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Resumo

O estudo das interacbes paleoecologicas é de grande importancia para
compreender as mudangas ecossistémicas e ambientais que ocorreram ao longo
do tempo. Os tragos fosseis muitas vezes sdo as unicas informagdes sobre um
grupo de organismos, como grande parte dos invertebrados, que nao possuem
partes rigidas possiveis de serem preservadas. Conchas de moluscos muitas
vezes sao capazes de armazenar essas informacdes, seja com a presenca de
bioerosdes provocadas por organismos que utilizam suas conchas para fixagao,
habitagcdo ou predagao, ou até mesmo por crescimentos e malformagdes que
indicam que houve uma interacdo vida-vida. Tendo em vista a importancia
desses estudos e sua escassez, principalmente em gastropodes, este trabalho
tem o objetivo de identificar as interagées ecologicas preservadas em conchas
do gastropode Zidona dufresnii, e suas implicagdes paleoecoldgicas. Para tanto,
foi realizada a analise de 894 conchas, coletadas na praia do Cassino. Foram
avaliadas a cor, presenca e auséncia de brilho e ornamentagdes, a presenca e
tipo de bioerosoes, além de crescimentos internos e malformagdes nas conchas.
Seis amostras foram datadas pelo método 14C. Como resultados, foram
observadas 709 conchas bioerodidas, apresentando 10 icnogéneros diferentes.
O mais frequente foi Caulostrepsis, seguido por lramena e Pennatichnus.
Adicionalmente, 328 conchas continham malformagdes, indicando que o
molusco estava vivo quando a interagao ocorreu. O tipo de malformagao mais
abundante foi Pits, em 19,02% das conchas, seguido por Verrucouse e Attached
Pearl. Em menos frequéncia, foram encontrados Blister, Needle, Sheet e Igloo-
like. Nao é possivel distinguir quais bioerosdes foram produzidas antes ou apés
a morte do molusco, uma vez que se trata apenas de perfuragdes. Em relagao
as malformacodes, Pits e Igloo-like foram produzidos por parasitas trematddeos,
enquanto Blister esta associado a perfuracdes externas do tipo Caulostrepsis,
provocado por poliquetas. As idades das conchas indicam um grande Time-
averaging, com conchas datando do Holoceno e Pleistoceno Tardio,
apresentando um hiato temporal que inclui o ultimo Maximo Glacial.

Palavras-Chave: Parasitismo, Bioerosao, Gastropodes, Trematoda.
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Abstract

The study of paleoecological interactions is of great importance for understanding
the ecological and environmental changes that have occurred over time. Fossil
traces often represent the only available information about a group of organisms,
particularly among invertebrates, which may lack rigid parts capable of
preservation. Shell structures frequently serve as a repository of such
information, whether through the presence of bioerosion caused by organisms
that use shells for attachment, shelter, or predation, or even through growth
patterns and malformations indicating life-life interactions. Given the importance
of these studies and their scarcity, particularly in gastropods, this work aims to
identify the ecological interactions preserved in shell structures of the gastropod
Zidona dufresnii and their paleoecological implications. To achieve this, 894
shells were analyzed, collected from Cassino beach. The color, presence or
absence of shine and ornamentation, the presence and type of bioerosion, as
well as internal growth and malformations within the shells were assessed. Six
samples were dated using the 14C method. As results, 709 bioeroded shells were
observed, representing 10 different ichnogenera. The most frequent was
Caulostrepsis, followed by Iramena and Pennatichnus. Additionally, 328 shells
contained malformations, indicating that the mollusk was alive when the
interaction occurred. The most abundant type of malformation was Pits, occurring
in 19.02% of the shells, followed by Verrucouse and Attached Pearl. In lesser
frequency, Blister, Needle, Sheet, and Igloo-like were also observed. It is not
possible to distinguish which bioerosions were produced before or after the
mollusk's death, as they are all punctures. Regarding malformations, Pits and
Igloo-like were caused by trematodes, while Blister is associated with external
punctures of the type Caulostrepsis, caused by polychaetes. The ages of the
shells indicate a significant time averaging, with shells dated from the Holocene
and Late Pleistocene, showing a temporal gap coinciding with the last Glacial
Maximum.

Keywords: Parasitism, Bioerosion, Gastropods, Trematoda.
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Capitulo I:
Introducao

N as praias de todo mundo nao é dificil encontrar grandes acumulagbes de
conchas, compostas tanto por bivalves como gastrépodes. A primeira
vista, aquelas mais bonitas, ainda com brilho e sem imperfeicées, se mostram
muito interessantes. Entretanto, olhando com cuidado, é possivel descobrir um
universo escondido naquelas conchas que ja perderam a coloragao e o brilho,
foram erodidas e perfuradas. Mas o que isso pode nos dizer?

As conchas de moluscos marinhos, tanto enquanto estes ainda estao
vivos quanto apds a sua morte, sdo utilizadas por diversos organismos como
substrato para fixagdo e habitacdo, como refugio e também para alimentacao
[Lopes 2012; Aguirre et al. 2016; Richiano et al. 2021; Marini et al. 2022]. As
principais interagdes ecoldégicas com as conchas de moluscos sdao em
associacao com briozoarios, anelideos e até mesmo outros moluscos. Além
disso, muitas espécies, enquanto vivas, servem também como hospedeiros

intermediarios para inumeros grupos de parasitas [ltuarte et al. 2005; Huntley &
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De Baets 2015; Huntley et al. 2021].

Na Planicie Costeira do Rio Grande do Sul (PCRS), sdo encontradas
acumulagdes de cascalhos biodetriticos, conhecidas como “Concheiros”,
formadas principalmente por ossos, dentes e conchas de moluscos, que antes
estavam em depdsitos submersos, posteriormente remobilizados pela acdo de
tempestades e depositados na face praial [Lopes & Buchmann 2008]. Segundo
Ritter & Erthal [2016], essas acumulagcdes sdo representadas por conchas de
diferentes idades, podendo ser composta por espécimes fosseis e recentes. Isto
se deve ao processo de formagao da PCRS, marcada por eventos de regressao
e transgressdo do nivel do mar, os quais formaram um complexo Sistema
Laguna-Barreira [Villwock 1984; Villwock et al. 1986; Calliari & Klein 1993; Lopes
& Buchmann 2008]. A cada regressao do nivel do mar, com a expansao da
planicie, formava-se uma nova linha de costa, na qual ocorria embancamento de
conchas, posteriormente soterradas pela areia [Villwock 1984; Villwock et al.
1986; Lopes & Buchmann 2008; Ritter & Erthal 2016]. Por outro lado, a cada
transgressdo, o mar avangava sobre a plataforma, afogando a antiga linha de
praia, formando os depdsitos submersos, que poderiam ser remobilizados e
novamente depositados na praia. Durante a formacado da PCRS, ocorreram 4
grandes eventos de regressado e transgressao marinha, de forma que estes
depdsitos podem incluir conchas e fosseis de diferentes idades (Villwock 1984;
Villwock et al. 1986; Calliari & Klein 1993) que hoje se encontram acima do nivel
do mar.

Nas acumulagdes biodetriticas, sao comumente encontradas conchas
com tragos deixados como registros das interagoes ecologicas. Neste contexto,

a Icnologia, o ramo da geologia que estuda vestigios de comportamentos dos
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organismos, busca compreender o que estes tragos podem indicar, tanto no
cenario atual (Neoicnologia), quanto no registro féssil (Paleoicnologia) [Carvalho
et al. 2007; Sedorko & Francischini 2020].

Todavia, uma grande dificuldade é determinar se o trago foi produzido por
uma interagcao ante-mortem ou post-mortem. Para melhor compreenséo, Huntley
& De Baets [2015] categorizam os tragos e malformagdes encontradas em dois
grupos: (1) interacées onde ha apenas perfuragdes, escavagdes ou a destruicdo
da concha pelo organismo, ndo possibilitando a distingdo entre uma interagao
vida-morte ou vida-vida; e (2) interagbes que resultam em uma reacgido de
crescimento por parte do molusco, para isolar o organismo invasor, indicando
que o trago ou malformacéo foi resultante de uma interagédo vida-vida. Dessa
forma, muitas vezes ainda se torna dificil diferenciar quais tragos se trata de
parasitismo e quais sao resultados de bioerosao.

