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RESUMO

TEIXEIRA, Larissa Marques Pires. Bioinvasdo marinha e mudancas na comunidade: analises
de diversidade, caracterizacdo trofica e nicho isotdpico. 2021. 260 f.Tese (Doutorado em
Ecologia e Evolucédo) — Instituto de Biologia Roberto Alcantara Gomes, Universidade do
Estado do Rio de Janeiro, Rio de Janeiro, 2021.

A bioinvasdo marinha representa um dos impulsionadores diretos de mudancas na
natureza com maior impacto global, levando a perda de diversidade bioldgica e de fungdes
ecossistémicas. Ainda que as consequéncias causadas pela introducdo de uma espécie exotica
invasora (EEI) sejam incertas, elas podem causar efeitos quase imperceptiveis até a
completa dominacdo e deslocamento de comunidades nativas. Os mecanismos por tras do
sucesso de uma EEI sdo determinados tanto por caracteristicas da espécie como da comunidade,
contudo, ainda ndo existe um consenso a respeito do que torna uma EEI bem-sucedida. O
presente trabalho, dividido em 5 capitulos, tem como objetivo principal avaliar o efeito de EEI
marinhas na diversidade e estrutura tréfica em comunidades bentdnicas de costdo rochoso e
divulgar os conceitos relacionados ao estudo da bioinvasao marinha e da ciéncia marinha para
além da academia. Inicialmente reunimos informacdes atualmente disponiveis sobre as EE
marinhas no Brasil e observamos que entre o periodo de 1950 a 2010, o numero de EE marinhas
dobrou pelo menos a cada década, o que mostra que o Brasil deve se empenhar de forma mais
eficiente no combate a introdugdo de EE e utilizar ferramentas mais efetivas, por exemplo,
umbanco de dados nacional para monitorar tendéncias nas introdugdes EE marinhas. No
segundo capitulo, nés usamos a abordagem de ajuste e selecdo de modelos de distribuicdo de
abundancia de espécies, indices de diversidade taxondmica e indices de diversidade funcional
baseados em matrizes de agrupamento hierarquico para avaliar os efeitos de quatro espécies
marinhas invasoras na diversidade biolégica e funcional em costdes rochosos ao longo do litoral
do estado do Rio de Janeiro. Consideramos que os indices de diversidade taxonémica e
funcional sdo ferramentas Uteis para identificar processos que determinam a diversidade
bioldgica, contudo, as caracteristicas funcionais das espécies refletiram melhor o nimero e a
biomassa de EEI. No terceiro capitulo, utilizamos valores de §3C e §*°N e métricas de nicho
isotopico para investigaras relacbes troficas em costdes rochosos invadidos pelos corais
Tubastraea tagusensis e T. coccinea. Ambos se revelaram competidores alimentares de sucesso
gue ocupam um nicho especifico dentro do nicho ocupado por outras espécies funcionalmente
equivalentes Ainda utilizando anélise de §'3C e §'°N, no quarto capitulo nos fornecemos a
primeira caracterizacdo de uma teia tréfica em um costdo rochoso de uma area invadida pelo
coral mole invasor Sansibia sp., corroborando observacdes documentadas em campo de um
possivel predador, também identificamos mudancas desde o Gltimo levantamento realizado em
2017 (ano de introducdo) e um aumento na abundéncia e distribuicdo da EEI para areas mais
favoraveis. O quinto e Ultimo capitulo representa um trabalho de extensdo universitaria
desenvolvido em paralelo ao projeto de doutorado onde analisamos diferentes dimensdes de
atuacdo do projeto e a resposta daqueles que participaram das oficinas, mostrando a importancia
de levar informacg0es e debates restritos a academia para além da universidade.

Palavras-chave: Comunidade. Diversidade Funcional. Espécies Exoéticas Invasoras. Indices de

Diversidade. Relagdes Troficas.



ABSTRACT

TEIXEIRA, Larissa Marques Pires. Marine bioinvasion and community changes: analysis of
diversity, trophic characterization and isotopic niche. 2021. 260 f. Tese de Doutorado em
Ecologia e Evolucdo— Instituto de Biologia Roberto Alcantara Gomes, Universidade do
Estado do Rio de Janeiro, Rio de Janeiro, 2021.

Marine bioinvasion represents one of the direct drivers of changes in nature with the
greatest global impact, leading to the loss of biological diversity and ecosystem functions.
Although the consequences caused by the introduction of a non-native species (NS) are
uncertain, they can cause almost imperceptible effects up to the complete domination and
displacement of native communities. The mechanisms behind the success of a NS are
determined by both species and community characteristics, however, there is still no consensus
on what makes a NS successful. The present work, divided into 5 chapters, has as main objective
to evaluate the effect of marine NS on the diversity and trophic structure in benthic communities
of rocky shore and to disseminate the concepts related to the study of marine bioinvasion and
marine science beyond the academy. We initially gathered information currently available on
marine NS in Brazil and noted that between 1950 and 2010, the number of marine NS doubled
at least every decade, which shows that Brazil should be more efficient in combating
introduction of NS and use more effective tools, for example a national database to monitor
trends in marine NS introductions. In the second chapter, we use the fit and selection approach
of species abundance distribution models, taxonomic diversity indices, and functional diversity
indices based on hierarchical cluster matrices to assess the effects of four invasive marine
species on biological and functional diversityon rocky shores along the coast of the state of Rio
de Janeiro. We consider that the taxonomic and functional diversity indices are useful tools to
identify processes that determine biological diversity, however, the functional characteristics
of the species better reflected the number and biomass of NS. In the third chapter, we use 5'3C
and 8*°N values and isotopic niche metrics to investigate trophic relationships in rocky shores
invaded by the corals Tubastraea tagusensis and T. coccinea. Both proved to be successful food
competitors occupying a specific niche within the niche occupied by other functionally
equivalent species. Still using 5!3C and §'°N analysis, in the fourth chapter we provide the first
characterization of a food web on a rocky shore of an area invaded by invasive soft coral
Sansibia sp., corroborating field-documented observations of a possible predator, we also
identified changes since the last survey conducted in 2017 (year of introduction) and an increase
in NS abundance and distribution to more favorable areas. The fifth and last chapter represents
a university extension work developed in parallel to the doctoral project where we analyze
different dimensions of the project's performance and the response of those who participated in
the workshops, showing the importance of taking information and debates restricted to
academia beyond the university.

Keywords: Community. Diversity indices.Functional diversity. Nonnative species.Trophic
relationships.
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INTRODUCAO GERAL

O oceano, ainda que cubra a maior parte da superficie terrestre e atue na
manutencdoclimética, sustentando a vida na Terra e 0 bem-estar humano, esta seriamente
degradado e continuamente sendo ameacado por atividades antropicas (Pereira e Soares-Gomes
2009; Solan et al. 2012; Simcock 2017). Entre as ameacas que levama perda de biodiversidade
marinha e de funcGes ecossistémicas, a bioinvasao € considerada uma das mais caras em termos
de danos econdmicos e ecoldgicose um dos impulsionadores diretos de mudancas na natureza
com maior impacto global (Occhipinti-Ambrogi e Savini 2003; Rilov and Crooks 2009, IPBES
2019).De acordo com a Convencdo sobre Diversidade Biologica (CDB, 2016) os impactos
ecologicos da bioinvasdo podem ser tdo severos que sdo considerados um dos principais
responsaveis pela perda de biodiversidade em todo o mundo. Bioinvas&o ou invasdo bioldgica
é 0 ato ou efeito de um ou mais organismos invadirem e se estabelecerem em ambientes onde
ndo havia registros anteriores para a espécie, que apos a introducao passa a ocorrer fora da sua
distribuicdo natural, em locais onde néo seria possivel chegar sem a interferéncia das atividades
humanas (Pereira e Soares-Gomes 2009; Souza et al. 2009). A espécie introduzida, conhecida
como espécie exotica (EE), segue uma hierarquia de status de acordo com a condi¢do em que
ela se encontra apds a chegada no novo ambiente: 1) Contida: quando a presenca da EE foi
detectada apenas em ambientes artificiais controlados, total ou parcialmente isolados do
ambiente natural; 2) Detectada: quando foi detectada a presenca da EE no ambiente natural,
mas sem posterior aumento em sua abundancia e dispersdo ou, alternativamente, sem maiores
informacdes sobre a situacdo da populacdo da espécie; 3) Estabelecida: quando a EE foi
detectada de forma recorrente, com seu ciclo de vida completo na natureza e evidéncia de
aumento populacional ao longo do tempo em uma regido restrita ou ampla, mas sem impactos
ecoldgicos ou socioecondmicos aparentes; 4) Invasora: quando a EE tem abundancia ou
dispersdo geogréafica que interfere na capacidade de sobrevivéncia de outras espécies em uma
ampla regido geografica ou mesmo em uma area especifica ou quando a espécie estabelecida
causa impactos mensuraveis nas atividades socioeconémicas ou na saide humana (Lopes et al.
2009; Teixeira e Creed 2020) (Figura 1).
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Figura 1 — Diagrama conceitual exemplificando os quatro estagios de um processo de

bioinvasdo: contida, detectada, estabelecida e invasora, de trés espécies

exoticas (EE) (A, B e C) apos a introdugéo

CONTIDA: encontrada em ambientes
artificiais  controlados.  total  ou
parcialmente isolados do ambiente
natural.

DETECTADA: ocorre no ambiente
natural porém sem aumento posterior
de sua abundancia efou de sua
dispersio.

ESTABELECIDA: ocorre de forma
recorrente. com ciclo de vida completo
na natureza e evidéncia de aumento
populacional ao longo do tempo, mas
SeIm causar impactos.

INVASORA: quando estabelecida, a
EE causa impactos mensurdveis no
meio  ambiente, nas  atividades
socioecondmicas ou na saude humana.

(Lopes e Villac 2009)
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Legenda: A- Inicialmente introduzida no Brasil na década de 70 para consumo humano, o bivalve

Nota:

Magallana gigas (Thunberg, 1793)ampliou sua distribuicéo para além dos tanques de cultivo
e deixou de ser uma EE contida, sendo detectada ocorrendo em ambiente natural e apos
expandir sua distribuicdo é atualmente considerada uma EE estabelecida; B— O dinoflagelado
Gymnodinium catenatum H.W.Graham, 1943foi detectado em 1988 ocorrendo de forma
recorrente, em 2013 ocorreram trés alertas de concentracao e detec¢do de toxinas paralisantes
para essa espécie, que atualmente possui o0 status de espécie invasora; C-Até 2011, o
caranguejo Pilumnoides perlatus (Poeppig, 1836)possuia apenas um registro para o Brasil
sendo considerada uma EE detectada, em 2011 registrada em um novo local é atualmente
considerado uma EE estabelecida (Texeira e Creed 2020)

Adaptado de Lopes e Villac 2009; DesenhosThe IAN symbol libraries

(https://ian.umces.edu/projects/ian-symbol-libraries/)

Fonte: A autora, 2021.

Ainda que as consequéncias causadas pela introducdo de uma espécie exdtica invasora

(EEI) sejam incertas, elaspodem causar efeitos quase imperceptiveis até a completa dominagédo

e deslocamento de comunidades nativas, equando detectado, muitas vezes de forma tardia, sdo

impactos dificeis de serem revertidos (Ruiz et al. 1997; Simberloff et al. 2012; Giakoumi et al.

2016). Em uma revisdo recente, Salimi et al. (2021) destacou que os impactos causados por EEI

em ecossistemas marinhos tropicais ocorrem principalmente por meio da competicao, predacao,

alteracédo do habitat e doencga. Pimentel et al. (2001) estima que os impactos causados por EEI

em diferentes paises, incluindo o Brasil, cause um prejuizo de mais de US$ 314 bilhdes por
ano. SO no Brasil US$ 105,53 bilhdes foram gastos em 35 anos (1984-2019), dos quais US$
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104,33 bilhdes foram devidos a danos e perdas causados por EEI, enquanto apenas US$ 1,19
bilhdo foram investidos em seu manejo (prevencéo, controle ou erradicacdo) (Adelino et al.
2021). Um exemplo de EEI que impacta a dindmica do ecossistema e a estrutura das
comunidades nativassdo os corais do género Tubastraea, EEI introduzidas no Mar do Caribe
em cascos de navios e no Golfo do México e no Atlantico sudoeste brasileiro por plataformas
de petréleo (Creed et al. 2017). No Brasil, Tubastraea spp. foi documentado competindo com
espeécies nativas e facilitando a introducdo de outras EE (Lages et al. 2010; Moreira e Creed
2012; Santos et al. 2013; Hoeksema e Harry 2017; Luz et al. 2019; Guilhem et al. 2020).
Embora ndo exista um consenso no que se refere ao sucesso de uma espécie introduzida
que se torna um EEI, determinadas caracteristicas tanto da espécie como da comunidade podem
favorecer o estabelecimento de uma nova espécie ap6s a chegada em um novo local.O
estabelecimento bem-sucedido de uma EE depende de um propagulo introduzido em um local
altamente adequado, o que de certa forma envolve ndo somente os tracos funcionais da EE,
frequentemente caracteristicas bioldgicas diferentes das espécies nativas, como por exemplo,
maior potencial reprodutivo (Meister et al. 2005; Sax e Brown 2000; Van Kleunen et al. 2010;
Zhan et al. 2015). Um processo de invasdo bem-sucedidoenvolve tambémparticularidades da
comunidade invadida, como a falta de inimigos naturais (Mack et al. 2000;Troost 2010). A
comunidade receptora que atua como uma barreira a invasao, previne o estabelecimento da EE,
ou quando o estabelecimento ocorre sdo as interacfes ecoldgicas que regulam o crescimento
subsequente e a disseminacdo das populacdes invasoras (Stachowicz et al. 1999; Levine et al.
2004; Rivera et al. 2005; Kimbro et al. 2013). Esse processo em que a comunidaderepelea
invasdo de EE é o cerne da “Hipétese de Resisténcia Biotica” (Elton 1958), em que a riqueza
de espécies de uma comunidade atua impedindo que novas espécies se estabelecam, ja que em
comunidades ricas 0s recursos e/ou nichos estdo sendo amplamente usados e portanto, estao
pouco disponiveis para novas espécies, ou seja, quanto maior a diversidade, maior é a
capacidade de resisténcia a invasédo (Byers e Noonburg 2003; Kennedy et al. 2002; Rivera et
al. 2005; Fridley et al. 2007; Jeschke et al. 2018). Embora muitos ecologistas corroborem que
a resisténcia bidtica é um processo forte capaz de repelir invasdes de EE, outra possibilidade,
que esta por tras da “Hipotese de Aceitagdo Biotica”, é que se 0 ambiente é adequado para
sustentar uma grande diversidade de espécies nativas, tambem o sera para o estabelecimento de
EE, ou seja, os padrbes de riqueza de espécies nativas sdo em grande parte resultado das
condi¢cBes ambientais, que sdo universalmente desejaveis tanto para espécies naturalmente
existentes na comunidade quanto para as espécies introduzidas (Brown e Peet 2003; Stohlgren

2006). Ambas as hipodteses, que se contradizem, representam o “Paradoxo da Invasao” (Fridley
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et al. 2007), e apontam que o papel da diversidade de espécies como barreira para bioinvasao

ainda é discutivel.

