
and Arctocephalus australis. A total of 35 bone elements were identified, mostly
postcranial, predominantly humeri (31), but also three femora, and a fragment
of a skull. 19 adult specimens and one juvenile of O. flavescens were identified.
Regarding A. australis, six adult specimens were identified, and for the genus,
nine juveniles. The beachrock adhered to the skull fragment of O. flavescens
presented isotope composition of &'3C (-5.10%c) and 3'80 (-3.46%.), which
suggests the possibility of moments of exposure and intense infiltration of
meteoric water during the genesis of the deposits, when carbonate cements
precipitated. The results expand the occurrence of fossil pinniped species on
the southernmost Brazilian coast and present of O. flavescens skull fragment,
which is unprecedented for the Brazilian coast due to the rarity of the material.
Therefore, the indication points out that there was no significant faunal change

in comparison to the modern record.

Keywords: Otariidae; Otaria flavescens; Arctocephalus australis; Stable

isotopes.

1. Introduction

During the Quaternary, glacial-interglacial cycles coincided with changes in
ocean circulation, water temperature, stratification, nutrient distribution, and
CO:2 solubility in seawater (Thatje et al. 2008; Denton et al. 2010). Such
changes caused impacts on the marine biota, ranging from phytoplankton to
high trophic levels (Ferrari et al. 2014; Martin-Garcia et al. 2018). A range of
diversified habitats began to be used by marine mammals, occupying almost all
trophic levels (Berta, 2008). Among the main existing lineages is the pinniped
group (order Carnivora), which consists of a diverse set of at least seven

evolutionary lineages that developed adaptations for aquatic life, forming a
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monophyletic group that presents three current families: Otariidae, represented
by sealions and fur seals; Odobenidae, represented by walruses; and Phocidae,
represented by seals and elephant seals. The fossil record of the pinniped
group dates back to the Late Oligocene and Early Miocene, initially originating

in the North Pacific, later spreading to the other oceans (Rice, 2008).

These aquatic carnivores present wide geographical distribution because they
can easily move across seas. The group seasonally moves to different places
looking for food and rest, and factors such as ocean currents also condition
their arrival to the coast (Prado et al. 2016). Currently, there are no reproductive
colonies of pinnipeds within Brazilian territory, the closest ones are located in
Uruguay. In total, seven pinniped species are recorded for the southern
Brazilian coast: Otaria flavescens (Shaw, 1800), Arctocephalus australis
(Zimmermann, 1783), Arctocephalus tropicalis (Gray, 1872), Arctocephalus
gazella (Peters, 1875), Mirounga leonina (Linnaeus, 1758), Hydrurga leptonyx
(Blainville, 1820), and Lobodon carcinophaga (Hombron and Jacquinot, 1842)
(Monteiro-Filho et al. 2021). Prado et al. (2016) reported the incidence of live
and dead individuals between 1976 and 2013 along the eastern coast of South
America and observed that the most frequent species were A. australis and O.

flavescens, followed by A. tropicalis.

Studies have shown that pinnipeds were different in the geological past and
presented a higher richness of species in some groups, as well as different
ecomorphologies, body sizes, and geographic distributions (Berta et al. 2018;
Velez-Juarbe and Salinas-Marquéz, 2018). Faunal comparisons suggest that
the rise and fall of various subclades of the group are probably dependent on
changes in oceanographic and habitat availability throughout geological time
(Boessenecker, 2013; Valenzuela-Toro et al. 2013; Velez-Juarbe, 2017).
However, pinniped fossil records along the Brazilian coast are rare, they mainly
consist of the Otariidae family, and there is no information on the
paleoecological and paleoenvironmental context of this group (Oliveira and
Drehmer, 1997; Drehmer and Ribeiro, 1998; Rodrigues et al. 2004).

Fossil records, however, are essential to understand the effects of

environmental changes on marine mammals over time and can provide
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information on the evolution, distribution, and extinction of species (Fordyce,
2009). Therefore, the possible presence of carbonates adhered to fossils allows
to analyze carbon (3'3C) and oxygen (5'80) stable isotopes in order to make
paleoceanographic inferences, thus allowing to understand the marine
environment of the past (Panarello et al. 2021). Some pinniped bone elements,
such as the humerus, femur, and skull, are especially useful for these studies
because they present diagnostic morphologies at genus and/or species level
(Sanfelice and Ferigolo, 2008; Borella et al. 2018). In the present study,
therefore, we described a number of fossil elements recovered from the
southern Brazilian coastal plain and discussed paleoecological and

paleoenvironmental implications.