No litoral sul do Rio Grande do Sul, a maioria dos tragos encontrados nas
conchas dos moluscos sdo classificados como bioerosdes, tratando-se de
perfuracdes e escavagdes, que, isoladamente, impossibilita afirmar se foram
produzidas antes ou apos a sua morte [Lopes & Buchmann 2008; Lopes 2012;
Erthal et al. 2017; Erthal & Ritter 2020]. Como exemplos tém-se os icnogéneros
Entobia Bronn, 1838 e Iramena Boekschoten, 1970, cujos tragos sao produzidos
por esponjas que utilizam a superficie das conchas como substrato, e escavam
galerias no seu interior [Lopes & Buchmann 2008; Lopes 2012; Charo et al. 2017;
Richiano et al. 2021]. Esses tragos podem ter sido causados enquanto o molusco
ainda estava vivo, bem como apds a sua morte, uma vez que ndo ha reacao de
crescimento por parte do hospedeiro. No mesmo grupo de tragos, podem ser

incluidos os icnogéneros Pennatichnus Mayoral, 1988, causado por briozoarios
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ctenostomados; Maeandropolydora Voigt, 1965, causado por poliquetas, entre
outros [Lopes & Buchmann 2008; Charo et al. 2017; Richiano et al. 2021].

Por outro lado, as interagdes parasita-hospedeiro no registro fossil tém
sido alvo de muita atencéo por parte dos pesquisadores nas ultimas décadas em
diferentes organismos ou estruturas, como moluscos, mamiferos e até mesmo
em fezes fossilizadas, denominadas coprolitos [Ruiz & Lindberg 1989; Poinar &
Boucot 2006; Dentzien-Dias et al. 2012; Huntley & De Baets 2015; Huntley et al.
2021; Marini et al. 2022]. Apesar dos moluscos marinhos comumente servirem
como hospedeiros para diversos grupos de parasitas, destaca-se que nem todas
as interagdes resultam em tragcos ou malformagdes nas conchas, as Unicas
partes a serem preservadas no registro fossil [Huntley & De Baets 2015], de
forma que o reconhecimento de estruturas relacionadas ao parasitismo em
conchas de moluscos atualmente ainda é escasso. Ainda assim, o estudo dos
vestigios de parasitismo tem um grande potencial para rastrear mudangas na
prevaléncia de doencas marinhas durante extingdes ou mudangas ambientais
ao longo do tempo [Huntley & Scarponi 2021].

Ruiz & Lindberg [1989] identificaram tragos de parasitas trematdides em
bivalves marinhos da familia Veneridae como pequenas covas produzidas pelo
molusco no interior de suas conchas, descrito como “pits”. Segundo o estudo,
esses tragos foram encontrados em conchas do Nedgeno ao Quaternario,
indicando que essa interacao ocorre ha pelo menos 5 milhdes de anos na
América do Norte [Ruiz & Lindberg 1989]. ltuarte et al. [2001] descreveram outro
tipo de trago formado devido a mesma interagéo entre trematddeos e bivalves.
Uma estrutura em formato de “iglu”, com uma pequena abertura circular

achatada, resultante da tentativa do bivalve de isolar o parasita [ltuarte et al.
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2001].

Outros estudos também descreveram evidéncias de interagdo parasita-
hospedeiro, como pérolas fixas, pérolas livres, deposicao irregular de calcario
(DIC), descoloragdo da concha e “blister” [Stunkard & Uzmann 1958;
Johannessen 1973; Campbell 1985; Cremonte & Ituarte 2003]. No Brasil, temos
ainda poucos estudos sobre esta interacdo, destacando-se um trabalho que
observou malformagdes do tipo “blister” na parte interna de conchas de Mactra
isabelleana, associadas a bioerosbes do icnogénero Caulostrepsis
externamente [Marini et al. 2022]. Este estudo também descreveu um novo tipo

de crescimento anédmalo, denominado “sheet” (Tab. 1, Fig. 1).

Tabela 1. Descrigao das alteragdes anteriormente encontradas em conchas de bivalves.

Malformacgéo Agente Descricao Referéncia
Igloo-like Trematodes Domo semi-eliptico com Presente

(crescimento abertura estudo
interno)

Pits Trematodes Pocos ovais com bordas Ruiz and
(crescimento elevadas Lindberg
interno) 1989
Attached Varios agentes Estruturas macigas, Liljiedahl
pearl pequenas e 1985

(crescimento arredondadas, formadas
interno) na superficie interna das
conchas
Blister Various agentes Bolhas elevada dentro da  Liljedahl
(crescimento concha 1985
interno)
Needle Desconhecido Crescimento em forma de Da Rosa et
agulha al., 2025

Verrucouse Areia/Trematodes  Crescimentos internos de Da Rosa et

(cluster de esféricos a elipticos, com al., 2025
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metacercariae) textura rugosa

Sheet Varios agentes Camada dupla do Marini et
invélucro que cobre al., 2022
parcialmente a superficie
interna da valvula,
criando um amplo espaco
oco entre essas duas

camadas

Figura 1. Tracos e malformagdes documentados para bivalves. A e B) Pits (modificada de De
Huntley e Scarponi, 2021). C e D) Imagem de microscopia eletrénica de varredura exibindo igloo
(modificada de ltuart et al. 2005). E e F) Valvas com estrutura blister (modificada de Marini et al.
2022). G) Sheet em valva (modificada de Marini et al. 2022). H) Valva com attached pearl
(modificada de Huntley e De Baets 2015).

Entretanto, apesar dos estudos sobre a interacdo parasita-hospedeiro
estarem em crescimento nos ultimos anos, ainda ha inumeras lacunas a serem
preenchidas. Uma das grandes lacunas € sobre as interagdes parasito-
hospedeiro em gastropodes, uma vez que a maioria dos trabalhos identificaram
os tragos de parasitismo apenas em bivalves [ltuarte et al. 2001, 2005; Huntley
& De Baets 2015; Scarponi et al. 2017; Huntley & Scarponi 2021; Huntley et al.
2021; Marini et al. 2022].

A area de estudo deste trabalho é a praia do Cassino, localizada ao sul
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da PCRS, logo ap6s a desembocadura da Lagoa dos Patos, sendo uma praia
dissipativa, com sedimento fino, declive suave e com a face praial larga [Calliari
& Klein 1993] (Fig. 2). Devido a orientacdo da costa, sdo dominantes ondas de
swell, geradas nas latitudes meridionais e ondas geradas pelo vento produzidas
por fortes brisas maritimas de primavera-verao [Dillenburg et al. 2004]. A altura
significativa média de onda é 1,5 m, porém, em eventos de tempestade, que
geralmente ocorrem no periodo de outono-inverno, as ondas podem ultrapassar
2 m, e o nivel médio do mar ao longo da costa pode chegar a 1,3 m [Barletta &
Calliari 2001]. Esses eventos podem revolver o fundo onde ha depdsitos
submersos, principalmente de ossos e conchas, e deposita-los na face praial
[Lopes & Buchmann 2008].

1 | 1 1
56°W 54°W 52°W 50°wW

Rio Grande do Sul

= 3005 —

Uruguay

Figura 2. Mapa da area de estudo, indicando a praia do Cassino como local de coleta.

Dessa forma, tendo como objeto de estudo o gastropode Zidona dufresnii,

muito abundante na regido, serao identificados os vestigios resultantes de
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interagbes ecoldégicas do molusco com outros organismos, buscando
compreender as mudancgas e alteragdes ambientais que ocorreram ao longo do

tempo através desses registros.
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Capitulo Il: Objetivos

objetivo geral deste trabalho é identificar as interagdes ecoldgicas
entre o gastropode Zidona dufresnii e outros organismos no cenario
atual e no registro fossil (Quaternario). Para alcanga-lo, estabeleceu-se

0s seguintes objetivos especificos:

l. Estabelecer um padrao de identificagdo de conchas fésseis € ndo
fosseis;
Il. Determinar se os crescimentos internos sao resultados de uma

relagao parasito-hospedeiro.
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Capitulo llI:
Material e
Métodos

ara este estudo, foram utilizadas conchas do gastrépode Zidona dufresnii
P (Caenogastropoda: Volutidae), que habita a margem oeste do Oceano
Atlantico Sul, a 35 a 60 m de profundidade, em fundos arenosos desde o Rio de
Janeiro, Brasil (22°S) até aguas patagonicas, Golfo de San Matias, Argentina
(42°S) [Giménez & Penchaszadeh 2002, 2003; Giménez et al. 2004, 2008;
Medina et al. 2017, 2020]. A espécie foi elegida por ser muito abundante nesta
regido - inclusive sendo explorada comercialmente no Uruguai e Argentina
[Giménez et al. 2004; Riestra et al. 2006], apresentar variagdo de coloracgao,
formato e densidade, podendo indicar uma mistura temporal, além de

visivelmente apresentar distintos tragos de bioerosdo nas conchas, indicando

que comumente s&o utilizadas como substrato para diversos organismos (Fig 3).
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Figura 3. Conchas de Z. dufresnii de uma mesma coleta, ilustrando a diversidade de cores,
estados de preservacao, tamanhos e formatos das conchas.