Figura 2 — Diagrama conceitual demonstrandocomo as mudancas na diversidade se
relacionam com a invasibilidade da comunidade receptora e representam um
paradoxo da invaséo.
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Legenda: Aceitacdo Bidtica: A — comunidades mais diversas possuem maior diversidade de nichos
(circulos coloridos) para receber espécies exoticas (EE, estrela), consequentemente sdo menos
resistentes a invasdo; B — comunidades menos diversas possuem menor oferta de nicho que
diminuem as chances de uma EE encontrar um nicho adequado, logo, sdo mais resistentes a
invasdo. Resisténcia Bidtica: C — comunidades mais diversas possuem maior nimero de nichos
ocupados por espécies nativas, o que diminui a disponibilidade de nichos vagos para EE e
aumenta a resisténcia a invasao; D - comunidades menos diversas possuem maior nimero de
nichos vagos disponiveis para EE e consequentemente sdo menos resistentes a invasao.

Fonte: A autora, 2021.

No que se refere ao combate as EE, agir para prevenir novas introducdes € reconhecida
como a acao principal, sem descartar que simultaneamente as EE j& introduzidas sejam
gerenciadas, controladas e em ultima analise, erradicadas(Rilov and Crooks 2009).

Majoritariamente, as pesquisas envolvendo bioinvasdo marinha incluem o gerenciamento de
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introdugdes que j& aconteceram, o que é compreensivel ja que na maioria das situacdes as
invasdes se tornam aparentes apenas quando os efeitos e presenca da EEI séo visiveis (Anil
2006). Contudo, recomendac0es eficientes para a prevencao de novas introduc6es ainda séo
negligenciadas no Brasil, como por exemplo, politicas publicas eficientes sobretudo no
ambiente marinho e um banco de dados nacional de EE marinhos (Sliwa et al. 2009; Zanella
2015; Bai e Cheng 2019). AConvencao sobre Diversidade Biologica (CDB, 2016), que engloba
tudo o que se refere direta ou indiretamente a biodiversidade, estabelece que os paises
participantes, entre eles o Brasil, devem impedir, controlar ou erradicar EE que ameacem 0s
ecossistemas, habitats ou espécies nativas. Em 2002, o Decreto n° 4.339/02, que
instituiprincipiose diretrizes para a implementacdo da Politica Nacional da Biodiversidade,
especificou medidas de combate as EE, entre elas: Inventariar e mapear as EEI e ecossistemas
em que foram introduzidas para nortear estudos dos impactos gerados e acdes de controle;
promover e apoiar pesquisas para subsidiar a prevencao, erradicacao e controle de EEI; articular
acbes com o 6rgdo responsavel para impedir a entrada no pais de EEI, principalmente em areas
de Unidade de Conservacdo (UC); promover a prevencdo, a erradicacao e o controle de EEI e
apoias acdes com esse objetivo; monitorar os impactos causado pela introducdo de EEI; apoiar
estudos dos impactos da introducdo de EE potencialmente invasoras. Contudo, somente em
2009 o Conselho Nacional de Biodiversidade (CONABIO) instituiu um documento que trata
exclusivamente do combate a EEI, a Resolucdo n° 05/09, que aprova a Estratégia Nacional

sobre Espécies Exoticas Invasoras.

Introducdo de espécies e mudancas na diversidade

O numero de invasdes marinhas documentadas estd aumentando ao longo dos anos
(Bailey et al. 2020) e as consequéncias para a comunidade nativa e 0s mecanismos subjacentes
ao sucesso ou fracasso das invasdes variam enormemente (Mack et al. 2000; Stachowicz et al.
2002).Entre ameacas causadas por EEI, alterar a diversidade das comunidades invadidas
representa um dos maiores impactos e mais dificeis de serem revertidos (Mack et al. 2000; Bax
et al. 2003; Simberloff 2005; Salimi et al. 2021). Por exemplo, na Baia da Ilha Grande (BIG),
Rio de Janeiro, sudeste do Brasil,ap0s a introducdo da alga verde Caulerpa scalpelliformis (R.
Brown ex Turner) C.Agardh, 1817, foram observadas mudangas significativas na estrutura da

comunidade de macroalgas, incluindo diminuicdodrastica da alga parda Sargassum vulgare
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C.Agardh, 1820 e a dominagéo dos substratos rochosos e arenosos por C. scalpelliformis(Falcéo

e Széchy 2005).

A diversidade pode ser medida de diferentes maneiras, entre as medidas de diversidade,

adiversidade taxonémica (DT) expressa a variedade de espécies em uma comunidade. Na busca

por padrdes de diversidade, muitos ecologistas concentraram seus esforcos para medir a

diversidade a nivel de espécie, seja pela riqueza de espécies, definida como o ndmero de

espécies em uma comunidade, pela abundancia, definida pela quantidade de individuos ou pela

equitabilidade, que se refere a distribuicdo do nimero de individuos entre as espécies (Magurran

2013). O posterior desenvolvimento de indices de DT surgiu como uma necessidade para

incorporar informagOes sobre as medidas de diversidade, e enfatizam diferentes aspectos da

diversidade (Tabela 1).

Tabela 1 - indices de diversidade taxondmica (DT) utilizados neste estudo

indices Descricdo Célculo Referencia
indice de Simpson (D) Calcula a probabilidade de dois D=xpi? Simpsom
individuos retirados aleatoriamente de | em que p' é a proporgao (1949);
uma comunidade pertencerem a mesma relativa Magurran
espécie e captura a variancia da (2004)
distribuicilo da abundancia das
espécies.
indice de Shannon (H”) Assume que individuos sdo amostrados H’=-ZpiLogpi Shannon e
aleatoriamenteem uma comunidade ou | em que pi € a proporcdo de Weaver
sub-comunidade de interesse. individuos encontrados em (1949);
relacdo ao nimero total de Krebbs
espécies (1999);
Magurran
(2004)
indice de Fisher Ajusta a distribuicdo de uma série S=aln(1+n/a) Fisher et al.
logaritima, relaciona o nimero de (1943)

Equitabilidade de Pielou (J°)

indice de Margalef (d)

espéciesao nimero de individuos em
uma comunidade e é pouco
influenciado pelo tamanho daamostra
ou pelaabundancia das espécies mais
comuns.

Indica se as diferentes espécies
possuem abundancias semelhantes ou
diferentes e permite representar a
uniformidade da distribuicdo dos
individuos entre as espécies da
comunidade.

Estima a diversidade da comunidade
baseado na distribuicdo numérica dos
individuos das diferentes espécies em
funcdo do nimero total de individuos
presentes na amostra

J’=H’/Hmax Onde
Hmax=L0g(S) em que S é o
namero total de espécies
amostradas e H’ é o Indice
de Shannon

d= (S-1)/Log(n)onde S =
nGmero de espécies e n =
numero total de individuos
da amostra

Pielou (1966)

Margalef
(1951);
Moreno
(2000)

Fonte: A autora, 2021.
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Outra forma de analisar a diversidade e descrever dados de abundancia de espécies €
através de modelos matematicos, como a distribuicdo de abundancia de espécies (DAS), uma
ferramenta amplamente utilizada em ecologia que permite identificar processos que
determinam a diversidade biolégica de uma comunidade, partindo do pressuposto que a
abundancia de uma espécie é na maioria das vezes reflexo do seu sucesso em competir por
recursos limitados (Magurran 2013; Rosindell e Cornell, 2013; Drake et al. 2014; Morri et al.
2019). Esses modelos utilizam o conjunto total dos valores de importancia de cada espécie e a
relacdo entre o rank de abundancia, onde as espécies sao apresentadas em ordem decrescente
da sua abundancia no eixo x, e a abundancia no eixo y. A linha que melhor se ajusta aos pontos
é 0 modelo que explica a diversidade. O uso de DAS pode ilustrar mudancas apds um impacto
ambiental, apresentar padrBes contrastantes de riqueza de espécies, informacdes referentes as
abundancias relativas mesmo que as espécies sejam poucase destacar diferencas na
uniformidade entre comunidades (Magurran 2007; Mc Gill et al. 2007; Lyashevska e
Farnsworth 2012) (Figura 3).
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Figura 3 - Diagrama conceitual exemplificando os modelos de distribui¢do de abundancia
de espécies (DAS) nos graficos de ranking/ abundancia.
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Legenda: A — Série Geométrica; B — Broken-Stick; C — Lognormal{ D- Mandelbrot;- E — Zipf.

Nota: Dados hipotéticos.
Fonte: A autora, 2021.
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Medidas de diversidade s&o baseadas apenas na identidade taxonOmica e partem do
pressuposto de que todas as espécies sdo equivalentes em seus papéis ecoldgicos, e ndo
consideram as diferencas morfologicas, bioquimicas, fisiologicas, estruturais, fenoldgicas e
comportamentais dos individuos (Bengtsson 1998; Schleuter et al. 2010). N&o considerar o
papel de cada espécie nos ecossistemas ou nas respostas das espécies as condi¢cdes ambientais
fornece uma visao incompleta debiodiversidade (Villéger et al. 2010). Ainda assim, mesmo ndo
levando em conta as muitas funcBGes ecoldgicas diferentes das espécies que compdem a
comunidade, aDT continua a ser usada como medida de biodiversidade (Jarzyna e Jetz 2018).
Nos Ultimos anos, muitos ecdlogos tém utilizado medidas de diversidade complementares e que
possibilitem também analisar as interacdes que ocorrem no ecossistema utilizando abordagens
baseadas nas caracteristicas das espécies e assim revelar o efeito de impactos, como a
introducdo de uma EEI, sobre o funcionamento da comunidade (Lambdon et al. 2008;
Lyashevska e Farnsworth 2012; Gomes et al. 2018; Také&cs et al. 2021). Um exemplo é o uso
de medidas de diversidade funcional (DF) que refletem a diversidade através de
caracteristicasmorfoldgicas, fisioldgicas e tracos ecoldgicos encontrados nas espécies (Tilman
2001).

Partindo da premissa que as espécies ndo possuem caracteristicas ecoldgicas iguais e
contribuem de forma diferente nos processos ecossistémicos, a DF utiliza os valores e a
amplitude dos atributos das espécies para incorporar as diferencas nos papéis desempenhados
pelas espécies, suas contribuicbes para as relacGes de diversidade e funcionamento do
ecossistema e a complementaridade no uso de recursos e diferenciacdo dos nichos (Diaz e
Cabido 2001; Tilman 2001; Laureto 2015; Goswami et al. 2017). E justamente por medir a
diversidade a partir de caracteristicas (denominadas tragos funcionais), morfoldgicas,
fisioldgicas ou ecoldgicas mensuraveis em nivel individual de cada espécieque a escolha
adequada dos tracos € um ponto importante nas analises de DF (Dalerum et al. 2012; Tsianou
et al. 2016). Quando falamos em tragos funcionais estamos nos referindo as caracteristicas das
espeécies que sdo mensuradas, enquanto que os atributos funcionais se referem ao valor de um
traco qualquer em um dado lugar e tempo (Petchey et al. 2009; Laureto et al. 2015). Estimativas
corretas da DF dependem principalmente da escolha de caracteristicas ecologicamente
significativas, que podem ser divididas em tragos de efeito, que determinam como as espécies
afetam as funcbes do ecossistema, e tracos de resposta, que revelam como as espécies
respondem ao seu ambiente (Lavorel e Garnier, 2002; Vandewalle et al. 2010; Laureto et al.
2015). Para caracterizar a diversidade funcional e fungdes ecoldgicas selecionadas de

comunidades de invertebrados benténicos marinhos na escala do ecossistema e avaliar as
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contribuigdes relativas da filtragem ambiental, incluindo pesca de contato com o fundo e
interacOes competitivas para a montagem da comunidade bentonica, Murillo et al. (2020)
selecionou um conjunto de sete caracteristicas bioldgicas com base em sua suposta importancia
para a estrutura e funcionamento dos ecossistemas benténicos (caracteristicas de efeito) ou por
sua sensibilidade a perturbacGes ou mudancas no ambiente (caracteristicas de resposta), entre
eles tamanho, longevidade, método reprodutivo, disperséo de propagulo, mobilidade, grau de
agregacao e tipo de alimentacdo. Micheli e Halpern (2005) usaram dois conjuntos de dados
distintos, um de florestas de kelps e outro de uma sintese global de reservas marinhas, para
testar diretamente como a variacdo na diversidade de espécies se traduz em mudangas na
diversidade funcional, e para isso usou apenas trés caracteristicas funcionais baseadas no
conhecimento bioldgico das caracteristicas das espécies que sao fundamentais para determinar
seu papel nas comunidades marinhas costeiras e suas respostas a perturbacéo, entre elas, grupo
tréfico, tamanho e mobilidade. Assim sendo, tracos irrelevantes devem ser excluidos das
andlises, de modo que os tracos selecionados estejam diretamente ligados aos objetivos da
pesquisa, e sejam validos para identificar e quantificar os atributos funcionais para predicdo de
espécies e respostas da comunidade as mudancas ambientais. (Petchey and Gaston
2006;Rosado et al. 2013; Chao et al. 2019).

Além da escolha dos tracos, selecionar o indice apropriado para medir a DF também é
fundamental. Quatro componentes principais da diversidade funcional sdo descritos em cinco
indices - riqueza funcional (FRic), uniformidade funcional (FEve), divergéncia funcional
(FDiv), dispersdo funcional (FDis) e Entropia Quadratica de Rao (RaoQ) (Botta-Dukat 2005;
Mason et al. 2005; Villéger et al 2008; Pla et al. 2012) e cada um dos componentes fornece
informacdes independentes sobre a distribuicdo das espécies no espaco das caracteristicas
funcionais, sendo que um indice separado é necessario para quantificar cada componente
(Mouchet et al. 2010; Mason et al. 2013; Schleuter et al. 2010) (Tabela 2).



Tabela 2 - indices de diversidade funcional (DF) utilizados neste estudo
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indices Descricdo Caélculo Referéncias
Riqueza Funcional | Mede a quantidade de |Baseado no conceito de casco convexo. O casco | Villéger et al.
(FRic) espaco de funcional | convexo minimo que inclui todas as espécies | 2008; Legras
preenchido na comunidade, | consideradas e corresponde ao volume contido | etal. 2018
considerando o numero de | neste casco, calculado apds a projecdo de cada
grupos funcionais presentes. | espécie de acordo com seus valores de tracos em
um espago multidimensional onde cada dimens&o
representa um trago funcional.
Uniformidade Mede a regularidade da|Baseado na arvore geradora minima que liga | Villéger et al.
Funcional (FEve) |distribuicao de abundancia e | todos 0s pontos, aqui representado por espécies, 2008;
dissimilaridades dos tragos | contidos em um espago multidimensional com a | pouillot et al.
médios da§ espécies no | soma minima dos E:ompr_lmentos_dos ramos, que | 2013; Legras
espaco funcional. representam a distancia funcional entre as| gt 41 2018
espécies. Em seguida, para cada ramo da arvore o
comprimento é dividido pela soma das
abundancias das duas espécies ligadas por este
ramo.
Divergéncia Mede o grau em que a|E calculada a média nio ponderada entre as| Mason et al.
Funcional (FDiv) | abundancia de uma espécies que formam os vertices do casco| 2005; Levin
convexo e entdo é aplicada uma série de equacbes 2013

Dispersédo
Funcional (FDis)

Entropia
Quadratica de Rao

(RaoQ)

comunidade é distribuida
em direcdo as extremidades
da ocupacdo no espaco
funcional  utilizando  o0s
valores de tracos mais
extremos, independente do
volume de espécies.