2. Geological setting

The Rio Grande do Sul coastal plain (RSCP, Fig. 1), southern Brazil, is a 620-
km long geomorphological unit, located precisely between 29° and 35° latitude
south and 48° and 53°30' longitude west. It corresponds to the upper portion of
the Pelotas Basin, southern Brazil, which reaches a maximum thickness of 10
km, and which originated from the erosion of Precambrian and Paleozoic
basement rocks that provided the main source of sediments for lagoon-barrier
depositional systems during the Quaternary (Closs, 1970). These depositional
systems were controlled by sea-level changes driven by glacial-interglacial
cycles and are called Lagoon-barrier 1, Il, lll, and IV, where each one represents
a phase of maximum marine transgression (Villwock and Tomazelli, 1995;
Tomazelli et al. 2000).

Changes in paleo sea levels below the current one during the Quaternary have
been characterized by ruptures in ocean floor slopes that were formed during
the stabilization of paleo sea levels throughout the development of
transgressive process dynamics. The continental shelf of the state of Rio
Grande do Sul has been tectonically stable during the Quaternary and
underwent a very mild uplift during more recent times (Corréa, 1986). Studies in
this portion of the continental shelf showed that several underwater cliffs, with

high-degree slopes, represent the stabilization positions of ancient sea levels,
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and occur continuously across the continental shelf, located at depths of -20/-25
m, -32/-45 m, -60/-70 m, -100/-110 m, and -120/-130 m. However, the paleo
level at -120/-130 m was proposed to represent the limit of maximum
transgression, during the late Pleistocene, and corresponds to the Last Glacial
Maximum (LGM) approximately 17,500 ka BP (Corréa, 1990, 1996).

-54°00.00” ~53°0'0.00" -52°0'0.00" -51°0'0.00"

-31°0'0.00"
-31°0'0.00"

RI10 GRANDE
DO SUL

-32°0'0.00"
-32°0'0.00"

-33°0'0.00"

-33°0'0.00"

_11ka 17.5ka
-54°0'0.00" -53°0°0.00" -52°0'0.00" -51°0'0.00"

Figure 1: Simplified geological map of the Rio Grande do Sul coastal plain,
based on Corréa (1996).

The paleoclimate curve proposed by Servant (1984), shows that at the end of
the Pleistocene regression and beginning of the Holocene transgression,
around 17,500 ka BP, the climate was cold with a mild variation. In turn,
between 16,000 and 11,000 ka BP, a characteristic interglacial period was
installed. A new glacial period occurred in 11,000 and 9,000 ka BP, causing a

new sea-level regression. However, in the meantime, a short cold climate
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period occurred, leading to a small regression and a new sea-level stabilization.
Between 5,000 and 3,500 ka BP, the climate varied from a warmer to a colder
humid condition and, from 3,500 ka BP onwards it changed into warm
temperate, raising the temperature and increasing forest sizes, while also
experiencing increases in rivers and drainage networks. Thus, during cold
climate periods, the speed of sea-level rise decreased, causing shoreline
stabilization. Based on the eustatic curve it is also possible to identify three
stages of paleogeographic evolution of the continental shelf adjacent to the
state of Rio Grande do Sul, during the last transgressive stage between 17,500
and 6,500 ka BP (Corréa, 1990, 1996).

Both in the past and in the present, the confluence of the Brazilian and the
Malvinas ocean currents, along with freshwater discharges, result in high
productivity, which makes the region attractive for marine megafauna (Pavanato
et al. 2012). The RSCP is under the influence of this confluence and is formed
by Neogene and Quaternary sediments, characterized by presenting the vastest
and most complete geological record of the Quaternary in Brazilian territory
(Tomazelli et al. 2000; Méller Jr et al. 2008). The region presents aspects that
are favorable for fossil preservation, thus allowing for the occurrence of an

abundant fauna throughout the entire Quaternary.

The pinniped fossil elements described in the present study were collected by
collaborators of the Laboratory of Geology and Paleontology (LGP) of the
Federal University of Rio Grande (FURG) and collaborators of the Natural
Sciences Museum, Secretary of the Environment of Rio Grande do Sul
(MCN/SEMA-RS) since the 1990s until 2022, especially from the Cassino,
Hermenegildo, and Concheiros do Albarddo beaches, located in the
municipalities of Rio Grande and Santa Vitéria do Palmar, along the southern
sector of the Rio Grande do Sul coastal plain. Therefore, it is known that this
material derives from underwater deposits formed along paleo shorelines during

sea-level changes over the Quaternary Period.