As coletas foram realizadas manualmente em pontos de concentragéo
fossilifera na praia do Cassino, nos quais todas as conchas da espécie avistadas
foram recolhidas, independente do seu estado de preservagao, tamanho ou
outros fatores. No laboratdrio, todas as conchas foram lavadas em agua corrente
para remog¢ao do sedimento presente no interior, evitando interferéncia nas
analises posteriores. As amostras foram secas em estufa e tombadas na colecao
de malacologia do Laboratério de Geologia e Paleontologia (LGP) da FURG.

Todas as conchas foram analisadas quanto a coloragéo (a partir de uma
escala de cores elaborada com a propria amostra, abrangendo desde conchas
ainda com as ornamentagdes presentes até as mais escuras) (Fig. 4) e a
presenca ou auséncia de brilho. Também foram tomadas medidas do tamanho
das conchas, incluindo altura, largura, tamanho da abertura e espessura da

concha.
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Amarela Branca Acinzentada Marrom

Figura 4. Escala de cores elaborada para determinar a coloragao das conchas de Z. dufresnii
estudadas.

Os espécimes bem preservados, ou seja, sem quebras que prejudicasse
as medi¢cbes das suas dimensdes, ou bioerosdes e bioincrustagdes que
interferissem no peso das mesmas, foram mensuradas, conforme indicado na
Figura 5, com o auxilio de um paquimetro digital e pesadas em balangca semi-
analitica. Como Z. dufresnii possui um apice estreito e fragil, a conchas coletadas
apresentaram essa estrutura fragmentada ou ausente. Para que este fator ndo
interferisse nas analises, os calculos foram realizados utilizando o comprimento

da ultima volta da concha, ao invés do comprimento total.
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Figura 5. Esquema das medidas que serdo realizadas. CT (Comprimento Total); CUV
(Comprimento da dltima volta); LT (Largura Total); CA (Comprimento da Abertura); LA (Largura
da Abertura). Adaptado de Medina et al. 2020.

indices de arredondamento e estimativa da densidade foram calculados
relacionando estas medidas, onde: peso da concha (PC), redondeza geral (RG
= LT/CUV), comprimento relativo da abertura (CRA = CA/CUV), largura relativa
da abertura (LRA = LA/CUV), formato relativo da abertura (FRA = LA/CA),
expanséo relativa da abertura (ERA = LA/LT) e peso relativo da concha (PRC =
PCI/LT).

Adicionalmente, as conchas de Z. dufresnii foram analisadas com o
auxilio de um estereomicroscopio (lupa), para identificar os tipos de bioerosao
presentes, bem como alteragbes na face interna, como crescimentos,
deposigdes e outras estruturas que pudessem indicar a presenca de parasitismo.
Para complementar essa analise, foram realizadas fotografias por Microscopia
Eletronica de Varredura (MEV), no CEME-Sul/FURG, possibilitando uma

visualizagao mais detalhada das estruturas observadas. Posteriormente, essas
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estruturas internas foram comparadas com registros da literatura especializada,
com o objetivo de identificar os possiveis parasitas responsaveis por sua
formacéao.

Para determinacéo da idade aproximada das conchas, foram realizadas
andlise de radiocarbono ('“C), realizada por Espectrometria de Massas com
Acelerador (AMS), em seis espécimes, com caracteristicas tafonédmicas
distintas, como coloragao, presen¢a ou auséncia de brilho e ornamentagdes.
Trés destas amostras foram enviadas ao International Chemical Analyses (ICA),
USA, e outras trés ao Vilnius Radiocarbon, Lithuania. As amostras passaram por
pré-tratamento fisico e quimico, em ambos os laboratérios. Utilizando o software
OxCal (versdo 4.4.4), foram realizadas as calibragdes necessarias [Bronk
Ramsey 2009]. Para as idades de radiocarbono, foi utilizada a curva Marine20
[Heaton et al. 2020], e feito um ajuste, considerando o efeito de reservatério
marinho, com variacao local (AR) de 117 £ 29 [Alves et al. 2015], utilizando os
dados do SHCal20 para calibragdo do hemisfério sul [Hogg et al. 2020].

Para melhor interpretagdo e compreensdo dos dados obtidos, foram
realizadas analises estatisticas simples, como medidas de média e dispersao, e
andlise de regressdo logistica, integrando os dados tafonbmicos com as
interacdes, buscando identificar os principais fatores que contribuem para a

presenca ou auséncia das bioerosdes e dos indicios de parasitismo.
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Capitulo IV: Artigo
Cientifico

P ara a obtengéo do titulo de Mestre pelo Programa de Pds-graduagao em
Oceanologia, é requerido que o discente realize a submissao de pelo

menos um artigo cientifico como primeiro autor em periddico com corpo
indexado. Desse modo, os resultados da pesquisa desenvolvida durante o
periodo de mestrado e a discussao dos resultados serdo apresentados em
forma de artigo neste Capitulo. O manuscrito, de autoria de Keila Marini dos
Santos, Cristiane da Rosa, Silvia Regina Bottezini e Paula Dentzien Dias, é
intitulado “Trace fossil evidence of biological live-live interactions on
gastropod Zidona dufresnii” e foi submetido para publicagdo no periodico

‘Journal of Paleontology”.
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Abstract
Ecological live-live interactions in fossil invertebrates, although providing valuable
information about the past environment and ecology, are still largely underexplored.
Trematode parasites possess a complex life cycle, often utilizing mollusks as their
intermediate hosts. However, since they lack a rigid skeleton, these interactions can only
be detected when there is anomalous growth in the shell, the sole preserved part of the
mollusk. When internal growths or malformations produced by the host are preserved, it
may be concluded that the mollusk was alive at the time of interaction. Therefore, this
study aimed to assess the different ecological interactions preserved in the shells of
Zidona dufresnii and determine which were results of a life-to-life relationship, as well
as the organisms involved in that interaction. A total of 894 shells collected from dead
associations of Quaternary deposits in southern Brazil were analyzed regarding the
presence and morphology of bioerosions and internal growths. As a result, ten
ichnogenera of bioerosion were identified, with Caulostrepsis, Iramena, and Entobia
being the most frequent. Additionally, seven types of malformations were observed,
including pits and igloo-like structures, which are results of infestation by trematodes;
blister and sheet forms, which respond to the presence of spionid species that perforate
the shell; and verrucose, which we suggest here is also an indicator of trematode
infestation. Furthermore, “C dating shows that these shells are derived from both

Holocene and Late Pleistocene deposits, indicating significant time-averaging.

Non-Technical Summary
Shells from marine mollusks offer valuable clues about life in the oceans of the past —
including how they interacted with parasites. In this study, we examined shells from a

common gastropod, Zidona dufresnii, to see whether any evidence suggests that other
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animals used their shells for shelter or predation, such as holes, growth patterns, and
malformations. We found that some of these markings formed while the mollusks were
still alive, demonstrating ancient parasitic relationships. Furthermore, we discovered that
the shells vary in age, ranging from ~3,000 to almost 40,000 years, showing that the shells
collected in the beach have a wide range of temporal variation. These findings contribute
to a better understanding of how parasites and mollusks coexisted and provide new
insights into the dynamics of marine ecosystems throughout history — illustrating how

marine life evolved over time.
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Introduction

Marine mollusk shells, both during an animal’s lifetime and after death, are widely
used by other organisms as substrate for attachment, habitat, refuge, and feeding (Lopes
2012; Aguirre et al. 2016; Richiano et al. 2021; Marini et al. 2022). The primary
ecological interactions involve bryozoans, annelids, and other mollusks, with many
species serving as intermediate hosts for numerous parasite groups (Ituarte et al. 2005;
Huntley and De Baets 2015; Huntley et al. 2021). However, not all these interactions
leave marks on the shells - only the typically preserved structures in the fossil record -
limiting the identification of traits related to parasitism (Huntley and De Baets 2015).
Nevertheless, the study of these remains holds significant potential for understanding
variations in marine disease prevalence over time, particularly during periods of
extinctions or environmental changes (De Baets et al 2021).