Mede a distancia média de
cada espécie no

espaco funcional
multidimensional em
relagdo ao centroide de
todas as espécies presentes
na comunidade.

Incorpora tanto a
abundancia relativa de
espécies quanto uma medida
das diferencas funcionais
aos pares entre as espécies.
E um indice de disperséo
que mede a abundancia
especifica e as diferengas
funcionais entre pares de
espécies em uma
comunidade.

para comparar a soma observada das distancias
euclidianas ponderadas pela abundéncia das
espécies a partir do centro de gravidade em
relagdo ao valor maximo possivel.

A partir da média ponderada pela abundancia
para cada traco é encontrado o centroide do grupo
ponderado pela abundancia. Em seguida, €
somado o desvio ponderado pela abundancia
desse centroide entre as espécies. A diferenca em
relagdo aos outros indices é que ele ndo esta
limitado entre O e 1.

Soma as distancias em pares ponderadas pela
abundancia entre as espécies no espaco de tragos
funcional.

Laliberté and
Legendre
2010; Levin
2013

Botta-Dukat
2005; Levin
2013

Fonte: A autora, 2021.

Da mesma forma que os efeitos de uma EEIl aumentam com sua abundancia, eles

também variam com seus atributos funcionais. Portanto, se inicialmente, a chegada de uma

nova espécie pode trazer novos atributos para um ecossistema, e aparentemente representar um

aumento na riqueza de espécies, a permanéncia das EEI pode mudar esse cenario (Thomsen et
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al. 2011; Gallardo et al. 2015). Uma nova espécie pode se estabelecer em uma comunidade
invadida ao ocupar um nicho diferente das espécies ja existentes naquela comunidade e/ou
utilizar recursos diferentes (Catford et al. 2009; Strayer et al. 2006). Por exemplo, Hejda e Bello
(2013) usaram indices de DF para mostrar que as plantas invasoras costumam introduzir novas
combinagBes de caracteristicas para as comunidades de plantas invadidas. Da mesma forma,
Emery (2007) ao analisar comunidades de plantas herbaceas mostrou que os invasores se saem
melhor nas comunidades dominadas por uma espécie que pertence a um grupo funcional
diferente das espécies nativas. Por outro lado, EEI funcionalmente semelhante as espécies ja
existentes na comunidade invadida podem competir mais fortemente com as espécies residentes
da comunidade (Riva et al 2019). Ainda, a dominagdo de uma comunidade invadida pela EEI
pode resultar na homogeneizacdo taxondmica (Olden et al. 2004; Dar e Reshi 2014) e
consequentemente na reducdo da variedade de tracos, afetando a diversidade funcional das
areas invadidas. Essa premissa testada por Milardi et al. (2019), foi confirmada em
comunidades de peixes de dgua doce, onde um alto grau de invasao correspondeu a uma menor

diversidade funcional.

Introducdo de espécies e mudancas tréficas

A introducdo de EEI, que muitas vezes constitui mudancas na diversidade e adi¢do de
novos componentes funcionais na comunidade invadida, também implica em impactos
ecoldgicos que podem se propagar ao longo da cadeia trofica (Strayer 2010). Em ecossistemas
marinhos costeiros as invasdes podem aumentar de maneira consideravel o numero de
consumidores filtradores, detritivoros, depositivoros e outros consumidores primarios (Byrnes
et al. 2007).De modo geral, os impactos causados por EEI estdo relacionados com a posi¢édo
trofica do invasor, estratégia de alimentacdo e a capacidade de modificar o habitat e séo
resultado de interagGes ecologicas diretas, como predagdo, competi¢do, pastoreio, e impactos
indiretosmediados por mudangas nas condic¢des fisico-quimicasdos habitats (Thomsen et al.
2014; Maggi et al. 2015; Gallardo et al. 2015; David et al. 2017; Flood et al. 2020). S&o eles:
(1) Produtores primarios invasores podem mudar as condi¢es ambientaisde seu entorno atraves
da producdo de detritos, captura de sedimentosou modificagdo de complexidade estrutural/
tridimensionalidade do habitat afetando a utilizagdo do habitat por peixes e invertebrados

bentonicos(Carniatto et al. 2013; Angeler e Johnson 2013), reduzir a diversidade de macroéfitas
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aquaticas através de competicédo e alteracdo do habitat (Angeloni et al. 2006) (Figura 4A); (2)
Consumidores onivoros podem reduzir a abundancia de macroalgas (Angeler2001; Matsuzaki
et al. 2007) e invertebrados bentdnicos através do consumo direto,perturbacdo do habitat ao
ressuspender sedimentos e destruicdo de macroalgas durante o forrageamento (Matsuzaki et al.
2009; Lodge et al. 2012) (Figura 4B); (3) Consumidores predadores seletivos, podem reduzir a
abundancia de peixes, invertebrados bentonicos e zooplancton, e consequentemente aumentar
a abundancia do fitoplancton (Power 1990;Brett e Goldman 1996;Simon e Townsend 2003;
Stoks et al. 2003; Kadye e Booth 2012) e aumentar a pressdo de selecdo sobre espécies nativas
para desenvolver defesas (Freeman e Byers2006) (Figura 4C). (4) Consumidores filtradores
suspensivoros podem predar e competir em mais e um nivel tréfico,exercendo um impacto
particularmente negativo nas comunidades planctonicas por filtragem direta ea alteracédo
indireta das condicBes do habitat, reduzindo a concentracdo de nutrientes necessarios para a
producdo de fitoplancton (Higgins e Zanden2010). Também podem consumir 0 pequeno
zooplancton e afetar a disponibilidade de recursos para o zooplancton maior (Bowen e
Johannsson 2011), aumentando a biomassa de macroalgas em funcéo do aumento da clareza da
agua (Karatayev 1992), modificando a estrutura complexa do substrato que causa um aumento
na abundancia de invertebrados bentonicos (Higgins e Zanden 2010; Bazterrica et al. 2012)
(Figura 4D).
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Figura 4 — Impactos troficos causados por espéecies exoticas invasoras marinhas.

Peixes
]
i
A __ C
& B
Produtores Predadores
pri marios Invertebrados benténicos
Al
Zooplancton
B » D
Onivoros Fitoplancton Filtradores
suspensivoros

Legenda: As setas refletem os impactos resultado de uma combinagdo de impactos ecoldgicos diretos e
impactos fisico-quimicos indiretos de espécies invasoras.

Nota:Adaptado de Gallardo et al. 2015; Desenhos The IAN symbol libraries
(https://ian.umces.edu/projects/ian-symbol-libraries/)

Fonte: A autora, 2021.

Uma ferramenta Gtil para descrever as relagdes em teias tréficas, como a relagdo
predador-presa, é a analise isotdpica de produtores e consumidores (Peterson 1999). Além de
ser utilizada para examinar aspectos da estrutura de teias troficas, como fontes de energia,
ligacdo trdfica e posicdo trofica,as razdes de isotopos estaveis, principalmente as de carbono,
13¢C:12C (81C), e nitrogénio, 1*N:**N (§*°N), nos Gltimos anos tém sido usadas como uma forma
poderosa para investigar nichos ecoldgicos(Layman et al. 2007; Newsome et al. 2007).
Enquanto a transferéncia de 5'C ao longo da teia trofica permanece conservada, 5°N s&o
fracionados consistentemente, dessa forma §**C é usado como ferramenta para tragar a origem
do recurso alimentar basal, enquanto §*°N possibilita inferéncias sobre o nivel tréfico ocupado
pela espécie (Fry 2007).A teoria do nicho sugere que sea competi¢cdo por recursos € alta, as

espécies serdo levadas afaixas de nicho mais estreitas e especializacdo para permitir a
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coexisténcia (Pianka 1974).Nas analises de nicho isotopico, 5°C e §°N sdo usados para
explorar questBes tradicionalmente trabalhadas no dominio da teoria de nicho mas em um
espaco isotopico, que € a area que contém as coordenadas dos valores isotdpicos no espaco
bidimensional ou mais diretamente no espaco das contribui¢cbes proporcionais por recursos
(Newsome et al. 2007). A partir de uma abordagem analitica para calcular medidas da estrutura
tréfica de uma comunidade usando razfes de isotopos estaveis é possivel avaliar onicho
ocupado pelas espécies utilizando métricas. Conhecidas como métricas de Layman ou métricas
de nicho isotopico, essas medidas fornecem respostas quantitativasque refletem caracteristicas

especificas da estrutura trofica (Layman et al. 2007; Jackson et al. 2011) (Tabela 3).
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Tabela 3 — Métricas isotdpicas que refletem aspectos importantes da estrutura tréficaque sdo
utilizadas neste estudo.

Meétrica Descricéo Calculo

N_range E a representacao vertical dentro de uma | Distancia entre as duas espécies com 0s
teia tréfica, onde intervalos maiores valores maximos e minimos de 5'°N (ou
geralmente sugerem mais niveis troficos e | seja, maximo 8'°N - minimo 8'°N).
maior grau de diversidade trofica.

C_range Intervalos maiores sdo esperados em Distancia entre as duas espécies com 0s

Area total (AT)

Distancia média do
centréide (DC)

Distancia méedia do
vizinhomais préximo
(NND)

Desvio padrdo da
distancia do vizinho
mais préximo (SDNND)

Area de elipse padréo
(SEA)

Area de elipse padrio
corrigida (SEAC)

comunidades com maior diversidade de
recursos basais.

Mede a quantidade total de espaco de
nicho ocupado,e, portanto, um proxy para
a extensao total da diversidade
troficadentro de uma teia alimentar.
Distancias mais altas sugerem alto grau
médio de diversidade trofica dentro da

cadeia alimentar.

Valores baixos sugerem teias troficas com
espécies caracterizadas por ecologias
tréficas semelhantes e alta redundancia
tréfica.

Valores baixos sugerem distribuicdo mais
uniforme do nicho tréfico.

Medida do nicho isotépico médio da
populacéo central que é robusto a
variagao no tamanho da amostra.

Representa um valor de SEA corrigido
para contornar o viés que surge quando os
tamanhos das amostras sdo pequenos e
permite que o grau de sobreposicdo de
nicho isotdpico seja calculado, o qual
pode entdo ser usado como uma medida
quantitativa da similaridade alimentar
entre as populagdes.

valores maximos e minimos de 5*C (ou
seja, maximo §*3C - minimo §*3C).
Area do casco convexo englobada
portodas as espécies no espaco
bidimensional §*3C - 6*°N.

Distancia euclidiana média de cada
espécie em relagdo ao centrdide 5'°C -
5'°N,onde o centroide é o valor médio
513C e 8'°N paratodas as espécies na
cadeia alimentar.

Média das distancias euclidianas até o
vizinho mais proximo de cada espécie
no espago bidimensional e, portanto,
uma medida da densidade geral do
empacotamento de espécies.

Medida da uniformidade do
empacotamento de espécies no espaco
bidimensional que é menos influenciada
do que o NND pelo tamanho da amostra
E calculada a partir da variancia e
covariancia dos dados no espaco
isotépico e contém aproximadamente
40% dos dados, insensivel ao tamanho
da amostra ao revelar a area de nicho
central.

E uma verséo corrigida do tamanho da
amostra deSEA utiliza uma corregéo (n-
2) no denominador no lugar do padréo
(n-1) ao calcular as variancias.

Fonte: A autora, 2021.

Nota: Adaptado de Layman et al. 2007; Jackson et al. 2011

Inicialmente utilizada para descrever a dieta de EEI, atualmente as analises de is6topos

estaveis fornecem multiplas informagdes sobre estrutura trofica de areas invadidas, tais

como:comparacdo de dietas no espaco e no tempo;teias alimentares em diferentes estagios de

invasdo;quantificagdo da competicdo por recursos entre espécies nativas eEEI; questdes

especificas relacionadas aos modos de dispersdo e mecanismos de estabelecimento (Marshall

et al. 2019). Contudo, a eficacia das métricas de Laymanem ecossistemas marinhos é
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praticamente inexplorada, assim como a utilizagdo de analises isotdpicas para estimar o impacto
de invasores em ecossistemas marinhos (Mancinelli e Vizzini, 2015).Partindo da premissa que
EEI bem-sucedidas possuem nichos mais amplos e sdo mais plasticas do que espécies ndo
invasoras, Olsson et al. (2009) usou valores de 8*3C e §'°N para comparar as larguras de nicho
de espécies nativas e EEI de lagostins em cdrregos, mostrando que em nivel de espécie o
lagostim invasor tinha duas vezes a largura de nicho do lagostim nativo, 0 que sugere maior
plasticidade no que diz respeito a utilizacdo do habitat e alimentacdo em EEI. Karlson et al.
(2015) usou as métricas de Laymande 5'3C e 8°N e observou que o nicho ocupado por uma
EEI de depositivoro marinho é diferente do nicho ocupado por espécies nativas com 0 mesmo
habito alimentar, sugerindo uma competicdolimitada por recursos entre as espécies e a
ocupacdo do nicho vago pela EEI. Quando a EEI é uma produtora primaria, as métricas de
Layman de §*3C e 8'°N podem ser utilizadas para avaliar se a introdugéo representa a adigdo de
um novo recurso basal que pode causar umaampliacdo do nicho tréfico dentro da cadeia
alimentar marinha (Alomar et al. 2016).

Modelo de estudo e espécies exaticas invasoras estudadas

Descrita como a interface entre dois ambientes distintos, o ambiente marinho e o
terrestre, a zona costeira estd entre os ambientes marinhos mais produtivos do planeta,
recebendo ndo s6 a energia de produtores primarios marinhos, como as algas e o fitoplancton,
mas também da vegetacdo terrestre que fica préxima desses locais (Mann 1982; Pereira e
Soares-Gomes 2009; Pires 2016).0s ambientes costeiros também séo locais de alimentacéo,
crescimento e reproducdo de diferentes espécies, o que esta relacionado com a grande
disponibilidade de alimento e confere aos costdes rochosos uma alta riqueza de espécies de
grande importancia ecologica e econdmica (Pereira e Soares-Gomes 2009).A grande
diversidade de organismos e a importancia econdmica e ecoldgica dos costdes rochosos
contrastam com as numerosas ameagas que esses ambientes sofrem, sobretudo pelos impactos
antropicos (Kendall et al. 2004; O’Connor 2013; Mendez et al. 2017), entre eles, a introdugéo
de EEI, que estdo modificando costdes rochosos em todo o0 mundo (Grosholz 2002; Caro et al.
2011; Lages et al. 2011; Sadchatheeswaran et al. 2015, 2018; Guilhem et al. 2020).

Podemos observar os costdes rochosos ao longo de quase toda a costa brasileira, desde

0 Rio Grande do Sul até o Maranhdo, principalmente na costa sudeste, devido a proximidade
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da serra com o Oceano Atlantico.Da extensdo de 7.408 km do litoral brasileiro, o principal

trecho da costa em que os costdes rochosos séo considerados os ecossistemas mais importantes

compreende Cabo Frio (RJ) até o Cabo de Santa Marta (SP), regido com composicao especifica

de caracteristica sub-tropical, com uma alta diversidade de espécies(Coutinho 2002).