3. Material and Methods
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A total of 35 bone elements were analyzed, including humeri, femora, and a
skull fragment (palate) in conjunction with the review of the identified and
studied material from the Museum of Natural Sciences of the Rio Grande do Sul
State Environmental Department (MCN/SEMA-RS). They were compared with
bones and skulls of current pinnipeds, deposited in the collection of the
Laboratory of Marine Megafauna Ecology and Conservation (ECOMEGA) of the
Federal University of Rio Grande (FURG) and of the MCN/SEMA-RS, with the

objective of determining the species of fossil specimens.

3.1 Identification and morphological description of fossil bones

For the taxonomic identification of pinnipeds, 43 bones of current species were
used as reference, providing a three-dimensional view. In addition, naked-eye
analyses were conducted on isolated bone elements, which were measured
using a digital caliper (error margin of 0.02 mm) and compared with existing
species and the specialized bibliography (see Garcia, 2003; Sanfelice and
Ferigolo, 2008; Sepulveda et al. 2011; Borella et al. 2018 for a detailed

osteological description of species).

3.2 Stable isotope analysis

The rocky sample used was adhered to the skull fragment (palate) and was
analyzed using a gas source mass spectrophotometer, Delta V Advantage —
Gas Bench 2 (Thermo Scientific™), at the facilities of the Laboratory of Isotope
Geology of the Federal University of Rio Grande do Sul (UFRGS). In order to
prepare the sample and conduct the analysis, approximately 300 ug of the
sample was added and pulverized in a 12-mL glass tube, with a plastic lid and a

silicone gasket.

The sample and analytic standards used for the batch analysis were organized
within the equipment sampler. The standards used were: NBS18 (5'3C = -5.01
%ovepB; 0'80 = -23.20 %ovroB), IAEA CO1 (8'3C = 2.49 %ovrpe; 6'80 = -2.40
%ovPoB), REI 1 (3'3C = -7.85 %ovroB; 880 = -7,90 %oveps), and BSB (3'3C = 2.10
%ovrpB; 0180 = -2.00 %ovrDB).
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Next, the sample and standards were submitted to the Flush procedure, which
consists of replacing the atmospheric air within the tube containing the sample
by the inert gas He (99.999% of purity). This procedure was followed by the
addition of approximately three drops of moisture-free concentrated phosphoric
acid to the tube in order to react with the carbonate sample, according to the

following equation:
CaCOs (s) + 2 H3PO4q) 2 Cas(POa)2qy + 3CO2g) + 3H20(!)

The reaction time for the sample was one hour at 70 °C. After that, the CO2

produced in the tube through the reaction detailed above was analyzed.

4. Results

A total of 15 humeri and three femurs of adult specimens of Otaria flavescens,
and one humerus possibly of a juvenile individual were identified (Tables 1 and
2). In turn, six humeri of adult Arctocephalus australis were identified, as well as
nine from juveniles that were only identified at the genus level (Arctocephalus)
(Tables 3 and 4). The adult skull fragment (palate) belonged to an individual of

the species O. flavescens (Table 2).

4.1 Institutional abbreviation

LGP, Laboratory of Geology and Paleontology, Federal University of Rio
Grande (FURG), Rio Grande, Brazil.

MCN, Natural Sciences Museum, Secretary of the Environment of Rio Grande
do Sul (MCN/SEMA-RS), Porto Alegre, Brazil.

4.2 Systematic paleontology
Order CARNIVORA Bowdich, 1821
Suborder CANIFORMIA Kretzoi, 1945

Family OTARIIDAE Gray, 1825
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Genus OTARIA Peroén, 1816

Type species

Otaria flavescens (Shaw, 1800)

Referred material

Table 1: Data on Otaria flavescens humeri analyzed with all adult and juvenile

individuals selected; N/A: not available.

Record Proximodistal Proximal Distal

code length epiphysis epiphysis Diaphysis  Side
LGP-U04 106.7 mm N/A 61.5 mm 30.2 mm Left
LGP-U05 182 mm 65.4 mm 68.6 mm 35.8 mm Right
LGP-UO6 177.3 mm 59.6 mm 67.1 mm 28.2 mm Right
LGP-U10 163.8 mm 60.2 mm 64.0 mm 31.9 mm Left
LGP-U11 130.8 mm N/A 65.9 mm 42.6 mm Right
LGP-U12 173.5 mm N/A 88.4 mm 36.9 mm Left
LGP-U14 38.2 mm N/A 42.3 mm N/A Right
LGP-U33 114 mm N/A N/A 33.8 mm Right
LGP-U34 131.7 mm 84.5 mm N/A N/A Left
LGP-U35 183.2 mm 64.4 mm 67.4 mm 37.6 mm Right
LGP-U40 99.2 mm N/A 54.9 mm 30.5 mm Left
LGP-U45 198.3 mm N/A 94.1 mm 37.6 mm Left
LGP-U47 228.5 mm 84.6 mm 89 mm 45.2 mm Right
LGP-U78 44.3 mm N/A 48 mm N/A Left