However, a major challenge is determining whether the trait was produced by an
ante-mortem interaction or a post-mortem one. To gain a better understanding, Huntley
and De Baets (2015) categorize the traits and malformations found into two groups: (1)
interactions where only perforations, excavations, or destruction of the shell by the
organism occur, making it impossible to distinguish ante-mortem from post-mortem
interactions; and (2) interactions that result in a growth response from the mollusk,
allowing for the isolation of the invading organism, indicating that the trait or
malformation was produced by an ante-mortem interaction. Thus, it is often difficult to
differentiate which traits are related to parasitism and which are results of bioerosion.
Most studies conducted on Southern Atlantic mollusks indicate that the traits observed in
the shells refer to bioerosions, such as perforations and excavations, which, by
themselves, do not allow the determination of whether they were produced while the

animal was alive or after its death (Lopes and Buchmann 2008; Lopes 2012; Richiano et
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al. 2015; Charo et al. 2017; Erthal et al. 2017; Erthal and Ritter 2020; Richiano et al.
2021; Verde et al. 2022; Schmidt-Neto et al. 2023; Anzai et al. 2024).

On the other hand, parasite-host interactions in the fossil record have been the
focus of much attention by researchers across different organisms or structures, including
mollusks, mammals, and even fossilized feces, called coprolites (Ruiz and Lindberg
1989; Poinar and Boucot 2006; Dentzien-Dias et al. 2012; Huntley and De Baets 2015;
Huntley et al. 2021; Marini et al. 2022). Ruiz and Lindberg (1989) identified marks left
by trematode parasites in bivalves of the family Veneridae, in the form of small internal
pits in the shells (“pits”), present since the Neogene, indicating interactions dating back
at least 5 million years. Ituarte et al. (2001) described another type of structure, in the
shape of an “iglu,” formed by the bivalve’s attempt to isolate the parasite. Other studies
also point to evidence of parasitism, such as fixed and free pearls, irregular calcium
deposits (ICD), discoloration, and structures of the “blister” type (Stunkard and Uzmann
1958; Johannessen 1973; Campbell 1985; Cremonte and Ituarte 2003). In Brazil, there
are few records, with particular emphasis on Marini et al. (2022), who observed blisters
in Mactra isabelleana associated with external bioerosions of the ichnogenus
Caulostrepsis, as well as describing a new type of malformation, the Sheet.

However, despite the growing number of studies on parasite-host interactions in
recent years, there are still numerous gaps that need to be filled. One of the major gaps
concerns parasite-host interactions in gastropods, since most studies have identified only
parasitic traits in bivalves (Ituarte et al. 2001, 2005; Huntley and De Baets 2015; Scarponi
et al. 2017; De Baets et al 2021; Huntley and Scarponi 2021; Huntley et al. 2021; Marini

et al. 2022).

Material and Methods
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Study area

The study area is the Cassino Beach (Fig. 1), located to the south of the Rio
Grande do Sul Coastal Plain (RSCP), immediately following the outflow of the Patos
Lagoon. It is a dissipative beach with fine sediment, a gentle slope, and a wide coastal
face (Calliari and Klein 1993). Due to the orientation of the coast, the dominant waves
are of the swell type, generated in the mid-latitudes, as well as local waves produced by
strong maritime breezes, especially during spring and summer (Dillenburg et al. 2004).
The mean significant wave height is approximately 1.5 m, potentially exceeding 2 m
during storm events, which generally occur between autumn and winter. In such cases,

the average sca level along the coast may reach 1.3 m (Barletta and Calliari 2001).

Figure 1. Study area location map. A, Extension of the RSCP, indicated Barrier IV and
Cassino Beach. B, Google Earth© image of the non-urbanized field-dune zone of Cassino
beach. C, Conchiliferous deposit.

The south Brazil continental shelf sediments were accumulated in various
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environments formed under different sea levels during the Late Pleistocene, following a
Lagoon-Barrier System (Correa 1996a). Paleocostlines are known between 17,500 and
6,500 years BP. These sediments, deposited in an earlier environment, but not yet buried
on a continental shelf (relict sediments), were largely exposed due to low sea levels during
the last glacial maximum (LGM) period of the Pleistocene epoch (Correa 1996a, 1996b).

As a result, this dynamic process is frequently observed on Cassino Beach,
including accumulations of shells, teeth, and mollusk bones that were previously buried
and are now remobilized and redistributed by wave action (Lopes and Buchmann 2008).
According to Ritter and Erthal (2016), these accumulations may contain shells of different
ages, including fossil specimens and recent ones. This is due to the geological evolution
of the RSPC, characterized by successive marine regressions and transgressions, which
resulted in the formation of a complex Lagoon-Barrier System (Villwock 1984; Villwock
et al. 1986; Calliari and Klein 1993; Lopes and Buchmann 2008). During each regression
of the sea, with the advance of the coastal plain, a new coastline was formed where shell
accumulation occurred, later buried by sand (Villwock 1984; Villwock et al. 1986; Lopes
and Buchmann 2008; Ritter and Erthal 2016). During transgressions, the sea advanced
over these old coastlines, forming submersed deposits that, as mentioned, may be
remobilized by storms and redeposited on the current coastal face. Over the formation of
the RSPC, at least four major cycles of regression and transgression occurred, resulting
in mixed deposits containing shells of different ages (Villwock 1984; Villwock et al.
1986; Calliari and Klein 1993).

On the Rio Grande do Sul continental shelf, features were identified and
interpreted as submerged beaches, mainly located at depths between 20 and 40 meters.
These quartzose, well-selected sandy deposits, arranged in submerged chains, represent

ancient coastal lines formed during temporary stabilization phases of sea level throughout
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the Quaternary. Considered relic sediments, these deposits are no longer in equilibrium
with current sedimentary dynamics but preserve relevant paleoenvironmental evidence

for the reconstruction of the paleogeographic evolution of the region (Corréa 1996a).

Sampling

For this study, shells of the gastropod Zidona dufresnii (Caenogastropoda:
Volutidae) were analyzed. This gastropod inhabits the western margin of the South
Atlantic Ocean at depths of 35 to 60 meters in sandy substrates from the Rio de Janeiro
coast, Brazil (22°S), to the Patagonian waters, San Matias Gulf, Argentina (42°S)
(Giménez and Penchaszadeh 2002; 2004, 2008; Giménez and Penchaszadeh 2003;
Medina et al. 2017, 2020). The species was selected due to its high abundance in this
region - being commercially exploited in Uruguay and Argentina (Giménez et al. 2004;
Riestra et al. 2006) - and its variation in coloration (Fig. 2), shape, and density, which
may indicate temporal mixing. Additionally, the shells exhibit distinct bioerosion
features, suggesting their frequent use as substrates by various organisms.

Collecting was performed manually at Praia do Cassino, where all shells of the
species were collected regardless of their preservation state, size, or other factors. In the
laboratory, all shells were washed in flowing water to remove sediment from within,
thereby minimizing interference in subsequent analyses. The samples were dried in an
oven regulated at 40°C for 6 hours and deposited in the malacology collection of the
Laboratdrio de Geologia ¢ Paleontologia (LGP) at FURG. All shells were examined for
coloration (based on a color scale developed from the specimen itself, covering both the
original ornamentation and the darker shades), as well as the presence or absence of
brightness. Measurements of shell size were also taken, including height, width, aperture

size, and shell thickness (Fig. 2F).
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Figure 2. A-E, Scale for determining the color of the shells of Z. dufresnii. The scale

includes the colors yellow, white, brown, grayish and gray. F, Diagram of the shell of
Zidona dufresnii. Measurements used in the analysis: total length (TL), Last whorl lenght

(LWL), total width (TW), aperture length (AL), aperture width (AW).

Additionally, Z. dufresnii shells were examined using a stereomicroscope
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(magnifier) when necessary to identify the types of bioerosion present, as well as internal
changes such as growth patterns, deposition, and other structures. To complement this
analysis, photographs were taken using Scanning Electron Microscopy (SEM) at CEME-
Sul/FURG, enabling a more detailed visualization of the observed structures.
Subsequently, these internal structures were compared with specialized literature records
to identify potential causes of malformation.

To estimate the age of the shells, radiocarbon dating ('*C) was performed using
Accelerator Mass Spectrometry (AMS) on six specimens exhibiting distinct taphonomic
characteristics, such as coloration, presence or absence of brightness, and ornamentation.
Three of these samples were sent to International Chemical Analysis (ICA), USA, while
the other three were sent to Vilnius Radiocarbon, Lithuania. The samples underwent
physical and chemical pre-treatment in both laboratories. Using the software OxCal
(version 4.4.4), necessary calibrations were performed (Bronk Ramsey 2009). For
radiocarbon ages, the Marine20 curve (Heaton et al. 2020) was used, with an adjustment
considering the marine reservoir effect, using a local variation (AR) of 117 £ 29 (Alves
et al. 2015), based on SHCal20 for southern hemisphere calibration (Hogg et al. 2020).