Nossa area de estudo compreende costdes rochosos localizados em cinco locais distintos

ao longo de cerca de 280 km da costa do estado do Rio de Janeiro, Brasil (Figura 5), uma regido

que recebeu multiplas invasées ao longo dos ultimos 40 anos:

a)

b)

Caulerpa scalpelliformis (R.Brown ex Turner) C.Agardh, 1817na Praia da
Baleia (PB): Localizada na Baia da llha Grande (BIG), Angra dos Reis
(23°01°63™’S, 44°14°18”W), PB é um local protegido contra ondas com aguas
rasas (<5 m) onde recifes rochosos se misturam com manchas arenosas.
Introduzida em 2001, a alga verde C. scalpelliformis é considerada uma EEI
neste local (Falcdo e Széchy 2005; Lopes et al. 2009; Vasconcelos et al.
2011). C. scalpelliformis é amplamente distribuida em aguas tropicais e
subtropicais no Mar Vermelho, Oceanos indico e Pacifico, Mar do Caribe e
Oceano Atlantico (llhas do Atlantico, Atlantico Ocidental e América do Sul
desde a VVenezuela ao sul até o Estado do Espirito Santo, Brasil) (Lopes et al.
2009). E considerada nfo nativa no Mar Mediterraneo e no Brasil na
localidade estudada devido a sua distribuicdo disjunta em uma regido muito
bem estudada, onde pode crescer tanto na areia como em blocos
isolados(Vasconcelos et al. 2011) (Figura 6A). Embora o acesso a PB seja
restrito por um condominio privado e um caminho ingreme, a praia costuma
receber embarcacOes recreativas e barcos de pesca comercial devido a sua
localizacdo protegida. Entre os possiveis vetores de introducdo e dispersao
desta espécie estdo o transporte maritimo (ancoras de incrustacdo e
equipamentos de pesca em barcos que utilizam o local para pesca e passeios
recreativos) e a aquariofilia (descarte irregular de espécies de aquarios por
comerciantes ou aquaristas) (Vasconcelos et al. 2011).

Sansibia sp. na Praia Vermelha (PV): Localizada em Angra dos Reis, na
parte interna da BIG (23°01°34”S, 44°30°05”W), este local possui aguas
calmas e rasas, com costdes rochosos se estendendo a uma profundidade
entre 4 e 7m até uma planicie de areia. As principais atividades locais sdo o
turismo nautico e a pesca. Em 2017, trés espécies de coral mole foram

detectadas na costa rochosa, inicialmenteClavularia cf. viridis e Sansibia sp.,
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e posteriormente Erythropodium caribaeorum. Ambas as espécies sdo de
origem indo-pacifica e nunca foram registradas no Atlantico e pouco se sabe
sobre a biologia e ecologia deSansibiasp. descrito recentemente (Alderslade
2000). Apds acdes para remover as EEI da PV, C. viridis foi erradicado,
contudo, Sansibia sp. expandiu seu alcance desde entdo (Mantelatto et al.
2018; Carpinelli et al. 2020). Como todas as espécies detectadas sdo usadas
por aquaristas, é altamente provavel que a introducdo tenha sido pelo
descarte de um aquéario doméstico (Mantelatto et al. 2018) ou uma estratégia
de cultivo de corais in situ(Carpinelli et al. 2020) (Figura 6B).

Tubastraea tagusensis Wells, 1982 na Ilha Comprida (IC): Localizada a
cerca de 5 km do Rio de Janeiro (23°02°15”S, 43°12°17”W), IC é uma das
cinco ilhas e duas ilhotas que compdemo Arquipélago das Cagarras,
umaUnidade de Conservacdo (UC) marinha de protecéo integral. O local de
estudo na IC esta posicionado no interior do arquipélago abrigado da acédo
das ondas. A profundidade méxima do costdo rochoso é de 40m e o local
sofre o impacto da eutrofizacdo da cidade do Rio de Janeiro, além de receber
constantemente visitas turisticas (mergulho e passeios recreativos de barco)
(Creed et al. 2020; Machado et al. 2021). O coral azooxantelado T.
tagusensis é endémico e nativo do Arquipélago de Galapagos, onde é
relatado como abundante e forma um importante componente da fauna
coralinea. Foi introduzido no Brasil através de plataformas de petréleo na
década de 1980 junto com seu congénere T. coccinea(Creed et al. 2017).
Tubastraea tagusensis também foi documentado na india, Palau e no Golfo
Pérsico, embora a identificacdo da espécie nesses locais seja discutida (Creed
et al. 2017). No Arquipélago das Cagarras, T. tagusensis foi detectado e
removido manualmente em 2004, mas em 2011 a espécie foi novamente
relatada no local (Creed et al. 2017)(Figura 6C, D).

d) Tubastraea coccinea Lesson, 1829 eT. tagusensis Wells, 1982 na llha de

Ancora (IA): IA é uma ilha localizada 8km da costa noroeste em Armagéo
dos Buzios (22°46°16”S, 41°47°08”W). E também um ponto de mergulho
popular na regido, com aguas transparentes, calmas e rasas (profundidade
<22 m)(Creed et al. 2020). IA esta sujeita a uma ressurgéncia sazonalvinda
do Atlantico Sul Central, caracterizada pelo aporte de nutrientes (nitrato até
18uM) e baixas temperaturas (até 14°C) (Coelho-Souza et al. 2012). Além
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de T. tagusensis, 1A também foi invadida por umaEEI do mesmo género,T.
coccinea, que foi registrado pela primeira vez em 2011 (Santos et al. 2019).
Tubastraea coccinea tem uma distribuicdo natural em todo o Indo-Pacifico
tropical e subtropical e invadiu algumas ilhas no Atlantico, Mar do Caribe,
Golfo do México e no Atlantico sudoeste (Brasil) (Creed et al. 2017) (Figura
6C, D).

Tubastraea coccinea Lesson, 1829 e T. tagusensis Wells, 1982 na Ponta do
Bananal (IG): localizada na parte interna da BIG (23°05'55"S 44°15'34"W),
€ uma regido de intenso trdfego maritimo de navios e plataformas de
petréleo, incluindo o Ancoradouro do Bananal, onde plataformas de
petréleo param para reparos e manutencao ou enquanto aguardam atracacéo
no estaleiro BrasFels (Silva et al. 2014). IG ¢é caracterizado por aguas rasas
e claras, e indicado como o primeiro ponto de introducdo de Tubastraea spp.
em ecossistemas naturais no Brasil (Creed et al. 2017)(Figura 6C, D).
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Figura 5 - Mapa dos quatro locais de estudo ao longo da costa do estado do Rio de Janeiro,
Brasil e suas respectivas espécies exdticas invasoras.
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Legenda: cs = alga verde Caulerpa scalpelliformis A, s = coral macio Sansibia sp. m, tt = coral
azooxantelado Tubastraea tagusensis e, tc = coral azooxantelado Tubastraea coccinea o, PV
= Praia Vermelha, PB = Praia da Baleia, IG = Ponta do Bananal, IC = Ilha Comprida e 1A =
Ilha de Ancora.

Fonte: Adaptado de Pires-Teixeira et al. (2021).



Figura 6 — Espécies exaticas invasoras estudadas.
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Legenda: A: alga verdeCaulerpa scalpelliformis, B: coral moleSansibia sp. C: coral azooxantelado
Tubastraea tagusensis. D: coral azooxanteladoTubastraea coccinea.

Fonte: Pires-Teixeira etal. ,2021.
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Estruturacédo da tese

O presente estudo esta estruturado em 5capitulos:

O primeiro capitulo corresponde a uma revisdo das informagdes atualmente disponiveis
sobre as EE marinhas no Brasil. Com o objetivo de atualizar, sistematizar e sintetizar as
informacdes atualmente disponiveis, nos realizamosuma pesquisa bibliografica até maio de
2019 para novos registros e novas pesquisas sobre a situacdo deEE marinhas no Brasil. NOs
também caracterizamos a frequéncia de eventos de introdugdo ereavaliamos o status de cada
espécie uma década depois da lista INFORME / PROBIO publicada por Lopes et al. (2009).
Aqui, esta incluido o artigo “A decade on: an updated assessment of the status of marine non-
indigenous species in Brazil” publicado no periddico Aquatic Invasions (doi:
https://doi.org/10.3391/ai.2020.15.1.03). Tal estudo foi importante em possibilitar minha
contribuicdo e coautoria em um estudo maior sobre a tematica de tendéncias na deteccdo de
espécies aquaticas ndo indigenas em ecossistemas marinhos, estuarinos e de agua doce globais:
uma perspectiva de 50 anos que, embora ndo faz parte formal de minha tese, foi um produto
cientifico adicional proveniente dos meus estudos e pesquisas de doutorado publicado no
periodico Diversity and Distributions:Bailey, S.A., Brown, L., Campbell, M.L., Canning-
Clode, J., Carlton, J.T., Castro, N., Chainho, P., Chan, F.T., Creed, J.C., Curd, A., Darling, J.,
Fofonoff, P., Galil, B.S., Hewitt, C.L., Inglis, G.J., Keith, I., Mandrak, N.E., Marchini, A.,
McKenzie, C.H., Occhipinti-Ambrogi, A., Ojaveer, H., Pires-Teixeira, L.M., Robinson, T.B.,
Ruiz, G.M., Seaward, K., Schwindt, E., Son, M.O., Therriault, T.W., Zhan, A., 2020. Trends in
the detection of aquatic non-indigenous species across global marine, estuarine and freshwater
ecosystems: A 50-year perspective. Diversity and Distributions 26, 1780-1797 (ANEXO B).

No segundo capitulo, que inclui o artigo “How Do Biological and Functional Diversity
Change in Invaded Tropical Marine Rocky Reef Communities?” publicado no periddico
Diversity (doi: https://doi.org/10.3390/d13080353) (APENDICE 2), n6s usamos a abordagem
de ajuste e selecdo de modelos de distribuicdo de abundancia de espécies, indices de diversidade
taxonébmica e indices de diversidade funcional baseados em matrizes de agrupamento
hierarquico para avaliar os efeitos de quatro espéecies marinhas invasoras na diversidade
bioldgica e funcional em quatro costdes rochosos invadidos e quatro ndo invadidos por EEI ao
longo do litoral do estado do Rio de Janeiro.

No terceiro capitulocomposto pelo artigo cientifico que sera submetido a revista

Biological Invasions intitulado “The effect of two invasive azooxanthellate corals Tubastraea
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coccinea and Tubastraea tagusensis on trophic interactions with native species.”, utilizamos
valores de 8'3C e 8'°Npara investigaras relagdes tréficas em costdes rochosos invadidos pelos
corais Tubastraea tagusensis e T. coccinea ao longo do estado do Rio de Janeiro.Também
utilizamos meétricas derivadas dos valores isotdpicos para analisar o nicho isotdpico de
Tubastraea spp. e outras espécies bentdnicas que representam a diversidade trofica nas areas
invadidas e ndo invadidas, conduzimos uma revisdo de conhecimento sobre Tubastraea spp.
como alimento potencial para outras espécies e investigamos as relacdes troficas entre espécies
consumidoras e os corais Tubastraea spp. usando valores isotopicos de 5'3C e 8°N.

No quarto capitulo intitulado*“Analise da diversidade e estrutura trofica em um costao
rochoso recentemente invadido por um coral zooxantelado.” é composta por uma Invasion Note
que sera submetida ao periodico Biological Invasions: “Diversity analysis and trophic structure
of a recently invaded tropical rocky shore.” onde usamosos valores de &%C e
d®Nparaidentificar o nivel trofico dos produtores e consumidores de um costdo rochoso
invadido pelo coral mole Sansibia sp. e investigaras relagdes troficas entre a espécie invasora e
as espécies nativas. Nos também avaliamos a estrutura da comunidade de locais invadidos e de
controle (sem a EEI) e identificamos mudancas desde o Gltimo levantamento realizado em 2017
(ano de introducéo) por Mantelatto et al. (2018).

O quinto e dltimo capitulo representa um trabalho de extensdo universitéria
desenvolvido em paralelo ao projeto de doutorado e inclui o artigo intitulado “Promovendo a
profissdo do cientista a partir de um projetode extensdo universitaria.” publicado no periddico
e-Mosaicos Revista Multidisciplinar de Ensino, Pesquisa, Extensdo e Cultura do Instituto de
Aplicagdo  Fernando Rodrigues da  Silveira (CAp-UERJ) (doi:  10.12957/e-
mosaicos.2021.47898), no qual relatamos a experiéncia vivenciada durante as oficinas do
Projeto “Pra que Serve?”, um projeto de extensdo universitaria desenvolvido pelo Laboratério
de Ecologia Marinha Béntica da Universidade do Estado do Rio de Janeiro (LEMB-UERJ) que
tem como objetivo trazer a debate a importancia da ciéncia e contribuir para a valorizacao da
pesquisa cientifica, possibilitando, de forma simples e acessivel, vivéncias de pesquisa e acesso
a contetdo cientifico. Além disso, analisamos diferentes dimensdes de atuacdo do projeto e a

resposta daqueles que participaram das oficinas.



41

Objetivos

Objetivo Geral: Avaliar o efeito de espécies marinhas exoticas invasoras na diversidade
e estrutura trofica em comunidades bentdnicas de costdo rochoso e divulgar conceitos e

resultados para além da academia.

Obijetivos especificos:

1) Compilar, atualizar, sistematizar e sintetizar as informag6es atualmente disponiveis sobre
a situacdo deespécies exdticas(EE) marinhas no Brasil.

2) Caracterizar a frequéncia de eventos de introducdo de EE marinhas no litoral brasileiro.
3) Reavaliar o status de cadaEE uma década depois da lista INFORME / PROBIO publicada
por Lopes et al. (2009).

4) Investigar os aspectos bioldgicos e funcionais da diversidade em comunidades invadidas
de costdo rochoso.

5) Avaliar a estrutura e fungdo decomunidades invadidas.

6) Avaliar a eficacia do uso de indices de diversidade funcional e taxonémica na avaliagéo do
impacto de EEI nas comunidades de costdo rochoso.

7) Investigar mudancas nas relacdes tréficas em comunidades invadidas.

8) Analisar o0 nicho isotopico de duas EEI e outras espécies bentbnicas que representam a
diversidade trofica em comunidades invadidas e ndo invadidas.

9) Realizar uma revisdo de conhecimento sobre Tubastraea spp. como alimento potencial
para outras espécies.

10) Investigar as relacGes tréficas entre espécies consumidoras e Tubastraea spp. usando
valores isotopicos de 513C e 5!°N.

11) Identificar o nivel trofico dos produtores e consumidores de um costéo rochoso invadido
pelo coral mole Sansibia sp.

12) Investigar as relacdes troficas entre a EEI e as espécies nativas.

13) Awvaliar a estrutura da comunidade de areas invadidos e ndo invadidos.

14) Identificar mudangas na diversidade desde o ultimo levantamento da comunidade.

15) Relatar a experiéncia na elaboracdo, desenvolvimento e aplicacdo de oficina de extensdo
universitaria em diferentes contextos.