MCN- 81.9 mm N/A 69.5 mm N/A Right
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PV1459

MCN-
PV2515

215 mm N/A 38 mm 459 mm Left

Description

The humeri of Otaria flavescens (Fig. 2) present, in general, accentuated
anatomic development and distal morphologies of elements are more massive
than homologous bones of the Arctocephalus australis specimens observed. All
elements presented noticeable signs of weathering, and the incomplete ones do
not present, in their majority, deltopectoral crests and tubercles. Considering a
medial cranial view, many did not present intertubercular grooves. Coronoid
fossae were mildly concave, flattened or pronounced. The smooth convexity of
the articular limit located in the distal caudal view of bone elements was
apparent and determined the species of these elements. Medial epicondyles
are more distal and developed than the lateral ones, most of them were mildly
rounded and presented light roughness, only abrasion. The triangular
morphology of olecranon fossae was equilateral in all bones. Along either the
left or the right lateral portions, depending on the side of the element, was a
smooth channel between the edge of the semi-spherical capitulum and the
lateral epicondyle and the lateral supracondylar ridge, common characteristics
of the species. Entepicondylar foramens was absent, which is a characteristic
that, via bone comparison, can only be observed in current species. The
trochleae borders were mostly eroded, though still apparent. The outer lip of the
trochleae, when present, displayed a sharp curvature, while the inner lip, which
was intensely eroded, was usually sharp-edged. The deltopectoral crest was
partially absent, while tubercles, the head, epicondyles, trochlea, and fossae
were totally absent. There was minimum presence of the intertubercular groove
from a medial cranial view, which did not reach the coronoid fossa, even though
it was absent. Because extremities were absent, and knowing that epiphyses
fully fuse only during adulthood, when they reach total fusion, and due to the
robustness of the bone element, the specimen was determined to belong to a

juvenile individual of the species.
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Figure 2: Selected Otaria flavescens fossil humeri in frontal and dorsal views: A)
LGP-U04, B) LGP-U05, C) LGP-U06, D) LGP-U10, E) LGP-U35, F) LGP-U45,
G) LGP-U47 and H) MCN-PV2515. Scale bar: 10 mm.

Table 2: Data on femurs and the skull fragment of Otaria flavescens analyzed

with all adult individuals selected; N/A: not available.

Record Proximodistal Proximal Distal
) ) ) _ Diaphysis Side
number length epiphysis epiphysis

LGP-U36 120.1 mm 5124 mm 588 mm  29.1 mm Right

LGP-U37 124.1 mm N/A 411 mm 355 mm Right

LGP-U38 80.3 mm N/A N/A N/A N/A

LGP-U52 91.1 mm N/A 472 mm  26.6 mm Right
Description

Femora of the Otaria flavescens specimens (Fig. 3) were developed and
belonged to adult individuals. The fossils presented signs of weathering. In
LGP-U36, the caudal projection of the greater trochanter and the distal border
to the trochlea were diagnostic features of the element. The lesser trochanter
was expressive and salient, the head was round, and no crest was observed
between it and the greater trochanter. The depression on the left side of the
media condyle was not as outstanding as in femurs of the species
Arctocephalus australis. In turn, in LGP-U37, medial condyles, the greater
trochanter, the lesser trochanter, and the head were missing. In the upper
portion, an opening exposed the porosity within. LGP-U52 was incomplete
because the greater trochanter, the lesser trochanter, and the head were
absent. In the upper portion, there was also an opening exposing the porosity of
the inner portion. The distal border of the trochlea is a diagnostic feature in the
last couple of elements, however only in LGP-U52 one of the medial condyles

was partially eroded. In the caudal view of specimens, even with extreme
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erosion all along the femora length of LGP-U37, the wider intercondylar fossa

could be observed, a characteristic morphology of this species.