To facilitate interpretation and understanding of the obtained data, simple
statistical analyses were performed, such as measures of mean and dispersion, the chi-
square test (x°) to determine whether there is a significant relationship, and logistic
regression analysis, integrating taphonomic data with interactions to identify the main
factors contributing to the presence or absence of bioerosion and indications of
parasitism. For this analysis, color, presence or absence of ornamentation, and brightness
were considered independent variables, while internal growth patterns were utilized as

dependent variables.
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Results

The current shells of Zidona dufresnii are fusiform, bright, and thick, with an
elongated apex and a fine whorl. The surface is orange-yellow with reddish-brown axial
zigzag lines. The aperture is subquadrangular, elongated, and comprises three-quarters of
the total shell length (Rios 1994; Rios 2009).

A total of 894 shells of Zidona dufresnii were analyzed (Supplementary Table 1);
464 were complete, without significant cracks or excessive bioerosion, allowing for
accurate measurements, however, no shells studied herein had the thin elongated apex,
that broke easily. The mean height of the shells, derived from the last whorl since the
apex is always incomplete, was 91.80 mm (min. 50.44 mm, max. 146.45 mm), and the
width was 52.90 mm, varying between 30.37 mm and 76.50 mm (Supplementary Figure
1).

The shells analyzed exhibited varied coloration, ranging from yellow (their
original color) to completely gray. Regarding brightness, 310 shells (34.68%) still
displayed brightness, while in 584 shells (65.32%) brightness was absent. In terms of zig
zag ornamentation, 601 shells (67.23%) retained the original ornamentation, whereas 293
shells (32.77%) no longer exhibited any type of ornamentation. Additionally, shell color
was related to the presence or absence of brightness and ornamentation, as shown in Table
1, indicating that, for the most part, shells with a color close to the original (yellow) still
exhibited ornamentation, and half of them still showed brightness. Shells with color
changes, particularly those that are more gray, show decreasing ornamentation and,
primarily, brightness.

Table 1. Relationship between the color of Zidona dufresnii shells with the presence of

ornamentation and brightness.

Color Total Shells with Ornamentation Shells With Brightness
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Yellow 370
Brown 216
Grayish 155
White 126

Grey 27

364 (98.38%)
138 (63,89%)
37 (23.87%)
57 (45,24%)

0

204 (55,14%)
66 (30,56%)
20 (12,90%)
13 (10,32%)

0

Indistinguishable Between Live-Death and Live-Live Interactions

Bioerosions were identified in 709 shells, representing 79.3% of the sample.

These perforations occurred in a variety of ways: in some cases, restricted to the outer

face; in others, limited to the inner face (the aperture); and, in some shells, present on

both faces (Table 2).

Table 2. Shells with external, internal, or both-side bioerosions, or without bioerosion in

Z. dufresnii specimens, by ichnogenus.

Ichnogenus/Trace fossil External Internal Both-sides Absent
Caulostrepsis 605 499 479 269
(67,67%) (55,82%) (55,58%)  (30,09%)
Entobia 134 112 103 751
(14,99%) (12,53%) (11,52%) (84,00%)
Finichnus 115 105 45 719
(12,86%) (11,74%) (5,03%) (80,43%)
Pennatichnus 97 259 66 604
(10,85%) (28,97%) (7,38%) (67,56%)
Iramena 333 328 258 491
(37,25%) (36,69%) (28,86%) (54,92%)
Gastrochaenolites 9 3 2 884
(1,01%)  (0,34%) (0,22%) (98,88%)
Oichnus 7 1 1 887
(0,78%)  (0,11%)  (0,11%) (99,22%)
Maeandropolydora 16 1 1 878
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(1,79%)  (0,11%)  (0,11%)  (98,21%)

Podichnus 10 102 4 786
(1,12%)  (11,41%) (0,45%) (87,92%)
Radulichnus 0 1 0 0
(0,11%)

In the group of bioeroded shells, nine distinct ichnogenera were recorded, often
allowing a single shell to exhibit more than one type of bioerosion (Fig. 3). The most
frequent ichnogenus, both on the outer and inner faces, was Caulostrepsis, characterized
by a U-shaped tunnel excavated by polychaetes (Charo et al. 2017;), followed by:
Iramena, produced by ctenostome bryozoa, exhibiting a system of tunnels with openings
leading to the surface in an irregular pattern (Charé et al. 2017; Pereira et al. 2009);
Finichnus, formed by groups of shallow pits in the shape of an ellipse or pear, produced
by cheilostome bryozoa (Taylor et al. 2013); Entobia, produced by clionid sponges,
consisting of interconnected galleries parallel to the surface, with perforations in the form
of a network often covering the entire shell; Pennatichnus, which is also the result of
interaction with cheilostome bryozoa, but with axial openings leading to the surface in a
feather-like pattern (Char6é et al. 2017; Taylor et al. 2013); Gastrochaenolites,
characterized by a perforation in the shape of a wedge, with the narrowest part of the
aperture narrower than the main chamber, potentially circular or oval, produced by
bivalves (Char6 et al. 2017; De Gibert et al. 2007), which use the shell of Z. dufresnii as
a substrate for permanent habitat; Oichnus, characterized by circular or oval perforations
perpendicular to the substratum, which may or may not penetrate the surface (Charoé et
al. 2017; Wisshak et al. 2023), representing traces left by carnivorous gastropods due to
predation; Maeandropolydora, formed by long cylindrical galleries, sinuous or irregular,
and sometimes more rectilinear (Bromley and D’Allessandro 1983), associated with

excavations by polychaetes; Podichnus, a bioerosion resulting from the dissolution of
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carbonate on the shell surface caused by pedunculate brachiopods, presenting a compact
group of small, shallow, narrow pits (Bromley and Surlyk, 1973); and Radulichnus,

consisting of short, shallow grooves with parallel rows of small clusters, resulting from

mollusk grazing activity (Gibert et al. 2007; Lopes and Pereira 2018).
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Figure 3. Bioecrosions found in shells of Z. dufresnii. A, Caulostrepis (D376). B,
Gastrochaenolites (LGP-W2758t). C, Iramena (D349). D, Radulichnus (D428). E,
Entobia (LGP-W27550). F, Pennatichnus (D444). G, Oichnus (D515). H, Podichnus
(D444). 1, Maeandropolydora (LGP-W2758t). J, Finichnus (D444). K — L, shells
showing distinct overlapping bioerosions (K, LGP-W2757t; L, D239). Scale bar = 0.5
cm.
Live-Live Interactions

Abnormal internal growths (malformations or pathologies) were identified on the
inner face of Z. dufresnii shells: pits in 170 shells (19.02%), Verrucous in 115 (12.86%),
Attached Pearls in 112 (12.53%), Blisters and Needles in 47 (5.26%), Sheets in 12
(4.70%), and Igloo-like structures in two (0.22%). Pits (Fig. 4) are small, oval-shaped
cavities with raised edges that may occur throughout the inner face of the shell. Their
production is induced by parasitism caused by trematodes, serving as a defensive
mechanism to encompass the parasite (Ruiz and Lindberg 1989). In some shells, the
number of pits reached 16, indicating high levels of infestation. Attached Pearls (Fig. 5)
are large, solid structures, usually rounded, sometimes elongated, fixed on the inner wall
of the shell, produced as a defensive mechanism by the gastropod against small particles,
such as sand grains, entering the space between the shell and the visceral mass.
Additionally, they may be associated with the activity of trematode parasites (Taylor et
al. 2013; De Baets et al. 2015). Blisters (Fig. 5) are elevated structures inside the shell,
with an empty interior resembling a bubble, formed when foreign bodies penetrate the
shell. This structure is generally associated with bioerosions on the outer face (Huntley
and Scarponi 2012; De Baets et al. 2015; Huntley and De Baets 2015; Marini et al. 2022).
Sheets (Fig. 5D) cover a significant portion of the inner surface of the shell, resembling

two layers, creating an empty space between them without a defined shape (Marini et al.
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2022). They are larger than blisters but not as elevated. They may also be associated with
bioerosion on the outer face (Marini et al. 2022). Verrucous structures (Fig. 6) are growths
with a rough texture, spherical or elongated, possibly showing variation in color (Da Rosa
et al. Submitted). Needles (Fig. 7) are structures resembling small needles, approximately
1.5 mm in length, suggesting that unusual straight foreign bodies were isolated within the
shell (Da Rosa et al. Submitted). The SEM images (Fig. 7D) show that some of these

structures have the shape of rods with rounded ends.
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Figure 4. Malformations of the type Pits in the shells of Z. dufresnii. A (a) - B (b), shells
exhibiting the malformation within their interior (A, LGP-W2759; B, D458). Scale bar =

2 cm. C, Detail of a Pit structure in SEM image (LGP-W2756j).
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Figure 5. Blister, Sheet, and Attached Pearl in shells of Z. dufresnii. A (a) - B, Blister

(D194). C(c), Sheet presented the internal layer of the structure broken (LGP-W2760a).