16) Analisar diferentes dimensdes de atuacdo de um projeto de extensao universitaria.
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17) Avaliar a resposta dos participantes das oficinas como resultado da efetividade do
Projeto.
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Abstract

In order to prevent the introduction, control or eradicate non-indigenous species(NIS)
whichthreaten native species, habitats or ecosystems, an essential first step isthat countries have
and keep up-to-date lists of species non-indigenous to theregion. The last list of marine NIS for
Brazil was published a decade ago. Wecompiled an updated list of marine NIS and revised the
species’ statuses. Onehundred-thirty-eight marine species in 15 classes or functional groups are
NIS inBrazil. Brazilian states with greater maritime commerce (greater market share) hadmore
marine NIS. From the period between the 1950s to 2010, the number of NIS atleast doubled

each decade. We identified a significant mismatch (underestimation)
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between the previous list and this study, which seemed to be due to improvedscientific
knowledge and an often considerable lag between first record (detection),identification and
communication of new marine NIS. Currently Brazil has 19 invasive,76 established and 43
detected marine NIS, an increase of 160% in ten yearscompared to the previous national list.
We recommend that Brazil implements anational database as a rapid, appropriate, flexible and
cost effective method ofmonitoring trends in NIS introductions.

Keywords: class/functional groups; geographical variation; historical change; invasive;
national checklist;non native species

1.1.1 Introduction

The Convention on Biological Diversity (to which Brazil is a party, Brasil 1998) states
that consenting parties should prevent the introduction, control or eradicate those alien species
which threaten ecosystems, habitats or native species. In Brazil this convention was ratified in
1994, with the Ministry of the Environment being the principal entity responsible for planning
and decision making with regard to non-indigenous species (NIS) and biological invasion
(Lopes et al. 2009). An essential first step is that countries have and keep up-to-date lists of NIS
recorded for their region. According to Sliwa et al. (2009) once lists are adopted into
themanagement framework, they are often used for long periods without revision. However it
is important that these lists are constantly reviewed and updated to incorporate new
introductions and changes in species status based on further research (Sliwa et al. 2009). This
information may be used to assess management initiatives and targets.

The Brazilian coastline extends for about 8000 km from Cape Orange (4°N) to Chui
(34°S) comprising a range of tropical and sub-tropical ecosystems such as sandy beaches,
mangrove forests, coral reefs, rocky shores, coastal lagoons, saltmarshes, oceanic islands and
sandy to muddy bottoms from the infralittoral realm down to the shelf break (Ferreira et al.
2009). Further offshore the Exclusive Economic Zone of 200 nautical miles and the proposed
extension called the Amazodnia Azul, or “Blue Amazon” (Wiesebron 2013) form a very large
oceanic biome. According to Ferreira et al. (2009) this makes the country a major receptor and

donor of tropical and subtropical organisms amongst the world’s oceans.
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The INFORME/PROBIO Project, which was conducted in 2005, provided the first
comprehensive list of non-indigenous species in coastal areas of Brazil (Ferreira et al. 2009).
The | National Report on Invasive Exotic Species affecting the marine environment (fauna,
flora and microorganisms) (I Informe Nacional sobre as EspéciesExdticasinvasoras que afetam
0 ambienteMarinho (fauna, flora e microrganismos)) resulting from the study was published in
2009 by Lopes et al. At the time of that study 58 marine NIS were known from Brazil (Lopes
et al. 2009); the species that made the most impact were reviewed by Ferreira et al. (2009). In
this paper, we compile, update, systematize and synthesize currently available information on
marine NIS in Brazil in order to characterize the frequency of introduction events as well as
reassess the status of the species a decade on from the INFORME/PROBIO list published in
2009 by Lopes et al.

1.1.2 Materials and Methods

Based on the INFORME/PROBIO list and data provided therein (Lopes et al. 2009), we
conducted a literature search up to May 2019 for new records and new research regarding the
status of marine NIS in Brazil. The following databases and literature sources were consulted:
Horus Institute (http://i3n.institutohorus.org.br/iwww/), World Register of Introduced Marine
Species (WRIMS) (http://www.marinespecies.org), Google Scholar
(https://scholar.google.com/),  Researchgate  (https://www.researchgate.net/),  Scientific
Electronic Library Online (http://www.scielo.org/php/index.php), FishBase
(http://www.fishbase.org/search.php), and AlgaeBase (http://www. algaebase.org/).

We classified the status of each species by using the same criteria and categories as
those described by Lopes and Villac (2009), as these have been adopted by the Brazilian Federal
Government. Lopes and Villac (2009) recognized a status hierarchy as the following:

Contained: when the presence of the NIS has only been detected in controlled artificial
environments, totally or partially isolated from the natural environment (e.g. commercial
aquarium, cultivation for scientific purposes, vessel ballast water tanks, etc.);

Detected: when the presence of the NIS was detected in the natural environment, but
with no subsequent increase in its abundance and/or its dispersion (considering the time horizon
of research or surveys); or, alternatively, without further information on the population situation

of the species (e.g. an isolated record);
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Established: when the NIS has been detected on a recurrent basis, with its full life cycle
in nature and evidence of population increase over time in a restricted or broad region, but
without apparent ecological or socioeconomic impacts;

Invasive: when the NIS has an abundance or geographic dispersion that interfere with
the survival capacity of other species in a broad geographic region or even in a specific area
(Elliott 2003), or when the established species causes measurable impacts on socioeconomic
activities or human health.

When a species had been assigned different statuses in different studies, we used the
classification criteria based on the most recent study available (e.g., compare Farrapeira et al.
2011 and Rocha et al. 2013). Species native to Brazil which demonstrated human-mediated
range shift (sensuLonhart 2009) were also included. Furthermore, we noted the occurrence by
Brazilian state and the year of first record in the country. This was taken as the year of
collection, or record, if reported in the reference(s), or the year of the reference publication
when the year of collection or record was not provided. The nomenclature was updated in
accordance with the World Register of Marine Species (Worms Editorial Board 2019).
Contained or cryptogenic species were not included in the present list of NIS. In order to
compare the status of different taxonomic or functional groups, we organized records by
functional group, class, order and family. In order to describe temporal changes, we calculated
cumulative records and estimated current detection rates. We also compared the status
according to Lopes et al. (2009) with the revised status noted here. In order to describe spatial
patterns, we also documented species by Brazilian state. As states are of different sizes, we also
converted these data to a per km basis using coastline length data obtained from
https://pt.wikipedia.org/wiki/Litoral_ do_Brasil accessed on 26/12/2018 (Supplementary
material Table S1). To test whether the volume of shipping explained the difference in the
abundance of NIS between states, we used a simple linear regression between the number of
NIS per state and the “Market share” which is the proportion of the national tonnage of shipping
(imports + exports) for which each state is responsible (ANTAQ 2018; Table S1).

1.1.3 Results

We compiled information from more than 120 data sources (Table S2 and S3).

Wereviewed all studies and identified and assigned status to 138 marine NISrecorded from
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Brazil up to May 2019. Contained or cryptogenic specieswere not included in the list. The
updated summary and status list ispresented in Table S3. The NIS comprised 15 classes or
functional groups(Figure 7); Malacostraca was the class with most NIS (n = 26), followed
byAscidiacea (n = 22), Polychaeta and Gymnolaemata (n = 12 each). Elasmobranchii (n = 1),
Ophiuroidea and Gastropoda (n = 2 each) andphytoplankton (n = 3) were the groups with the
least NIS. The group withthe largest number of invasive (sensu Methods) NIS was the Anthozoa
(n = 7),followed by the phytoplankton and Bivalvia (n = 3 each) (Tables S2, S3, S4 and S5).

Figure 7 - Number of non-indigenous marine species in Brazil by
functional group (F) or class in May 2019 and
compared to Lopes et al. (2009).
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Source: PIRES AND CREED, 2020.
Note: Zooplankton category includes all planktonic Hexanauplia, Scyphozoa and
Hydrozoa; * = zoobenthic species of these classes.

1.1.3.1 Distribution in space
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Up to May 2019 at least three NIS have been documented in each of the 17Brazilian
coastal states, but most were concentrated in southeast Brazil.The state with the greatest
absolute number of NIS was Sdo Paulo with 73species (52.9% of total), followed by Rio de
Janeiro with 69 (50%), Bahiawith 45 (32.6%) and Parana with 43 (31.2%); the state with the
lowest numberof NIS (three; 2.2%) was Amapa in the far north (Figure 8; Table S2 e S3).
However, considering and correcting for the significant variation incoastline extension between
states on a per km basis (Table S1), there was atrend of increasing numbers of NIS from north
to south to Parand, whichalthough a small state had the highest number of NIS per 100 km
ofcoastline (Figure 9). The states of Piaui and Pernambuco also had a highernumber of NIS

than expected by the north-south trend (Figure 9).



49

Figure 8 -Map of Brazil highlighting the coastal states in which non-indigenous species
(NIS)were detected.
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Source: PIRES AND CREED, 2020.

Legend: The color gradation is directly related to the number of NIS, with sites with thehighest number
of NIS having darker shades. Abbreviations: Amapa (AP), Para (PA),Maranhao (MA), Piaui
(PI), Ceara (CE), Rio Grande do Norte (RN), Paraiba (PB), Pernambuco(PE), Alagoas (AL),

Sergipe (SE), Bahia (BA), Espirito Santo (ES), Rio de Janeiro (RJ), SdoPaulo (SP), Parana
(PR), Santa Catarina (SC), Rio Grande do Sul (RS).
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Figure 9 -Standardized comparison of non-indigenous marine species
per Brazilian state, perl00 km coastline, in May 2019
and those additional species from 2009-2019.
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Legend: Names of thestates as in Figure 2.

There were several NIS previously reported in Brazil in 2009 which expanded their
ranges into other states over the last 10 vyears. These species included the
mudsleeperButiskoilomatodon (into seven additional states), the orange sun coral Tubastraea
coccinea (six), yellow sun coral Tubastraea tagusensis and the muzzled blenny Omobranchus
punctatus (four each) and the boring bivalve Leiosolenusaristatus (three) (Table S2, S3, S4 and
S5). The alga Anotrichiumyagii, mussel Mytilopsisleucophaeata,
sabellidpolychaeteBranchiommaluctuosum, portunid crab Scylla serrata and the xanthid crab
Pilumnoidesperlatusalso expanded their ranges (one additional state each). The total number of
NIS per 100 km of coastline in each state was dependent on the volume of market share (exports
+ imports, Table S1); a significant though not a very strong relationship was observed (NIS per
100 km coastline = 1.5748 x Market share + 14.383, Adjusted R2 = 0.2494, p = 0.01; Figure 4).
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However when two outlier states which have exceptionally large exports of specific
commodities were removed (Espirito Santo and Maranhdo), a stronger relationship was
observed (NIS per 100 km coastline = 3.466 x Market share + 9.918; n = 14, Adjusted R2 =

0.71, p <0.001)(Figure 10).

Figure 10 - Relationship between market share (%) and number of non-
indigenous marine species per Brazilian state.
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Source: PIRES AND CREED, 2020.
Legend: Market share is proportion of total tonnage of Brazilian maritime imports +

exports per state in 2018 (Antaq, 2018). Line fit to filled points (unfilled points
were considered outliers).

1.1.3.2 Change over time

The first record of a non-indigenous marine species in Brazil was from 1860 (the

bryozoan Amathiaverticillata) (Miranda et al. 2018) followed by the ascidian Styelaplicata
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recorded in Rio de Janeiro in 1883 (Lopes et al. 2009) (Figure 11 and Table S2, S3). The third
record occurred 40 years later, in 1925 (the ascidian Clavelina oblonga) (Rocha et al. 2012).
Up through the 1960s additional NIS were sporadically reported, but from 1949 onwards new
records of NIS have at least doubled (> 100% increase) every decade up to a total of 99 in 2008
(Figure 11). Over the last decade the number of new records of NIS has increased to 138 which
represents a 25% decadal increase according to our dataset. The only group which did not
increase in NIS abundance over the last decade was the phytoplankton (Figure 1). The state
which exhibited the most substantial increase in NIS over the last decade was Parana (25.5
species/100 km), then Pernambuco (8.6 species/ 100 km) while Rio Grande do Sul, Amapa,
Para and Maranh&o only increased by < 1 species/100 km (Figure 9).

Figure 11 - Number of new non-indigenous marine species recorded from Brazil every
year from1883 to 2019, together with the cumulative curve reaching a total
of 138 species by May 2019;the total by 2008 as reported in Lopez et al.
(2009) is also indicated.
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The current status of marine NIS and the change in status over the last decade as

compared to Lopes et al. (2009) is summarized in Table S3. As some species have changed



53

their status and new species have been detected, we considered 19 species to be invasive, 76
established and 43 detected; in the survey by Lopes et al. (2009) there were 9 invasive, 17
established and 27 detected species (Tables S2, S3). According to this comparison, the number
of NIS in Brazil has increased by 160% over the last 10 years. There has been no loss of any
marine NIS in Brazil over the last 10 years, except for species that previously had been
described as non-indigenous but that are currently considered as cryptogenic or native.
Compared to the previous list, there was a 347% increase in the number of established species
and a 111% increase in invasive species. The lowest increase was in the number of detected
species (59%). Five species previously considered established were considered invasive, and
eleven species that were previously considered to be detected were considered established
(Table S3).

1.1.4 Discussion

Ten years on from the first national effort to compile a list and define thestatus of marine
species non-indigenous to Brazil, published by theMinistry of the Environment (Lopes et al.
2009), much has changed. Theeffort by Lopes et al. (2009) was important in providing a first
national listas well as focusing on the need for new research on marine NIS, includingresearch
on vectors of introduction (Loebmann et al. 2010; Farrapeira et al.2011; Van Ofwegen and
Haddad 2011; Skinner et al. 2013; Castro et al.2017; Creed et al. 2017; Mantelatto et al. 2018)
and quantification ofimpact and risk (Silva et al. 2010; Carlton et al. 2011; Rocha et al.
2013;Altvater and Coutinho 2015; Bumbeer and Rocha 2016; Miranda et al.2018) (Table S2,
S4). In 2013 the National Biodiversity Targets established thatthe National Strategy on Invasive
Alien Species should be fully implementedin Brazil by 2020, including the participation and
commitment of the statesin the formulation of a National Policy. Central to the national strategy
isthe need to identify and list NIS. The present study clearly demonstratesthe need for regularly
updating national lists of NIS.

This study is a data compilation, and therefore we compiled previouslypublished
information and assigned status according to previouslyestablished classification criteria. This
must be done in an accurate andresponsible way but even so the literature contains controversy
regardingNIS statuses. Of the 58 NIS listed by Lopes et al. (2009), eight were notincluded in
the present study. Five of these are now considered cryptogenicand include the sponge
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Paraleucilla magnaKlautau, Monteiro andBorojevic, 2004 (Rocha et al. 2013; Cavalcanti et al.
2013) and the bryozoanspecies complex Schizoporella errata (Waters, 1878) (see Rocha et al.
2013;Miranda et al. 2018), both previously considered established, the
bryozoansLicorniadiadema (Busk, 1852) and Virididentula dentata (Lamouroux,1816) (see
Miranda et al. 2018) and the ascidian BostrichobranchusdigonasAbbott, 1951 (Rocha et al.
2013), all previously considered detected. Theisopod SphaeromaannandaleiStebbing, 1911
was described as the newspecies SphaeromasilvaiKhalaji-Pirbalouty and Waegele, 2010, and
thuslost its  NIS  status  (Khalaji-Pirbalouty —and  Waegele 2010). The
seaweedKappaphycusalvarezii (Doty) Doty ex P.C. Silva, which was introducedintentionally
into Brazil for farming, has not been able to establish itselfnaturally outside the culture systems
(although broken, unfixed fragmentsare occasionally found on adjacent bottoms), so we
considered this tocurrently be a contained species (Castelar et al. 2009; Lima et al. 2018).