The fossil of an incomplete skull (Fig. 4) presented the palate portion in a
preserved state, with fused maxillary suture. The ventral view and partial dorsal
view had expressive signs of weathering. The rostrum was short and especially
wide, particularly in the region of the canine teeth compared with Arctocephalus
australis individuals. The palatine process of the jaw was almost complete. Pre-
maxillary tuberosity was poorly developed and wider. The incisive foramen
could be seen under the outer nasal orifice with a small process on the border,
such as in individuals of Otaria flavescens, both covered by rock. There were
dental alveoli, practically parallel, where incise, canine, pre-molars, and molar
teeth should be, with thicker interalveolar septa, which indicates maturity. The
alveolar process was developed and rounded. Preorbital apophysis was absent,

but there was an outline of the supraorbital process. The remaining skull

structures were absent due to the extreme erosion of the element.
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Figure 3: Fossil femora of adult individuals of Otaria flavescens in frontal and
dorsal views: A) LGP-U36, B) LGP-U37 and C) LGP-U52. Scale bar: 10 mm.

Figure 4: Fossil skull fragment (palate) of an Otaria flavescens in frontal and
dorsal views: LGP-U38. Scale bar: 10 mm.

4.3 Systematic paleontology

Order CARNIVORA Bowdich, 1821
Suborder CANIFORMIA Kretzoi, 1945
Family OTARIIDAE Gray, 1825

Genus ARCTOCEPHALUS Geoffroy Saint-Hylaire & Cuvier, 1826

Type species

Arctocephalus australis (Zimmermann, 1783)

Referred material
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Table 3: Data on the humeri of Arctocephalus australis analyzed with all

individuals selected; N/A: not available.

Record Proximodistal Proximal Distal
] ] . . Diaphysis Side
number length epiphysis epiphysis
LGP-UO07 163.5 mm 59 mm 61.7 mm 30 mm Right
LGP-U08 125.1 mm N/A 66.5 mm 33.6 mm Right
LGP-U32 113.3 mm N/A 52.3 mm 29.8 mm Right
LGP-U46 155 mm 55.6 mm 52.3 mm 21.8 mm Left
LGP-U50 55.2 mm N/A 50.8 mm N/A Right
MCN-

154.1 mm N/A 20.1 mm 27.1 mm Left

PV3638
Description

Humeri of adult specimens of Arctocephalus australis (Fig. 5) were anatomically
developed and presented expressive signs of weathering and many of them
were partially incomplete due to erosion, in most cases affecting almost the
entire deltopectoral crest and tubercles. The morphology of the deltopectoral
crest of the bone elements, when present, showed an apparent curvature and
porosity in the upper portion; while the morphology of medial epicondyles was
narrow and square, from proximal to lateral. Intertubercular grooves, in general,
were closed by the projection of the greater tubercle, and their surface was flat
and triangular from a cranial view of the greater tubercle; these characteristics
can be seen in the species mentioned. Even when tubercles were absent,
groove channels were narrower between them. This observation allowed to
estimate that grooves were closed by the projection of the greater tubercle.
However, it was not possible to estimate whether surfaces were flat and
triangular in the proximal cranial view of the elements. The lesser tubercle, even
though partially eroded and porous, allowed to observe the limit of the articular
surface of the humeri heads. The rough convexity of the limit of the articular
surface located in the distal caudal view helps to determine the species of the

element. The morphology of prominent medial epicondyles can be either round
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or sharp and present either rugosity or porosity. Most lateral epicondyles
presented scourings and lateral supracondylar ridges, abrasions. Coronoid
fossae can be either flat or concave. Semi-spheric capitula were present in all
bones, but entepicondylar foramens were not. The triangular morphology of
olecranon fossae, when not entirely featureless, was isosceles, which is very
common for this species. The borders of the trochleae, even eroded, were
noticeable in all elements. The same can be said of the curved outer lip and the

pointed inner lip.

Figure 5: Fossil humeri selected from adult individuals of Arctocephalus
australis in frontal and dorsal views: A) LGP-U07, B) LGP-U08, C) LGP-U46
and D) MCN-PV3638. Scale bar: 10 mm.

Type species

Arctocephalus sp. (Geoffroy Saint-Hylaire & Cuvier, 1826)
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Referred material

Table 4: Data on the humeri of Arctocephalus sp. analyzed with all juvenile

individuals selected; N/A: not available.