D (d), Attached Pearl (D445). Scale bar =1 cm.
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Figure 6. Malformations of the type Verrucouse in shells of Z. dufresnii. A (a) - B (b),
shells exhibiting the malformation within their interior (A, D549; B, LGP-WW2761g).

Scale bar = 1 cm. C, Detail of a Verrucous structure in SEM image (LGP-W2760a).
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Figure 7. Malformations of the type Needle in shells of Z. dufresnii. A (a) - C (¢), shells
exhibiting the malformation within their interior (A, D372; B, D374; C, LGP-W27564d).
D, Detail of a Needle structure in SEM, where it is possible to perceive its rod-like shape

(B70).

The igloo-like morphology resembles the description by Ituarte et al. (2001), in
which an igloo is described as a dome-shaped structure with an aperture. However, the
igloo-like structures found in Z. dufresnii shells are semi-elliptical domes with an aperture
(Fig. 8), measuring approximately 1 cm. According to Huntley et al. (2021), the igloo can
be formed when the pit walls grow over the pit and fuse together, creating a hollow blister-
like appearance with a tiny opening that represents the anterior metacercaria. Given that
the igloo structures may be viewed as unsuccessful attempts to isolate the parasite, as it
may continue to communicate with the outside world, their construction may be more
intricate since the parasite may stimulate or modify them. Besides this aperture, there may

or may not be an erosional hollow or divot on the shell surface (Huntley et al. 2021).
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Figure 8. Malformations of the type Igloo-like in shells of Z. dufresnii. A (a) - B (b),
shells exhibiting the malformation within their interior (A, D190; B, B46). C, Detail of
an Igloo-like structure in SEM, where it is possible to perceive its rod-like shape (B46).
Abnormal external growth: Another malformed structure observed on the outer
surface of Z. dufresnii shells is rounded and occurs around barnacles adhered to the shell
(Fig. 9). These formations are known as bioclaustrations and are located in the posterior
region of the shells, particularly near the apex. In total, eight specimens exhibited this

structure, with two retaining residual barnacle remains.
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Figure 9. Bioclaustration in Z. dufresnii shells (A (a), D496; B (b), D460).

Shell coloration was correlated with the presence of bioerosions on both inner and
outer surfaces, as well as with malformations (Table 3). A statistically significant
association between coloration and malformations was confirmed by the chi-square test
(x* =29.495, df = 4, p = 6.2 x 107°). A significant statistic correlation was also detected
between coloration and bioerosions on the outer surface (x> = 50.944, df = 4, p = 2.293 x
10719), and a similar result was found for coloration and bioerosions on the inner surface
(x*=51.517,df =4, p=1.741 x 107),

Table 3. Percentage of Z. dufresnii shells classified by color, brightness, and

ornamentation, showing external, internal, and malformation bioerosions.

External bioerosion Apertural bioerosion Malformations

Color Yellow 63,78 68,92 45,68

Brown 81,48 84,26 34,72

White 75,40 80,16 30,95

Grayish 88,39 93,55 25,16

Grey 96,30 96,30 14,81

' Presence 61,61 65,16 53,23

Brightness

Absence 82,02 86,82 27,57

) Presence 70,88 74,71 40,27
Ornamentation

Absence 83,28 88,74 28,67

Logistic regression analysis indicated that the only taphonomic characteristic of
the shells representing a robust predictor is the presence of brightness. This result suggests
that shells still exhibiting brightness are more likely to present internal growths
(Supplementary Appendice 1).

Age of the Shells
The shells analyzed exhibited ages ranging between approximately 2,730 and 39,640

years (Table 4). Three of them date to less than 7,000 years, attributed to the Holocene,
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while the remaining shells are older than 30,000 years, belonging to the Late Pleistocene

(Fig. 10, Supplementary Appendice 2).

Table 4. Calibrated and modeled 14C ages (95.4%) for the samples, using the Marine20

curve (Heaton et al., 2020).

ID Color Ornamentation  Brightness  Lab. 14C age  Calibrated
(14C age Age
BP) (cal. yr. BP)
LGP- Grey Absence Absence ICA 35940+1  39640-
W2758i 70 38960
BI113 Grayish Absence Absence Vilnius 35618+5 38966-
78 36843
LGP- Grey Absence Absence Vilnius  30576+3 32974-
W27571 12 31661
LGP- Grayish Presence Absence Vilnius 6129+£34  4566- 4256
W2757d
LGP- Grayish Presence Absence ICA 5290+40 3590-3190
W2754p
LGP- Yellow  Presence Presence ICA 4920+40 3170- 2730
W2754e
OxCal v4.4.4 Bronk Ramsey (2021); r:5 Marine data from Heaton et al (2020)
W2758i A
B113 o
W2757! <
W2757d !
W2754p L
W2754e A
"""" 40000 30000 20000 10000 TcalBC/icalAD
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Figure 10. Modelled dating of the samples LGP-W2758i, B113, LGP-W27571, LGP-
W2757d, LGP-W2754p and LGP-W2754¢ using OxCal (v4.4.4).

The dated specimens exhibited distinct taphonomic characteristics (Fig. 11),
including coloration, presence or absence of brightness, and ornamentation. Holocene
shells still retained ornamentation, with the most recent also exhibiting brightness. In

contrast, Late Pleistocene shells did not display brightness or ornamentation, presenting

coloration in shades of gray.

Figure 11. Dated shells. A, LGP-W2758i; B, B113; C, LGP-W27571; D, LGP-W2757d;

E, LGP-W2754p; F, LGP-W2754e. Scale bar = 2cm.

Discussion

The occurrence of bioerosion in the shells of Z. dufresnii in the RSCP is rarely

reported in the scientific literature. Lopes (2012, 2013) identified only bioerosions
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attributed to the ichnogenera Entobia and Caulostrepsis. Subsequently, Schmidt-Neto et
al. (2023) expanded this record by documenting structures compatible with the
ichnogenera Gastrochaenolites and Rogerella in shells of the same species. Additionally,
other types of bioerosions were recorded in conchiferous deposits from the same region,
in shells of different mollusk species, including both gastropods and bivalves (Schmidt-
Neto et al. 2023; Lopes 2012; Anzai et al. 2024; Da Rosa et al. Submitted).

According to previous studies, the predominant bioerosion in associations of
mollusk shells found at Cassino Beach was the ichnogenera Entobia, followed by
Maeandropolydora and Pennatichnus (Lopes and Buchmann 2008; Lopes 2012), with
few records of other ichnogenera. These structures are indicative of deep-layer
perforation, suggesting that these shells remained exposed to seawater for extended
periods, sufficient for the development of a mature community (Bromley and Asgaard
1993). According to Lopes (2012), although Entobia remains the most abundant, some
shells of bivalves and gastropods also exhibited the presence of Caulostrepsis, indicating
a change in the fauna of bioeroding mollusks. However, in more recent studies, other
ichnogenera have begun to be identified more frequently, such as lramena, Finichnus,
and Podichnus (Lopes and Buchmann, 2008; Lopes, 2012; Anzai et al. 2024). This may
indicate that these bioerosions occurred recently, as they are shallow and rapidly
obliterated when exposed to erosive agents (Bromley and Asgaard 1993). Therefore, it is
believed that these shells, once remobilized from their original deposits, remained
available for some time to be bioeroded by organisms using the shells as a substratum
before being transported to the beach.

The ichnogenera Gastrochaenolites, Oichnus, and Maeandropolydora exhibit
low occurrence (Lopes and Buchmann, 2008; Lopes 2011, 2012; Da Rosa et al.

Submitted). The ichnogenus Radulichnus was previously identified only in samples from
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barrier III (Lopes and Pereira 2018) and has not been documented at Cassino Beach or
on the shallow platform.