With regard to the eighth species, the mussel Pernaperna (Linnaeus,1758), that was
initially treated by Lopes et al. (2009) as a NIS, much hasbeen discussed about the origin of
this bivalve [see contrasting views ofCunha et al. (2014), Pierri et al. (2016) and Oliveira et al.
(2017)]. Based onmolecular, ecological and archaeological studies, the species may have
beenhistorically transported to Brazil from Africa on slave boats or be native. Itis an edible
species which is harvested and farmed and is of significantcommercial importance; maybe for
these reasons it has been termed*“naturalized” by Oliveira et al. (2017). We did not include it in
the presentlist as additional molecular, ecological and archaeological studies of
different populations are required to better clarify the origin of the species.As it is of uncertain
origin, it should be considered cryptogenic (a conservativecategory of obscure or unknown
origin; Carlton 1996). The fact that anumber of previously listed species (n = 6) have had their
status redefinedas cryptogenic attests to a more conservative scientific approach as
invasionbiology matures in Brazil (Carlton 1996).

Both morphological characteristics and molecular studies can aid indetermining the
invasive status of questionable species. Lopes et al. (2009)listed the bivalve
Mytilopsisleucophaeata as a NIS in Pernambuco state buta subsequent molecular study by
Fernandes et al. (2018) identified thatpopulation as M.cfsallei also a NIS for Brasil; however
in the same study theyalso identified a new population in Rio de Janeiro state as M.
leucophaeata,so the species maintains its status as NIS for Brazil. In addition tomolecular
studies, identifying morphological characters is important whendetermining NIS. The ascidian
Ciona intestinalis, also known as a complexof two species, was later described in 2015 as C.

intestinalis and C. robusta(Brunetti et al. 2015). Here we conservatively maintained the species
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asCiona intestinalis until future studies establish which species actually occurin Brazil. Five
new taxonomic classes not previously listed as NIS in Brazil were added to the list and include
the following: two ophiuroids (Ophiactissavignyi and Ophiothela mirabilis), two gastropods
(Bulbaeolidia alba andEualetestulipa), two Scyphozoa (Cassiopea andromeda and Phyllorhiza
punctata), five hydrozoans (Podocorynaloyola, Cordylophoracaspia, Blackfordia virginica,
Cnidostomafallax and Garveiafranciscana) and one Elasmobranchii (the whitetip reef shark
Triaenodonobesus).

The 11 species which were described as detected in 2009 and arecurrently considered
established changed their classification because theyhave expanded their ranges and/or have
been detected on multiple occasions.The five invasive species that were previously considered
established hadtheir status changed because they are now known to cause some type ofdamage,
be it environmental, economic and/or to public health (Table S3).For example in 2009 the
muzzled blenny Omobranchus punctatus wasconsidered to be established and possibly an
invasive species. Currently, thisherbivorous fish, which scrapes algae from the bottom, has been
describedas competing with the native molly miller Scartella cristata (Linnaeus,1758) and thus
gained the status of an invasive species (Soares et al. 2011).

The increase in the number of established species and the decrease indetected species
demonstrates that we are still ineffective in completelycontrolling the movement of NIS and
that we must focus on managementplans to stop NIS increasing their area of coverage and
eventuallybecoming invasive (sensu Methods). Rather than focus exclusively onprevention of
introduction, the ideal invasive species policy should alsoinvolve a combination of other
strategies such as risk assessment, efforts todetect new species and activities to monitor and
control existing populationsof newly detected species. If an incipient population of a species is
detectedbefore establishment and spread, subsequent control costs may be reducedand
eradication may be a viable option (Mehta et al. 2007). It is importantto remember that so far
in Brazil no established or invasive marine NIS hasbeen eradicated after its introduction. That
having been said, two species,the lionfish Pterois volitans and the octocoral Clavulariaviridis,
were both controlled on detection. They have not since been detected in Brazilian waters
(Ferreira et al. 2015; Mantelatto et al. 2018) and may thus beconsidered eradicated.

Those species which have become widespread use multiple mechanismsof expansion.
Some have been introduced multiple times for aquaculture(e.g., Pacific White Shrimp Penaeus
vannamei, Lopes et al. 2009) or onshipping associated with the offshore oil and gas industry
(e.g., sun coralsTubastraea coccinea and Tubastraea tagusensis, and the associated purseoyster

Isognomon bicolor; Creed et al. 2017). Others, such as the snowflakecoral Carijoariisei and the
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barnacles Amphibalanus reticulatus andMegabalanuscoccopoma, are commonly found on
artificial floatingsubstrates (Ferreira et al. 2006; Carlton et al. 2011). The Indo-
Pacificswimming crab Charybdis (Charybdis) hellerii, the copepod Temoraturbinata and
mudsleeperButiskoilomatodon were probably spread bycurrents, swimming and/or larval
dispersal (Lopes et al. 2009).

In cases where species are introduced into new habitats for economicbenefit or to meet
developmental needs, there may be an initial economicgain, but if a species becomes invasive
it can cause serious economic andecological damage (Molnar et al. 2008). These risks of
invasion are oftennot considered during the decision process of whether to introduce aspecies
(Naylor et al. 2001). For example, ten years ago the Pacific oysterCrassostrea gigas was
considered a contained species because it did notreproduce naturally on the Brazilian coast, and
the cultivation of thisspecies depended on the constant imports of seed or reproduction in
thelaboratory (Lopes et al. 2009). HoweverC. gigas has now been found innatural banks on the
south coast of Brazil, at a distance of up to 100 kmsouth of the farms where they are cultivated
(Melo et al. 2010). For thisreason, C. gigas is now considered an established NIS.

Our study showed that the states with the greatest number of NIS arealso those that have
substantial movement of marine commerce. Theseports usually also offer services for the off-
shore oil industry, including righarboring, and are important marine navigation hubs. These are
three ofthe most important vectors of introduction of marine species (Ruiz andCarlton 2003;
Silva and Souza 2004; Ferreira et al. 2006; Yeo et al. 2009). Asoutliers, we excluded two states
from the analysis, Maranhdo (MA) andEspirito Santo (ES), which both export very high
tonnages of mineralsfrom the interior of Brazil. We used market tonnage as a proxy for species
dispersal as that data were available but frequency with which ports receive vessels and their
origin was also important. Furthermore, some states (suchas ES) are probably understudied
while others (Rio de Janeiro — RJ, SdoPaulo — SP and Parana — PR) contribute to the bulk of
previously publisheddata (Figure 4). Identifying the spatial distribution and most common
pathways for the introduction of harmful marine species can help to focus monitoring efforts,
provide information for risk assessment and informand support international policies to prevent
such introductions (Molnaret al. 2008). In this respect it would be useful for management if
futurestudies attempt to 1) identify the principal pathways and vectors of introduction for these
NIS, if this information is available; 2) identify
which states are most critically threatened by NIS (by analyzing firstintroductions at the state

level).
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When we compared the timeline of reports of marine NIS in Brazil overthe last 10 years
to Lopes et al. (2009), we identified apparently incongruentresults. For example we estimated
a 160% increase in NIS over the lastdecade compared to Lopes et al.’s (2009) study but only a
25% decadalincrease when comparing our own results. This was because by 2008 there were
99 marine NIS in Brazil compared to only 53 listed by Lopes et al.(2009) (see the point and
line indicated in Figure 5). Bearing in mind thatwe used the year of first record (collection date,
record date or publicationdate, in that priority order) for each new NIS, the reasons for
thismismatch are various and could include the following: 1) while Lopes et al.was published
in 2009, the data had been collected some time previously; 2) several NIS species included here,
which were known in Brazil pre-2009, were not considered to be NIS at that time; 3) novel NIS
may take someyears to be formally identified, or even described, after first being recorded(but
the date remains the same); 4) records of novel NIS may take years toget published. For example
the brittlestar Ophiothela mirabilis was firstdetected in 2000 but the first published record was
in 2012 by Hendler etal. Similarly, the octocoral Stragulum bicolor was first detected in 2002
inBrazil but only described (and as a new species) by Van Ofwegen andHaddad in 2011.

Given the above, it should be recognized that the apparent reduction inthe rate of new
records of marine NIS this last decade may also simply bean artifact of the lag between new
NIS being detected and the community becoming aware through communication or publication
of those records. Never the less, it may also be the case that the date of first record does
notactually reflect the year of introduction, since many species may remainundetected for a
while, which generally results in the opposite pattern of anapparent increase in the rate of
introductions that is an artifact of increased awareness and sampling effort. These observations
further confirm the needfor NIS lists to be constantly reviewed and updated to incorporate
newly detected NIS and changes in species status based on further research (Sliwa
et al. 2009). Brazil has not yet implemented a national database of marine NIS which we
consider may be the most appropriate and cost effectivemethod of moving forward in updating
and maintaining current thenational NIS lists as part of the National Strategy on Invasive Alien

Species.
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1.1.7 Supplementary material

Tabela S1 - Coastal extension and maritime market share of the Brazilian States.

Coastal extension® Market share?
Abbreviatedstate State km % %

BA Bahia 932 12.4 3.7
MA Maranhdo 640 8.7 21.8
RJ Rio de Janeiro 636 8.6 18.2
RS Rio Grande do Sul 623 8.5 5.7
SP Séo Paulo 622 8.5 16.1
AP Amapa 598 8.1 0.1
CE Ceard 573 7.8 2.1
PA Para 562 7.6 6.5
SC Santa Catarina 531 7.2 4.2
RN Rio Grande do Norte 410 5.7 0.8
ES Espirito Santo 392 5.3 13.2
AL Alagoas 229 3.1 0.2
PE Pernambuco 187 25 2.3
SE Sergipe 163 2.2 0.1
PB Paraiba 117 1.6 0.1
PR Parana 98 13 4.9
Pl Piaui 66 0.9 0.0

Total 7379 100 100

Nota: ‘Translated from source https://pt.wikipedia.org/wiki/Litoral_do_Brasil accessed on 26/12/2018. 2‘Market
share’ is the proportion of the national tonnage of shipping (imports + exports) for which each state is
responsible; source: AnuérioEstatisticoAquaviario - 2018, ANTAQ
(http://http://web.antag.gov.br/Anuario/ accessed in 11/07/2019)

Fonte: PIRES E CREED (2020)
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Sp.Code FunctionalGroup Class Order Family Taxa

a Phytoplankton Bacillariophyceae Coscinodiscales Coscinodiscaceae  CoscinodiscuswailesiiGran&Angst, 1931

b Phytoplankton Dinophyceae Gonyaulacales Gonyaulacaceae Alexandriumtamarense (Lebour, 1925) Balech, 1995
c Phytoplankton Dinophyceae Gymnodiniales Gymnodiniaceae GymnodiniumcatenatumH.W.Graham, 1943
d Zooplankton Branchiopoda Onychopoda Podonidae Pleopisschmackeri (Poppe, 1889)

e Zooplankton Hexanauplia Calanoida Pseudodiaptomidae  Pseudodiaptomustrihamatus Wright S., 1937
f Zooplankton Hexanauplia Calanoida Temoridae Temoraturbinata (Dana, 1849)

g Zooplankton Hexanauplia Cyclopoida Cyclopidae Apocyclopshorneoensis Lindberg, 1954

h Zooplankton Hexanauplia Cyclopoida Cyclopettidae Paracyclopinalongifurca (Sewell, 1924)

i Zooplankton Hexanauplia Harpacticoida Tetragonicipitidae  Phyllopodopsyllussetouchiensis Kitazima, 1981
j Zooplankton Hexanauplia Harpacticoida Tetragonicipitidae  Phyllopodopsyllusaegypticus Nicholls, 1944
k Zooplankton Hexanauplia Harpacticoida Tetragonicipitidae  Laophontellahorrida (Por, 1964)

| Zooplankton Scyphozoa Rhizostomeae Mastigiidae Phyllorhizapunctatalendenfeld, 1884

m Zooplankton Hydrozoa Anthoathecata Hydractiniidae CnidostomafallaxVVanhoffen, 1911

n Zoobenthos Hexanauplia Sessilia Archaeobalanidae ~ Membranobalanusdeclivis (Darwin, 1854)

0 Zoobenthos Hexanauplia Sessilia Archaeobalanidae  Striatobalanusamaryllis (Darwin, 1854)

p Zoobenthos Hexanauplia Sessilia Balanidae Balanustrigonus Darwin, 1854

q Zoobenthos Hexanauplia Sessilia Balanidae Amphibalanusreticulatus (Utinomi, 1967)

r Zoobenthos Hexanauplia Sessilia Balanidae Megabalanuscoccopoma (Darwin, 1854)

S Zoobenthos Hexanauplia Sessilia Balanidae Amphibalanusamphitrite (Darwin, 1854)

t Zoobenthos Hexanauplia Sessilia Balanidae Amphibalanussubalbidus (Henry, 1973)

u Zoobenthos Hexanauplia Sessilia Tetraclitidae Tesseroporaatlantica Newman & Ross, 1976
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Bangiaceae
Bangiaceae
Dasyaceae
Rhodomelaceae
Rhodomelaceae
Halymeniaceae
Worangeliaceae
Caulerpaceae
Cassiopeidae

Bougainvilliidae

Cordylophoridae

Hydractiniidae
Blackfordiidae
Diadumenidae
Xeniidae
Clavulariidae
Clavulariidae

Clavulariidae

Tetraclitella divisa (Nilsson-Cantell, 1921)

Pyropiasuborbiculata  (Kjellman)  J.E.Sutherland, = H.G.Choi, M.S.
Hwang&W.A.Nelson, 2011
Pyropiaacanthophora (E.C.Oliveira& Coll)
D.Milstein&E.C.Oliveira, 2011
Pyropiatanegashimensis (Shinmura) N.kikuchi& E. Fujiyoshi, 2011
Pyropiavietnamensis (Tak. Tanaka &P.H.Ho) J.E.Sutherland&Monotilla, 2011
Dasya brasiliensis E.C.Oliveira Filho &Y.Y.Braga, 1971

Laurenciacaduciramulosa Masuda&Kawaguchi, 1997

M.C.Oliveira,

Laurencia venusta Yamada, 1931
Grateloupiaturuturu Yamada, 1941
Anotrichiumyagii (Okamura) Baldock, 1976
Caulerpa scalpelliformis (R.Brown ex Turner) C.Agardh, 1817
Cassiopeaandromeda (Forsskal, 1775)

Garveia franciscana (Torrey, 1902)
Cordylophoracaspia (Pallas, 1771)
PodocorynaloyolaHaddad, Bettim&Miglietta, 2014
Blackfordiavirginica Mayer, 1910
Diadumenelineata (Verrill, 1869)

Sansibia sp.