Record Proximodistal Proximal Distal

number length epiphysis epiphysis Diaphysis  Side
LGP-U09 78.3 mm N/A N/A 21.8 mm Right
LGP-U13 83.7 mm N/A N/A 22.5 mm Right
LGP-U25 57.2 mm N/A N/A 22.3 mm Left
LGP-U26 43.6 mm N/A N/A 18.7 mm Right
LGP-U30 69 mm N/A N/A 18.8 mm Left
LGP-U42 40.8 mm N/A N/A 19.9 mm Left
LGP-U43 57 mm N/A N/A 19.5 mm Left
LGP-U76 78.5 mm N/A N/A 18.8 mm Right
LGP-U79 48.4 mm N/A N/A 21.2 mm Right

Description

The humeri of the juvenile specimens of Arctocephalus sp. (Fig. 6)
presented a pre-developmental process, the elements showed accentuated
weathering signs and were all incomplete, given the either partial or complete
absence of the deltopectoral crest and the total absence of tubercles, head,
epicondyles, trochlea, and fossae. From a medial cranial view, there is a
minimal presence of an intertubercular groove, which does not reach the
coronoid fossa, even though it is absent. However, many of the elements have
an opening that goes along their whole outer extension. Because of the
absence of extremities and considering that the epiphyses are only totally fused
during adulthood and that the bone is very small, we infer that these are juvenile
individuals of the genus. Some of these elements have a distinctive trait, which
are striated cuts near the extremities that could characterize a different

fossilization process.
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Figure 6: Fossil humeri selected from juvenile Arctocephalus sp. Individuals in
frontal and dorsal views: A) LGP-U13, B) LGP-U30, C) LGP-U26 and D) LGP-
U79. Scale bar: 10 mm.

4.4 Carbon and Oxygen isotope analysis

The delta values (3'3C and 3'80) are expressed in per mil (%0) and were
corrected using a calibration curve constructed from analyses of the standards
used in the batch. Result of the isotopic analysis of the beachrock adhered to
sample LGP-U38 yielded the following values: for the Carbon isotope, 8'3C (-
5.10%ovrDB), and for the Oxygen isotope, 580 (-3.46%ovrDB).

5. Discussion

Two species of the Otariidae family were identified, both of which are currently
very frequent during the months of winter and spring in the study area. The

analysis of the fossils allowed to record the greatest presence of adult
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specimens of Otaria flavescens in the region during the Quaternary. Also, the
presence of individuals of the genus Arctocephalus, most of which were
juveniles, demonstrates that individuals of this age group may have been as
common in the past as they are in current times. Thus, this finding shows the
same species occupation pattern described for the present in the region (Prado
et al. 2016). Several investigations about pinniped species and the biological
aspects related to their occurrences suggest the possibility that many of these
individuals reach the region quite debilitated and mostly as juveniles, recently
weaned and making their first marine incursions, getting lost in the Malvinas
Current (Pinedo, 1990; Oliveira et al. 2008b; Oliveira, 2013). In this context,
when these animals reach the shore, they could be so debilitated that they are
unable to feed, which can be inferred when observing the Arctocephalus sp.
stranded specimens. This result suggests that, in the past, the specimens of
this genus reached low nutritional conditions, could no longer develop, and

died, which would explain the presence of more fossils from juvenile individuals.

Currently, the genera Otaria and Arctocephalus are distributed along all South
American shorelines, from Ecuador to Cape Horn in Chile on the Pacific Ocean,
and from southern Brazil to southern Argentina on the Atlantic Ocean (Cozzuol,
1996). However, the oldest known report of the family in South America is from
the Late Pliocene to Early Pleistocene, located in one of the most important
geological units of the southern hemisphere, the Pisco Formation in Peru,
represented by the primitive Otariidae member, Hydrarctos lomasiensis
(Muizon, 1978). Nevertheless, there are some reports of Otariidae from the
Pleistocene in Argentina, but taxonomic attribution is dubious (Valenzuela-Toro
et al. 2010b). However, the fossil record for Otariidae in Chile is fragmented,
sparce, and the stratigraphic provenance cannot be precisely established
(Valenzuela-Toro et al. 2010b; Sepulveda et al. 2011). In turn, considering the
Quaternary in Brazil, individuals of the genus Arctocephalus and the species O.
flavescens are recurrent, with the oldest report of pinnipeds recorded in the
southern shoreline of the country in the Chui Formation (Valenzuela-Toro et al.
2013).