It is important to note that the majority of the bioerosions found on the external
part of the shell do not exhibit a direct association with internal growth patterns.
Therefore, it is not possible to determine whether these structures were produced before
or after the death of the mollusk. Additionally, many shells display not only different
types of bioerosions but also ecological succession, evidenced by the superposition of
traces, indicating that during the period they remained exposed and functioning as a
substratum, these shells experienced multiple distinct episodes of bioerosion.

All malformations found in the shells of Z. dufresnii occurred while the mollusk
was still alive, as this is a reaction involving calcium carbonate production to isolate an
external foreign body that entered the shell. However, not all of these malformations are
necessarily results of parasitism, in which one species benefits at the expense of another.
Some structures have been previously described in mollusks, particularly bivalves, such
as Pits and Igloo (Ituarte et al. 2005; Huntley and De Baets 2015; Huntley et al. 2021),
which represent the animal's response to the presence of trematode parasites that reached
the visceral mass. Blister and Sheet are usually associated with external bioerosion of
Caulostrepsis (Huntley and Scarponi 2012; Huntley et al. 2021; Marini et al. 2022),
caused by a spionid polychaete that perforates the shell to its interior, leading the mollusk
to produce a protective response.

On the other hand, many cases of malformations found in shells may merely
indicate that some external particle caused discomfort to the mollusk, such as sand grains,
spicules, or rigid parts of animals. In this context, malformations of the types Pearl,
Needle, and Verrucous are considered internal growths that can occur either due to the

entry of an external object between the shell and the visceral mass (Da Rosa et al.
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Submitted) or due to a parasite, and cannot be distinguished without additional evidence
(Huntley and De Baets 2015). However, in the shells of Z. dufresnii analyzed, there are
indications that the Verrucous malformation may also be related to trematode parasites.
Through SEM observation, an aggregation pattern is noted in these structures,
characterized by an irregular distribution at the center, covered with a layer of shell and
a gentle depression around it. The size and shape of this malformation are compatible
with clusters of metacercariae, commonly found in live tissues of mollusks and
occasionally causing changes in the formation of their shells (Cremonte and Ituarte 2003;
Averbuj and Cremonte 2010; Cremonte et al. 2013; Di Giorgio et al. 2014; Ribeiro et al.
2017). Additionally, in 53.04% of shells exhibiting Verrucous malformations, Pits were
also present, indicating that these mollusks were infected by trematode parasites.
Considering the relationship with Pearl, indicative of foreign bodies within the mollusk,
35.65% of the shells with Verrucous malformations also displayed this structure.

The Needle malformation may have been caused by the presence of sponge
spicules inside the shells (Da Rosa et al. Submitted). This hypothesis was proposed after
observing needle-shaped structures in SEM images, where the two ends of the Needle
form a ring-like structure. Although considerable variation in shape and size exists, some
types of sponge spicules exhibit the same structure (Lukowiak 2016, 2020; Rasbold et al.
2019; Lukowiak et al. 2022).

Similar morphological malformations associated with the presence of barnacles
were documented by Da Rosa et al. (Submitted). According to the authors, due to the
large size of gastropods and cirripede lodging only in the apical regions, parasitism is not
considered, since no significant detriment occurs to the host organism. Furthermore,
shells of Z. dufresnii exhibit no internal alterations resulting from this interaction.

Consequently, bioclaustration by barnacles can be considered a commensal or borderline
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interaction.

The rising sea level over the past several thousand years may be a factor
contributing to an increase in the prevalence of trematode parasites in mollusks.
Secondary factors, such as temperature, productivity, salinity, taxon abundance, and other
factors associated with the rise in sea level, can make this increase favorable (Huntley et
al. 2014). Thus, the increased presence of parasitism indicators in recent shells, evidenced
by the persistence of the brightness layer, may indicate that the relationship between
trematode parasites and Z. dufresnii is increasing. Another factor that might influence the
greater number of malformations in shells with brightness compared to older shells is that
these shells are less exposed in the system due to a shorter time period, experiencing
fewer effects from reworking and bioerosion, thereby preserving these structures more
effectively.

Several authors have claimed that shell color changes with age (Wehmiller et al.
1995; Erthal et al. 2017; Martinez and Rojas 2023), indicating that the darker the shell,
the older the sample. However, as observed in this study, shell color can vary with age,
with specimens dated to the Holocene and others to the Late Pleistocene. Consequently,
it is not possible to assert age using only this parameter. The same result was observed
by Da Rosa and colleagues (Submitted), where darker shells of Pachycymbiola brasiliana
showed younger ages compared to those of lighter coloration. Nevertheless, brightness
and ornamentation are present only in shells from the Holocene, potentially serving as an
indicator of age. The presence of brightness indicates that the shells have not yet remained
exposed long enough to the environment to lose this superficial layer, suggesting they are
less ancient than shells without brightness. In contrast, the zig-zag ornamentation is
located in the inner layers of shell walls and persists for a longer period before being lost

or replaced.
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All shells collected from beaches and the shallow platform in southern Brazil were
dated from the present to 8,615 years and between 31,661 and 41,167 years
(Supplementary Appendice 3), forming a hiatus from approximately 9,000 to 30,000
years, corresponding to the Last Glacial Maximum. A possible explanation for the
absence of shells from this period is that they are preserved in sediment layers currently
located at depths greater than 80 meters, thus not undergoing reworking. The only dating
of this hiatus is based on the terrestrial mammal Notiomastodon platensis (Lopes et al.
2010). Between 30,000 and 40,000 years ago, the coastline was at a depth of about 60
meters below the present sea level (Spratt and Lisieck 2015), meaning that these
sediments are positioned close to those of the Holocene (Fig. 12). This proximity
facilitates reworking and transport of fossil materials together, contributing to the

formation of associations with significant time-averaging.
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Figure 12. Reconstruction of coastal ridges during recent variations in sea level. Each
profile demonstrates the position of the coastline at each period (40k, 18k, 11k, 9k, 3k
years and the current period), illustrating the location of sub-sea deposition of biodetrital

material and terrestrial deposits.

In addition, relic sediments are widely distributed on the southern Brazilian shelf,
where they are extensively reworked by the combined effects of the modern

hydrodynamic regime, terrestrial sediment input, and post-glacial sea-level rise.

Conclusions

Pathologies in gastropod shells are poorly documented. A total of 894 Zidona
dufresnii shells from the same locality (Cassino Beach) were surveyed for malformations
and 332 presented pathologies Various malformations were identified, the most common
being pits, followed by verrucous structures and attached pearls. Among these, four were
associated with parasitism: pits, verrucous, and igloo-like structures resembling
trematodes, as well as blister features similar to those produced by spionid species.
Parasitism evidence in gastropods is rare in the fossil record, being found, until now, as
far as we know, only in the South Atlantic. Bioclaustration has been known since Early
Paleozoic, but poorly studied in the Quaternary, being this study one of the few between
gastropod and barnacle of the Brazilian Coast. Our results indicate that the current beach
contains shells from periods both preceding and following the Last Glacial Maximum
(LGM), reflecting a wide time-averaging. Among all of these findings, the analysis of
gastropod shells must be more detailed and reveal different biological interactions in the

paleontological record.
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Capitulo V:
Sintese dos
Resultados e
Discussao

o total, foram analisadas 894 conchas de Z. dufresnii. As conchas
N recentes sdo amarelo-alaranjadas, com padrdes de zig zag em tons de
castanho, e com intenso brilho nacarado [Rios 1994, 2009]. Todavia, na amostra
estudada, encontrou-se conchas em diversos estados de preservagao, desde
praticamente integras, ainda com a presencga de brilho e das ornamentagoes,
até conchas fragmentadas e/ou bioerodidas, além de variagbes na cor, sem a
presenca de brilho e também das ornamenta¢des caracteristicas.

Foram identificados 10 icnogéneros de bioerosao (Fig. 6), presentes em
709 conchas (79,30%). O mais abundante foi Caulostrepsis, com ocorréncia em

625 conchas (69,91%), seguido por Iramena em 403 (45,07%), Pennatichnus em
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290 (32,44%), Finnichnus em 175 (19,57%), Entobia em 143 (15,99%) e
Podichnus em 108 (12,08%). Com menor frequéncia de ocorréncia, também
foram observados os icnogéneros Maeandropolydora em 16 conchas (1,79%),
Gastrochaenolites em 10 (1,11%), Oichnus em sete (0,78%) e Radulichnus em
apenas uma concha (0,11%). Ressalta-se que a grande maioria das conchas

apresenta mais de um tipo de bioerosdo, muitas vezes sobrepostas.