Clavulariaviridis(Quoy&Gaimard, 1833) cf.viridis
Carijoariisei (Duchassaing&Muichelotti, 1860)
Stragulum bicolor Ofwegen& Haddad, 2011
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Table S2 - Checklist of marine taxa non-indigenous to Brazil (continuation).

aq Zoobenthos Anthozoa Alcyonacea Nephtheidae Chromonephtheabraziliensis van Ofwegen, 2005
ar Zoobenthos Anthozoa Scleractinia Dendrophylliidae Tubastraeacoccinea Lesson, 1829

as Zoobenthos Anthozoa Scleractinia Dendrophylliidae Tubastraea tagusensis Wells, 1982

at Zoobenthos Ophiuroidea Amphilepidida Ophiotrichidae Ophiactissavignyi (Miller &Troschel, 1842)

au Zoobenthos Ophiuroidea Ampbhilepidida Ophiotrichidae Ophiothelamirabilis Verrill, 1867

av Zoobenthos Gastropoda Nudibranchia Aeolidiidae Bulbaeolidia alba (Risbec, 1928)

aw Zoobenthos Gastropoda Littorinimorpha Vermetidae Eualetestulipa (Rousseau in Chenu, 1843)

ax Zoobenthos Bivalvia Ostreida Ostreidae Crassostrea gigas (Thunberg, 1793)

ay Zoobenthos Bivalvia Ostreida Ostreidae Talonostreatalonata Li & Qi, 1994

az Zoobenthos Bivalvia Ostreida Ostreidae Saccostrea Dollfus&Dautzenberg, 1920

ba Zoobenthos Bivalvia Ostreida Pteriidae Isognomon bicolor (C. B. Adams, 1845)

bb Zoobenthos Bivalvia Myida Dreissenidae Leiosolenusaristatus (Dillwyn, 1817)

bc Zoobenthos Bivalvia Myida Dreissenidae Mytilopsisleucophaeata (Conrad, 1831)

bd Zoobenthos Bivalvia Myida Dreissenidae Mytilopsiscfsallei (Récluz, 1849)

be Zoobenthos Polychaeta Sabellida Sabellidae Branchiommaluctuosum (Grube, 1870)

bf Zoobenthos Polychaeta Sabellida Sabellida Spirobranchusgiganteus (Pallas, 1766)

bg Zoobenthos Polychaeta Sabellida Serpulidae Hydroides elegans (Haswell, 1883) [nomenprotectum]
bh Zoobenthos Polychaeta Sabellida Serpulidae Hydroidesdianthus (Verrill, 1873)

bi Zoobenthos Polychaeta Spionida Spionidae Boccardiellabihamata Blake &Kudenov, 1978
bj Zoobenthos Polychaeta Spionida Spionidae Polydoracornuta Bosc, 1802

bk Zoobenthos Polychaeta Spionida Spionidae Polydoranuchalis Woodwick, 1953

bl Zoobenthos Polychaeta Spionida Spionidae Pseudopolydoraachaeta Radashevsky& Hsieh, 2000
bm Zoobenthos Polychaeta Spionida Spionidae Pseudopolydoraantennata (Claparéde, 1869)
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bn
bo
bp
ba
br
bs
bt
bu
bv
bw
bx
by
bz
ca
cb
cc
cd
ce
cf
cg
ch
ci

cj

Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos

Zoobenthos

Polychaeta

Polychaeta

Polychaeta

Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca

Malacostraca

Spionida
Spionida
Spionida
Decapoda
Decapoda
Decapoda
Decapoda
Decapoda
Decapoda
Decapoda
Decapoda
Decapoda
Decapoda
Decapoda
Decapoda
Decapoda
Decapoda
Decapoda
Decapoda
Decapoda
Decapoda
Amphipoda
Amphipoda

Spionidae
Spionidae
Spionidae
Alpheidae
Alpheidae
Belliidae
Cancridae
Epialtidae
Inachoididae
Lysmatidae
Portunidae
Portunidae
Panopeidae
Panopeidae
Penaeidae
Penaeidae

Penaeidae

Pilumnoididae

Polybiidae
Stenopodidae
Lysmatidae
Ampithoidae
Photidae

Pseudopolydoradiopatra Hsieh, 1992
Polydorahoplura Claparéde, 1868
Pseudopolydorapaucibranchiata (Okuda, 1937)
Athanasdimorphus Ortmann, 1894

Athanasnitescens (Leach, 1813 [in Leach, 1813-1814])
Belliapicta H. Milne Edwards, 1848

Cancerpagurus Linnaeus, 1758

Taliepusdentatus (H. Milne Edwards, 1834)
Pyromaiatuberculata (Lockington, 1877)
Lysmatavittata (Stimpson, 1860)

Charybdis (Charybdis) hellerii (A. Milne-Edwards, 1867)
Scyllaserrata (Forskal, 1775)
Rhithropanopeusharrisii (Gould, 1841)
Eurypanopeusdepressus (Smith, 1869)
Penaeusvannamei Boone, 1931

Penaeusmonodon Fabricius, 1798
Metapenaeusmonoceros (Fabricius, 1798)
Pilumnoidesperlatus (Poeppig, 1836)
Liocarcinusnavigator (Herbst, 1794)
Stenopusspinosus Risso, 1827

Lysmatalipkei Okuno& Fiedler, 2010
Cymadusaledoyeri Peart, 2004

Photislongicaudata (Spence Bate & Westwood, 1862)
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ck
cl
cm
cn
co
cp
cq
cr
cs
ct
cu
cv
cw
cX
cy
cz
da
db
dc
dd
de
df

dg

Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos

Zoobenthos

Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca
Malacostraca
Gymnolaemata
Gymnolaemata
Gymnolaemata
Gymnolaemata
Gymnolaemata
Gymnolaemata
Gymnolaemata
Gymnolaemata
Gymnolaemata
Gymnolaemata
Gymnolaemata
Gymnolaemata
Ascidiacea
Ascidiacea
Ascidiacea
Ascidiacea

Ascidiacea

Amphipoda
Isopoda

Isopoda

Isopoda

Isopoda

Isopoda
Cheilostomatida
Cheilostomatida
Cheilostomatida
Cheilostomatida
Cheilostomatida
Cheilostomatida
Cheilostomatida
Cheilostomatida
Cheilostomatida
Cheilostomatida
Cheilostomatida
Ctenostomatida
Aplousobranchia
Aplousobranchia
Aplousobranchia
Aplousobranchia

Aplousobranchia

Corophiidae
Idoteidae
Paracerceis
Sphaeromatidae
Sphaeromatidae
Sphaeromatidae
Bugulidae
Bugulidae
Candidae
Electridae
Hippopodinnidae
Phidoloporidae
Sinoflustridae
Membraniporidae
Membraniporidae
Membraniporidae
Bitectiporidae
Vesiculariidae
Clavelinidae
Didemnidae
Didemnidae
Holozoidae

Polyclinidae

Laticorophiumbaconi (Shoemaker, 1934)
Synidotealaevidorsalis (Miers, 1881)
Paracerceissculpta (Holmes, 1904)
Sphaeromaterebrans Bate, 1866
Sphaeromawalkeri Stebbing, 1905
Sphaeromaserratum (Fabricius, 1787)
Bugulaneritina (Linnaeus, 1758)
Bugulinastolonifera (Ryland, 1960)
Licorniajolloisii (Audouin, 1826)
Arboperculabengalensis (Stoliczka, 1869)
Hippopodinatahitiensis (Leca& d'Hondt, 1993)
Triphyllozoonarcuatum (MacGillivray, 1889)
Sinoflustraannae (Osburn, 1953)
Biflustragrandicella (Canu&Bassler, 1929)
Biflustrairregulata (Liu, 1991)
Biflustraokadai Almeida, Souza & Vieira, 2017
Hippoporina indica MadhavanPillai, 1978
Amathiaverticillata (delleChiaje, 1822)
Clavelina oblonga Herdman, 1880
Didemnumcineraceum (Sluiter, 1898)
Didemnumperlucidum Monniot F., 1983
Distapliastylifera (Kowalevsky, 1874)
Aplidiopsis sp.Lahille, 1890
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dh
di
dj
dk
dl
dm
dn
do
dp
dq
dr
ds
dt
du
dv
dw
dx
dy
dz
ea
eb
ec
ed

Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Zoobenthos
Necton

Necton

Necton

Necton

Necton

Necton

Ascidiacea
Ascidiacea
Ascidiacea
Ascidiacea
Ascidiacea
Ascidiacea
Ascidiacea
Ascidiacea
Ascidiacea
Ascidiacea
Ascidiacea
Ascidiacea
Ascidiacea
Ascidiacea
Ascidiacea
Ascidiacea
Ascidiacea
Actinopterygii
Actinopterygii
Actinopterygii
Actinopterygii
Actinopterygii
Actinopterygii

Aplousobranchia
Aplousobranchia
Aplousobranchia
Aplousobranchia
Phlebobranchia
Phlebobranchia
Phlebobranchia
Phlebobranchia
Phlebobranchia
Phlebobranchia
Stolidobranchia
Stolidobranchia
Stolidobranchia
Stolidobranchia
Stolidobranchia
Stolidobranchia

Stolidobranchia

Batrachoidiformes

Perciformes
Perciformes
Perciformes
Perciformes

Perciformes

Polyclinidae
Polyclinidae
Polyclinidae
Polycitoridae
Ascidiidae
Ascidiidae
Ascidiidae
Ascidiidae
Cionidae
Corellidae
Pyuridae
Pyuridae
Styelidae
Styelidae
Styelidae
Styelidae
Styelidae
Batrachoididae
Acanthuridae
Blenniidae
Chaetodontidae
Eleotridae

Pomacentridae

Polyclinumaurantium Milne Edwards, 1841
Sidneioidesperegrinus Kremer et al., 2011
Aplidiumpentatrema (Monniot F., 1972)
Eudistoma carolinense Van Name, 1945
Ascidiasydneiensis Stimpson, 1855
Ascidiatenue Monniot C., 1983

Ascidia interrupta Heller, 1878
Ascidiacurvata (Traustedt, 1882)
Cionaintestinalis (Linnaeus, 1767)%
Rhodosomaturcicum (Savigny, 1816)
Pyuragangelion(Savigny, 1816)

Pyura beta Skinner, Rocha & Counts, 2019
Botryllusschlosseri (Pallas, 1766)
Cnemidocarpa irene (Hartmeyer, 1906)
Eusynstyela sp. Michaelsen, 1904
Styelaplicata(Lesueur, 1823)
Styelacanopus (Savigny, 1816)

Opsanus beta (Goode&Bean, 1880)

Acanthurusmonroviae Steindachner, 1876

Omobranchuspunctatus (Valenciennes, 1836)

Heniochusacuminatus (Linnaeus, 1758)
Butiskoilomatodon (Bleeker, 1849)

Chromislimbata (Valenciennes, 1833)
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ee Necton Actinopterygii Perciformes Pomacanthidae
ef Necton Actinopterygii Perciformes Scorpaenidae
eg Necton Elasmobranchii Carcharhiniformes  Carcharhinidae

Pomacanthusmaculosus (Forsskal, 1775)
Pteroisvolitans (Linnaeus, 1758)

Triaenodonobesus (Rippell, 1837)
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Table S3 - Marine taxa non-indigenous to Brazil andthe date first registered, states of occurrence, status assigned in 2019 (to be continued).

Status Presence in state® References*

Codet! Year offirstrecord>. D E AP PA MA PI CE RN PB PE AL SE BA ES R} SP PR SC

a 1983 X X X X X Lopes et al. (2009);
Castro et al. (2017)

b 1996 X Lopes et al. (2009)

c 1998 X X X Lopes et al. (2009);
Hallegraeff et al. (2012);
Vieira (2017)

d 1983 X X X X Lopes et al. (2009)

e 1977 X X X X X X Lopes et al.(2009);
Almeida et al. (2012)

f 1980 X X X X X X X X X X Lopes et al. (2009)

g 1983 X X Lopes et al. (2009);
Mohammed (2014)

h 2000 X X Lopes et al. (2009)

i 2002 X X Lopes et al. (2009)
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Table S3 - Marine taxa non-indigenous to Brazil andthe date first registered, states of occurrence, status assigned in 2019 (continuation).

j 2013
k 2013
| 1950
m 2012
n 1991
0 1982
p 1994
q 1990
r 1974
S 1994
t 2010
u 1983
v 1986

X
X

X

X

X

BjornbergandKihara (2013)
BjornbergandKihara (2013)
Haddad and Nogueira Janior
(2006); Morandini et al.
(2006)

Nascimento et al. (2019)
Farrapeira (2010)
Lopes et al. (2009);
Rainbown (2000);
Marques et al. (2013);
Bumbeer and Rocha (2016)
Marques et al. (2013);
Kremer and Rocha (2016)
Lopes et al. (2009)
Lopes et al. (2009)
Bumbeerand Rocha (2016)
Farrapeira (2010);

Carlton et al. (2011);
Rodriguez-Almarazand
Garcia-Madrigal (2014)
Farrapeira (2010);

Rocha et al. (2013)
Farrapeira (2010);

Rocha et al. (2013)
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Table S3 - Marine taxa non-indigenous to Brazil andthe date first registered, states of occurrence, status assigned in 2019 (continuation).

w

X

aa
ab

ac
ad

ae

af

ag
ah

ai

3

1985
1968

2008
2002
1963
2006

2003
2015
1997

2001
2012
1998

1996
2007

Lopes et al. (2009)
Oliveira Filho and Coll
(1975);

Milstein et al. (2015)
Milstein et al. (2015)
Milstein et al. (2015)
Lopes et al. (2009)
Cassano et al. (2006);
Cassano (2008);

Klein et al. (2005)

Silva et al. (2010)
Azevedo et al. (2015)
Pacheco (2011);

Batista (2012)

Lopes et al. (2009)
Morandini et al. (2017)
Calder and Mayal (1998);
Neves et al. (2007);
Rocha et al. (2013);
Neves and Rocha (2008)
Rocha et al. (2013)
Haddad et al. (2014);
Bettim and Haddad (2017)
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Table S3 - Marine taxa non-indigenous to Brazil andthe date first registered, states of occurrence, status assigned in 2019 (continuation).

ak

al

am

na

ao

ap

aq
ar

as

1963

1977

2017

2017
1981

2002

2003
2001

2001

X

X

X

X

X

Nogueira andOliveira(2006);
Bardi and Marques (2009);
Junior (2012)

Benet et al. (2015);

Rocha et al. (2013)
Mantellato et al. (2018)
Mantellato et al. (2018)
Concepcion et al. (2010);
Kahng and Grigg (2005);
Marques et al. (2013)
Altvater and Coutinho(2015);
Van Ofwegen and Haddad
(2011)

Lopes et al. 2009

Lopes et al. 2009;

Miranda et al. (2012);
Bianco et al. (2016);
Creed et al. (2017)

Lopes et al. 2009;
Miranda et al. (2012);
Bianco et al. (2016);
Creed et al. (2017)
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Table S3 - Marine taxa non-indigenous to Brazil andthe date first registered, states of occurrence, status assigned in 2019 (continuation).