Data of occurrences reported together with the known fossil record of pinnipeds

in South America demonstrate a different biogeographical distribution of the
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Otariidae and Phocidae families during the Neogene (Fig. 7). All records of
pinnipeds from the Middle Miocene to Early Pliocene in the southeastern Pacific
Ocean are represented by the genera Piscophoca and Acrophoca, from the
Late Miocene in the Bahia Inglesa Formation and the Pisco Formation in Peru
(Valenzuela et al. 2009). Both formations produced several species of marine
vertebrates, including at least four species of pinnipeds and several other
species and morphotypes that remain to be described (Valenzuela and
Pyenson, 2019), figuring among the richest marine mammal fossils in the world.
In contrast to the Northern Pacific Basin, neither Otariidae nor Odobenidae
were reported in this time interval in South America (Muizon, 1981; Walsh and
Naish, 2002). However, the environmental changes that increase the
distribution and abundance of primary productivity were, probably, determining
factors in leading taxonomic and ecological diversity among pinnipeds in coastal
and pelagic environments (Slater et al. 2017). This is due to the chronology of
the diversification of Otariidae in the North Pacific Ocean during the Late
Miocene and also considering the Miocene-Pliocene record of Odobenidae
(Churchill et al. 2014; Magallanes et al. 2018). Valenzuela-Toro et al. (2013)
state that the undetermined cranial and post-cranial remains of the Otariidae
family and Otaria cf. flavescens from the Late Pleistocene in the Estratos de
Caldera are unequivocally the oldest records of this family in Chile. Together
with the Phocidae material of the lower Pliocene in the Bahia Inglesa
Formation, these aggregated occurrences from Chile supply new stratigraphic
data about the rotational moment of pinniped fauna in South America.
Particularly, this data restricts the transition time of Phocidae to Otariidae
between the Late Pliocene and Middle Pleistocene (Valenzuela-Toro et al.
2013).
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Figure 7: Map showing the occurrences of fossil pinnipeds in South America.
Adapted from Valenzuela-Toro et al. (2013).

Valenzuela and Pyenson (2019) report that most pinniped fossil taxa are based
on the type-material that belongs to a single isolated element, such as humeri
and/or femurs. Moreover, as post-cranial elements are more commonly found
(31%) and building upon this premise, the isolated humeri have a greater

presence among these fossil elements of the group (17%), followed at a lower

47



percentage by femurs (6%). However, most studies that approach the osteology
of the group are related to osteological variation in sexual dimorphism, both in
modern and fossil pinnipeds, and are based on skulls, such as Zamit and Norris
(2013), while only a few studies, such as Churchill and Uhen (2019), tested
these patterns using post-cranial elements. Yet, in agreement with this
information and based on the observations from elements from the Otariidae
family, we found that mostly complete and incomplete humeri and femurs can
be considered as diagnostic bones to differentiate the species identified in the

present study.

Regarding the isotope interpretation, the beachrock adhered to sample LGP-
U38 was found to have an isotopic composition of 8'3C (-5.10%.) and 380 (-
3.46%0) that was slightly negative. This is an indication that the carbonate
cements present in the sample are possibly of meteoric origin (Moore, 1989) or
of marine origin and strongly recrystallized under the influence of isotopically
lighter meteoric water (Barros et al. 2003). Another hypothesis raised by Holail
and Rashed (1992) and other authors suggests that very negative 3'3C values
(e.g., -39.3%o) could be associated with the influence of methane release (CHa)
near the Holocene beachrocks in the Mediterranean Sea. The study by Simione
et al. (2018), carried out in southeastern Brazil, indicates that values of 3'3C
between -26.36 and -51.07%0. may be associated with the oxidation of methane
and subsequent cementation. These negative values are also found in
foraminifera along the Brazilian margin and indicate this methane release
associated with structures known as pockmarks (Portilho-Ramos et al. 2018).
However, it is not possible to corroborate this interpretation for the sample
analyzed in the present study, because more isotopic data and local geological

evidence on methane exudations would be needed.

The 3'80 isotopes in carbonates usually reflect variations in temperature, as
well as isotopic composition of the fluid from where the carbonate cements
precipitated. The negative value of 580 (-3.46%o) allows to corroborate that the
carbonate cements of the beachrock studied were strongly influenced by
meteoric water in their genesis (Moore, 1989). Thus, we can infer the possibility
of moments of exposure and intense infiltration of meteoric waters during the

formation of these deposits.
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Moreover, the results obtained also indicate that the fossil elements present
differential preservation states. The lifestyle of the group, in which individuals
are dependent on land for reproduction and on water for food, exposes them to
very different taphonomic processes. This is reflected in the analyzed material,
as the elements undergo distinct fossilization processes, including bioerosion
marks, erosion caused by sediment transport wear, and abrasion from the
continuous action of waves, for instance, the hydrodynamic processes.
Generally, the pinniped bones found on beaches are primarily the result of
animal drift through marine currents and subsequent processes of
disarticulation and redeposition (Borrero, 2004). However, the effect of
taphonomic processes on the fossil record of pinnipeds is scarcely explored,
although they likely share some similarities with processes affecting other

marine mammals, such as cetaceans (Pyenson, 2010).