Figura 6. Figura esquematica de Z. dufresnii com as principais bioerosdes encontradas. 1.
Gastrochaenolites; 2. Oichnus; 3. Caulostrepis 4. Finichnus; 5. Iramena 6. Entobia 7;
Radulichnus; 8. Pennatichnus.

Dentre as conchas analisadas, 328 apresentaram algum tipo de crescimento
interno (Fig. 7), produzido enquanto o organismo estava vivo. Presente em 170
conchas (19,02%), o mais comumente observado foi Pits, um pequeno pogo com
as bordas elevadas e que € um indicio de infestacédo por parasitas trematodos.
Em seguida Verrucouse em 115 (12,86%), Attached pearl em 112(12,53%),
Blister e Needle em 47 (5,26%), Sheet em 12 (4,70%) e Igloo-like em duas

(0,22%).
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Figura 7. Crescimentos anormais internos em Z. dufresnii. A) Figura esquematica dos
crescimentos e malformacdes. B) Sheet. C) Pits. D) Verrucouse. E) Needle. F) Attached pearl.
G) Blister.

Em apenas 8 conchas observou-se a presenga de bioclaustracao, ou seja,
o envolvimento de um organismo bioincrustado pela parede da propria concha.
Esses espécimes apresentaram cracas aderidas a face externa das conchas e
envoltas por ela, conforme o seu crescimento. Todas essas interagées foram
encontradas localizadas na regiao proxima ao apice das conchas.

As conchas datadas apresentaram idades variando entre 2.730 e 39.640.
Além da variagédo de idades, as conchas também apresentaram distintas
caracteristicas tafondmicas, desde a perda de brilho e ornamentacdes até a
mudanga de coloragdo. Trés das conchas séo de origem holocénica e as demais
sao pleistocénicas.

Apesar da mudanca de cor ser descrita por varios autores como indicativo
direto de variagéo de idade, este atributo, por si s6, néo é suficiente para indicar
quais conchas sao as mais antigas. Como observado nos resultados de datagao
deste estudo, conchas tanto do Holoceno quanto do Pleistoceno Tardio podem

apresentar a mesma coloracéo. E possivel apenas inferir que essas conchas nao
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sao atuais, uma vez que se iniciou o0 processo de substituicdo dos minerais que
compdem essas conchas.

Por outro lado, a presenca de brilho ocorre apenas nas conchas mais
recentes, independentemente de sua cor. Por ser uma fina camada recobrindo
a concha, é natural que seja destruida, ou erodida rapidamente apos a morte do
molusco, ndo resistindo aos processos de transporte e deposicdo. Ja as
ornamentacdes em forma de zig zag estdo em camadas mais profundas da
concha e, portanto, sua auséncia indica que o processo tafonédmico ja esta
atuando neste material ha mais tempo. Neste estudo observou-se que conchas
do Holoceno ainda apresentam, ainda que vestigiais, estas ornamentagoes,
enquanto as conchas do Pleistoceno Tardio ja perderam completamente essa
caracteristica.

As bioerosdes observadas nas conchas de Z. dufresnii séo diferentes e
mais variadas do que as anteriormente citadas para a regido. Estudos pretéritos
indicam que os icnogéneros mais frequentes nas conchas da PCRS eram
Entobia, seguido por Maeandropolydora e Pennatichnus [Lopes & Buchmann
2008; Lopes 2012]. Porém, este estudo mostra que Caulostrepsis, Iramena,
Finichnus, Pennatichnus e Podichnus tém ocorrido mais frequentemente,
indicando que possa haver uma alteracdo na fauna de invertebrados ou no
tempo de exposicdo aos dessas conchas a agentes bioerosivos apds a
remobilizacao [Bromley & Asgaard 1993]. Por serem estruturas que ocorrem em
camadas rasas, algumas bioeroses nao persistem nas conchas apds o
processo de soterramento e exumacdo, indicando que foram produzidas
recentemente.

Entre as malformacdes encontrados nas conchas de Z. dufresnii, algumas
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estruturas ja foram anteriormente descritas para bivalves, como os Pits e Igloo,
que sao resposta do animal para isolar parasitas trematédeos que alcancaram a
massa visceral [ltuarte et al. 2001, 2005; Huntley & De Baets 2015; Huntley et
al. 2021], além de Blister e Sheet, que normalmente estdo relacionados com a
bioerosédo Caulostrepsis externamente, provocada por um poliqueta espionideo
que perfura a concha até o seu interior, levando o molusco a produzir uma
protecdo [Scarponi et al. 2017; Marini et al. 2022]. Outros crescimentos, como
Attached Pearl, por sua vez, podem ser resultado apenas de um corpo estranho
rigido que atingiu o interior da concha. Needle e Verrucouse foram descritos pela
primeira vez por Da Rosa et al. [2025], e indicam a presenga de espiculas de
esponja e graos de areia, respectivamente. Entretanto, este estudo sugere que
Verrucouse possa ser resultado também da infestacdo por trematédeos, uma
vez que sua estrutura &€ semelhante a clusters de metacercarias, comumente
encontrados em tecidos vivos de moluscos e que podem também causar
alteragdes nas conchas [Cremonte & ltuarte 2003; Averbuj & Cremonte 2010;

Cremonte et al. 2013; Di Giorgio et al. 2014; Ribeiro et al. 2017] (Fig. 8).

Figura 8. Moluscos com processos anémalos de encapsulagado Trematoda. A) Parte interna da
valva esquerda de um bivalve com um saco (s) com numerosas metacercarias; B) Porgéo interna

de uma valva de bivalve com calcificagdo (c) anormal (Modificado de Cremonte & ltuarte 2003).
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Considerando os estudos realizados com amostras coletadas nas praias
e plataforma rasa do Rio Grande do Sul, ha um hiato entre cerca de 9 mil a 30
mil anos - Todas as conchas datadas dessa regido possuem idades inferiores a
9 mil anos ou superiores a 30 mil - que coincide com o ultimo maximo glacial. De
acordo com a batimetria atual e a localizagcao das paleolinhas de praia [Correa
1996a, 1996b] os depdsitos holocénicos e do Pleistoceno Tardio possuem
localizagdo préximas, com excecao do Ultimo Maximo Glacial, o que permite seu
retrabalhamento e transporte dos materiais fossiliferos em conjunto, formando

as associacdes com expressivo time-averaging.
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Capitulo VI:
Sintese da
Conclusao

Ainda sdo escassos os estudos abordando as patologias e interagbes

ecoldgicas em conchas de gastrépodes. Entre as 894 conchas coletadas,
332 apresentaram algum tipo de malformacgao ou indicio de interagao vida-vida,
podendo, em muitos casos, se tratar de parasitismo, como o caso dos Pits,
Verrucouse e Igloo-like, resultados de infestacdo por parasitas trematédeos, e
Blister, causado por perfuracdes de poliquetas. Bioclaustragcéo, apesar de ser ja
conhecida, ainda € pouco estudada em materiais quaternarios e no Atlantico Sul,
e, se tratando de gastropodes, este € um dos primeiros registros. Ademais, os
resultados indicam que os depdsitos encontrados nas praias atualmente sao
oriundos de depésitos do Holoceno e Pleistoceno Tardio, pulando o Ultimo
Maximo Glacial, refletindo em um amplo time-averaging. Dentre todas as

descobertas feitas, destaca-se a analise de conchas de gastropodes, que até
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entdo foi pouco estudada e deve revelar diferentes interagcdes ecolégicas do

registro paleontologico ao ser mais detalhada.
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Capitulo VII:
Perspectivas
Futuras

laneja-se realizar estudos abrangentes, envolvendo outras espécies de

moluscos, a fim de identificar se ha variacdo na prevaléncia de bioerosdes
e parasitismo em diferentes espécies. Além disso, novas datagdes devem ser
realizadas, para ampliar o conhecimento sobre os processos de retrabalhamento
e transporte dos materiais conchiliferos de seus depdsitos originais até a praia.
Ademais, pretende-se fazer uma integracdo dos indices morfométricos
calculados das conchas com as caracteristicas tafonébmicas, como integridade
da concha, coloragao, presenca e auséncia de brilho e ornamentagdes e também
com as bioerosdes e evidéncias de parasitismo, para buscar compreender como
estes estao relacionados, bem como desenhar um cenario paleoecoldgico entre

moluscos e outros organismos.
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ANEXOS

Anexo 1. Material suplementar submetido juntamente com o manuscrito (Artigo

do Cap. IV). A formatagio segue os padrbes exigidos pela revista.
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