6. Conclusion

The results presented increase the knowledge on the occurrence of fossil
pinnipeds along the eastern coast of South America. The post-cranial elements
of the specimens indicate the presence of fossils of the Otariidae family,
especially of the species Oftaria flavescens. Regarding the species
Arctocephalus australis, a lower number of adults was found in comparison with
juveniles of the genus, which could not be identified to the level of species.
Thus, we highlight that the indications show there has not been a significant
faunal change in comparison with modern reports, since all fossil species
identified are the same that currently occur more predominantly in the southern
coast of Brazil. However, the higher presence of Arctocephalus sp. juveniles
suggests that they were as abundant on the Brazilian coast as they are in

current times.
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Capitulo V: Sintese da Discussao e

Conclusoes

Os resultados apresentados aportam um maior conhecimento sobre a
ocorréncia de pinipedes fosseis na PCRS, visto que as exploragdes de campo
e os esforcos de publicagdo para esta regido sao escassos. Foram
identificadas uma familia e duas espécies de otarideos, ambas muito
frequentes nos meses de inverno e primavera na atualidade para a area em
estudo. A anadlise dos fosseis permitiu constatar a maior presenca de
espécimes adultos de Otaria flavescens na regiao durante o Quaternario.
Também a presenga de individuos do género Arctocephalus, em sua maioria
juvenis, demonstrando que, possivelmente, individuos desta faixa etaria seriam
mais comuns no cenario passado, corroborando com o mesmo padrao de

ocupacao de espécies descrito para o presente na regiao.

No Quaternario do Brasil, tanto individuos do género Arctocephalus e da
espécie Otaria flavescens sao recorrentes, sendo o registro mais antigo de
pinipedes para a Formagao Chui da PCRS. A maioria dos taxons fésseis de
pinipedes sdo baseados no material-tipo que pertence a um unico elemento
isolado, como por exemplo, umeros e/ou fémures, portanto, compactuando
com tais informacbes e se baseando nas observacdes realizadas dos
elementos utilizados da familia Otariidae, constata-se que majoritariamente
umeros e fémures completos e incompletos podem ser considerados como
ossos diagnosticos para diferenciar as espécies identificadas nesta

dissertacao.
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Em relagao a interpretacao isotdpica, a composicao de isétopos estaveis
de carbono e oxigénio da amostra analisada € levemente negativa e indica que
os cimentos carbonaticos presentes sao possivelmente de origem metedrica ou
sdo de origem marinha sobre a influéncia de aguas metedricas isotopicamente
mais leves. Dessa forma, pode-se inferir a possibilidade de momentos de
exposicao e de intensa infiltragdo de aguas metedricas durante a génese
desses depdsitos nos quais os cimentos carbonaticos precipitaram. No mais,
os resultados apresentados também indicam que os elementos fdsseis
apresentam estados de preservagao diferencial. O estilo de vida do grupo,
dependentes da terra para reproducao e da agua para alimentagao, faz com
que sejam expostos a processos tafondmicos muito diferentes e isso se
relaciona com o material analisado, pois os elementos possuem processos
diferentes de fossilizacdo, como marcas de bioeroséo, erosao provocada pelo
desgaste devido ao transporte de sedimentos e abrasdo provocada pelo mar,
devido a acao continua das ondas, como por exemplo, 0S processos

hidrodinamicos.

Em conclusdo, o indicativo aponta que n&o houve uma mudancga
faunistica significativa em comparagdo com o registro moderno, pois as
espécies fosseis identificadas sdo as mesmas que atuam em maior

predominancia na PCRS na atualidade.
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ANEXOS

Anexo 1. Material suplementar citado, mas nao inserido no manuscrito em

formato de figuras.
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Figura 11. Umeros fésseis de individuos adultos de Otaria flavescens com visdo frontal e
dorsal: A) LGP-U14, B) LGP-U40, C) LGP-U78, D) MCN-PV1459, E) LGP-U11, F) LGP-U12 e

G) LGP-U34. Escala = 10 mm.

Figura 12. Umero féssil de um individuo juvenil de Otaria flavescens com viséo frontal e dorsal:

LGP-U33. Escala = 10 mm.

69



Figura 13. Umeros fésseis de individuos adultos de Arctocephalus australis com vis&o frontal e

dorsal; A) LGP-U32 e B) LGP-U50. Escala = 10 mm.
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Figura 14. Umeros fésseis de individuos juvenis de Arctocephalus sp. com visdo frontal e

dorsal: A) LGP-U09, B) LGP-U25, C) LGP-U42, D) LGP-U43 e E) LGP-U76. Escala = 10 mm.
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