at

au

aw

ax

ay

az

ba

bb

bc

bd

be

bf

bg
bh

1970

2000

2005

2005

2006

2008

2014

1994

2005

2014

2004

2002

1865
1991

X

X

X

X

X

X

X

Rocha et al. (2013);
Lima et al. (2011)
Hendler et al. (2012);
Mantelatto et al. (2016)
Padulaand Santos (2005);
Rocha et al. (2013)
Spotorno-Oliveira et al.
(2018)

Melo et al. (2010);
Gamain et al. (2016)
Cavaleiro et al. (2019)
Galvéo et al. (2018)
Lopes et al. (2009);
Breves-Ramos (2010)
Lopes et al. (2009);
Vinagre et al. (2018)
Lopes et al. (2009);
Rizzo et al. (2014);
Fernandes et al. (2018)
Fernandes et al. (2018)
Lopes et al. (2009);

De Assis et al. (2012)
Skinner et al. (2012)
Schwan et al. (2015)
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bi
bj
bk

bl
bm
bn
bo

bp

bq
br

bs

bt
bu
bv
bw

bx
by

2012
1998
1998

1995
2004
1994
2002
2015

1999
2007

2009

1972
1930
1996
1989
2009
1995

X X X X X X

X

X

X

X

X X X X

Sun et al (2017)
Lopes et al. (2009)
Lopes et al. (2009);
Cangussu (2010)
Lopes et al. (2009)
Lopes et al. (2009)
Lopes et al. (2009)
Lopes et al. (2009)

RadashevskyandMigotto

(2016)

Lopes et al. (2009)
Pachelle et al. (2011);
Almeida et al. (2015);
Almeida et al. (2012)
Pachelle et al. (2011);
Almeida et al. (2015);
Almeida et al. (2012)
Lopes et al. (2009)
Lopes et al. (2009)
Lopes et al. (2009)
Lopes et al. (2009)
Soledade et al. (2013)
Lopes et al. (2009)




76

Table S3 - Marine taxa non-indigenous to Brazil andthe date first registered, states of occurrence, status assigned in 2019 (continuation).

bz

ca
ch

cC

cd
ce
cf

cg
ch
Ci

cj

1983

1998
1985

1971

1987
1995
2000

1966
2014
2012
1953

X

X

X

Lopes et al. (2009);

Tavares andMendonga(2011)
Lopes et al. (2009)

Horn and Tolley (2009);
Rodrigues et al. (2014);
O’Shaughnessy et al. (2014)
Lopes et al. (2009);
Krummenauer et al. (2011);
Furtado et al. (2011);
Rebougas et al. (2011);
Schveitzer et al. (2013)
Lopes et al. (2009)

Lopes et al. (2009)

Lopes et al. (2009);

Silva and Barros (2011)
Lopes et al. (2009)
Giraldesand Freire (2015)
Pachelle et al. (2016)

Stofel et al. (2008);

Rocha et al. (2013);

Tavares et al. (2013);
Santos and Soares (1999);
Dubiaski-Silva andMasunari
(1995)
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Table S3 - Marine taxa non-indigenous to Brazil andthe date first registered, states of occurrence, status assigned in 2019 (continuation).
ck 1989 X X X X Rocha et al. (2013);

Ribeiro et al. (2003);
Santos and Pires-Vani

(2004)
cl 2001 X X X Valério-Berardo and ¢
(2009);
Serejoand Siqueira (2
cm 1969 X X X Rocha et al. (2013);
Chapman and Carlton
cn 1980 X X X X X Rocha et al. (2013);
Oliveira (2008)
co 1960 X X X X X X X Oliveira (2008);
Rocha et al. (2013)
cp 1960 X X X X X X X Oliveira (2008);
Rocha et al. (2013)
cq 1989 X X Lopes et al. (2009)
cr 1937 X X X X Miranda et al. (2018);
Vieira et al. (2008)
cs 2015 X X X Almeida et al. (2015);
Bumeer (2017);
Miranda et al. (2018)
ct 2013 X X Miranda et al. (2018);

Kremerand Rocha (2C
cu 2018 X X Miranda et al. (2018)
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Table S3 - Marine taxa non-indigenous to Brazil andthe date first registered, states of occurrence, status assigned in 2019 (continuation).

cw

CcX

cy

Cz

da

db

dc

dd

de

df

dg
dh
di
dj

dk

2003

2007

2017

2014

1997

1997

1990

1860

1925

2009

1995

2009

2009

2010

2010

X

X

Lopes et al. (2009)
Almeida et al. (2015)
Miranda et al. (2018)
Miranda et al. (2018);
Siqueira et al. (2017)
Miranda et al. (2018);
Almeida et al. (2017)
Miranda et al. (2018);
Almeida et al. (2017)
Miranda et al. (2018);
Vieira andMigotto (2008)
Santos et al. (2017);
Miranda et al (2018)
Rocha et al. (2012);
Skinner et al. (2016)
Rocha et al. (2009);
Kremer and Rocha (2016)
Kremerand Rocha (2016)
Marques et al. (2013)
Marques et al. (2013)
Marins et al. (2010);
Svane (1984)
Bumbeerand Rocha (2016)
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Table S3 - Marine taxa non-indigenous to Brazil andthe date first registered, states of occurrence, status assigned in 2019 (continuation).

dl

dm

dn
do
dp

dq

dr

ds

dt
du
dv

dx

dw

dy

2002
1996

1956

2011

1999

1998

1958

1999

2012

1961

2002

2011

1998
1883

Bumbeer et al. (2016)
Moreno and Rocha (2001);
Bumbeer et al. (2016)

Lopes et al. (2009)
Bumbeerand Rocha (2016)
Rocha et al. (2013);

Nassar and Silva (1999)
Rocha and Nasser (1998);
Granthom-Costa et al. (2016)
Lopes et al. (2009);

Brunetti et al. (2015)

Lotufo (2002);

Skinner et al. (2013);
Granthom-Costa et al. (2016)
Skinner et al. (2019)

Skinner et al. (2019)

Lotufo (2002);

Rocha et al. (2013)

Rocha et al. (2012)

Marques et al. (2013)

Lopes (2009);

Marins et al. (2010);
Thiyagarajan and Qian(2003)
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Table S3 - Marine taxa non-indigenous to Brazil andthe date first registered, states of occurrence, status assigned in 2019 (conclusion).

dz 1969 X X X X X X X X Granthom-Costa et al. (2016)

ea 2006 X X X Caires et al. (2007)

eb 1999 X X X Lopes et al. (2009)

ec 2002 X X X X X X X Lopes et al. (2009);
Soares et al. (2011);
Loebmann et al. (2010)

ed 2000 X X X Lopes et al. (2009)

ee 2000 X X X X X X X X X Lopes et al. (2009);

Vinagre et al. (2018);
Macieira et al. (2012)

ef 2009 X X Domingues et al. (2006);
Leite et al. (2009);
Anderson et al. (2017)

eg 2017 X X Soeth et al. (2018)

eh 2014 X X Ferreira et al. (2015);
AlbinsandHixon (2008)

ei 2013 X X Bornatowski et al. (2018)

Legenda: Detected (D); Established (E); Invasive (1).
Nota: *To check the species name see Table S2; 2The year of collection, or record, if reported in the reference(s), or the year of the reference publication (denoted in italic)when

the year of collection or record were not provided; 3For the full name of the states see table S1.
Fonte: adapted from PIRES AND CREED (2020)



Table S4 - Marine taxa non-indigenous to Brazil andthe date first registered, states of occurrence, status assigned in 2009 (to be continued).

Status Presence in state?
Code! D E I C NL AP PA MA PI CE RN PB PE AL SE BA ES RJ SP PR SC RS
a X X X X X X X
b X X X
c X X X X X
d X X X X
e X X X X X X
f X X X X X X X X X X X X
g X X
h X X
i X X
j X
k X
| X
m X
n X
0 X
p X
q X X X X X X X X
r X X X X X X X X
s X
t X
u X
% X




Table S4 - Marine taxa non-indigenous to Brazil andthe date first registered, states of occurrence, status assigned in 2009 (continuation).

w
X
y
z
aa
ab
ac
ad
ae
af
ag
ah
ai
3]
ak
al
am
na
ao
ap
aq
ar

as

at

X

X X X X X X X X X X

X

X
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Table S4 - Marine taxa non-indigenous to Brazil andthe date first registered, states of occurrence, status assigned in 2009 (continuation).

au
aw
ax
ay
az
ba
bb
bc
bd
be
bf
bg
bh
bi
bj
bk
bl
bm
bn
bo
bp
ba
br
bs

X X X X X X

X

X

X

)

xX X X X
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Table S4 - Marine taxa non-indigenous to Brazil andthe date first registered, states of occurrence, status assigned in 2009 (continuation).

bt
bu
bv
bw
bx
by
bz
ca
cb
cc
cd
ce
cf
g
ch
ci
cj
ck
cl
cm
cn

co

cp

X

X

X

X X X X X

X X X X X X X X X

X
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Table S4 - Marine taxa non-indigenous to Brazil andthe date first registered, states of occurrence, status assigned in 2009 (continuation).

cq X X
cr
cs

ct

X X X X

cu
cw X X
cX
cy
cz
da
db
dc
dd
de
df
dg
dh
di
dj
dk
dl

dm

X X X X X X X X X X X X X X X X

dn X X X X X X

do X
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Table S4 - Marine taxa non-indigenous to Brazil andthe date first registered, states of occurrence, status assigned in 2009 (conclusion).
dp X

dg X

dr X X X X
ds
dt
du
dv
dx

dw

X X X X X X

dy X X X X X X
dz

ea X

x

eb X X X X
ec X X X
ed X X X

ee X X

ef
€9
eh

X
X
X
ei X

Legenda: Detected (D); Established (E); Invasive (I); Contained (C); Not listed until 2009 (NL)

Nota: *To check the species name see Table S2; ?For the full name of the states see table S1; To check the year of first record see Table S2; To check the references see Table
S2

Fonte: adapted from PIRES AND CREED (2020)
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Table S6 - Summary checklist and current status of marine non-indigenous species in Brazil(to

be continued).

Taxon!?

Current status®*

Acanthurusmonroviae Steindachner, 1876
Alexandriumtamarense (Lebour, 1925) Balech, 1995
Amathiaverticillata (delleChiaje, 1822)
Amphibalanusamphitrite (Darwin, 1854)
Amphibalanusreticulatus (Utinomi, 1967)
Amphibalanussubalbidus (Henry, 1973)
Anotrichiumyagii (Okamura) Baldock, 1976
Aplidiopsis sp.Lahille, 1890
Aplidiumpentatrema (Monniot F., 1972)
Apocyclopsborneoensis Lindberg, 1954
Arboperculabengalensis (Stoliczka, 1869)
Ascidiacurvata (Traustedt, 1882)

Ascidia interrupta Heller, 1878
Ascidiasydneiensis Stimpson, 1855
Ascidiatenue Monniot C., 1983
Athanasdimorphus Ortmann, 1894
Athanasnitescens (Leach, 1813 [in Leach, 1813-1814])
Balanustrigonus Darwin, 1854

Belliapicta H. Milne Edwards, 1848
Biflustragrandicella (Canu&Bassler, 1929)
Biflustrairregulata (Liu, 1991)
Biflustraokadai Almeida, Souza & Vieira, 2017
Blackfordiavirginica Mayer, 1910
Boccardiellabihamata Blake &Kudenov, 1978
Bostrichobranchusdigonas Abbott, 1951
Botryllusschlosseri (Pallas, 1766)
Branchiommaluctuosum (Grube, 1870)
Bugulaneritina (Linnaeus, 1758)
Bugulinastolonifera (Ryland, 1960)
Bulbaeolidia alba (Risbec, 1928)
Butiskoilomatodon (Bleeker, 1849)
Cancerpagurus Linnaeus, 1758

Carijoariisei (Duchassaing&Michelotti, 1860)

Cassiopeaandromeda (Forsskal, 1775)

Established
Invasive
Established
Established
Established
Established
Established
Detected
Detected
Established
Detected
Established
Established
Established
Detected
Established
Established
Established
Detected
Established
Detected
Detected
Established
Detected
(NowCryptogenic)
Established
Invasive
Established
Detected
Detected
Established
Detected
Established
Established
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Table S6 - Summary checklist and current status of marine non-indigenous species in Brazil

(continuation).

Caulerpa scalpelliformis (R.Brown ex Turner) C.Agardh,

1817

Charybdis (Charybdis) hellerii (A. Milne-Edwards, 1867)

Chromislimbata (Valenciennes, 1833)
Chromonephtheabraziliensis van Ofwegen, 2005
Cionaintestinalis (Linnaeus, 1767)%

Clavelina oblonga Herdman, 1880
Clavulariaviridis(Quoy&Gaimard, 1833) cf.viridis
Cnemidocarpa irene (Hartmeyer, 1906)
CnidostomafallaxVVanhoffen, 1911
Cordylophoracaspia (Pallas, 1771)
CoscinodiscuswailesiiGran&Angst, 1931
Crassostrea gigas (Thunberg, 1793)
Cymadusaledoyeri Peart, 2004

Dasya brasiliensis E.C.Oliveira Filho &Y.Y .Braga, 1971

Diadumenelineata (Verrill, 1869)
Didemnumcineraceum (Sluiter, 1898)
Didemnumperlucidum Monniot F., 1983
Distapliastylifera (Kowalevsky, 1874)
Eualetestulipa (Rousseau in Chenu, 1843)
Eudistoma carolinense Van Name, 1945
Eurypanopeusdepressus (Smith, 1869)
Eusynstyela sp. Michaelsen, 1904

Garveia franciscana (Torrey, 1902)
Grateloupiaturuturu Yamada, 1941
GymnodiniumcatenatumH.W.Graham, 1943
Heniochusacuminatus (Linnaeus, 1758)
Hippopodinatahitiensis (Leca& d'Hondt, 1993)
Hippoporina indica MadhavanPillai, 1978
Hydroidesdianthus (Verrill, 1873)

Hydroides elegans (Haswell, 1883) [nomenprotectum]
Isognomon bicolor (C. B. Adams, 1845)
Kappaphycusalvarezii (Doty) DotyexP.C.Silva
Laophontellahorrida (Por, 1964)
Laticorophiumbaconi (Shoemaker, 1934)
Laurenciacaduciramulosa Masuda&Kawaguchi, 1997

Laurencia venusta Yamada, 1931

Invasive

Invasive
Established
Invasive
Established
Established
Invasive
Established
Established
Established
Invasive
Established
Established
Established
Invasive
Established
Established
Detected
Established
Detected
Established
Detected
Established
Detected
Invasive
Detected
Detected
Established
Established
Invasive
Invasive
(NowContained)
Detected
Detected
Established
Detected
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Table S6 - Summary checklist and current status of marine non-indigenous species in Brazil

(continuation).

Leiosolenusaristatus (Dillwyn, 1817)

Licornia diadema (Busk, 1852)

Licorniajolloisii (Audouin, 1826)
Liocarcinusnavigator (Herbst, 1794)

Lysmatalipkei Okuno& Fiedler, 2010
Lysmatavittata (Stimpson, 1860)
Megabalanuscoccopoma (Darwin, 1854)
Membranobalanusdeclivis (Darwin, 1854)
Metapenaeusmonoceros (Fabricius, 1798)
Mytilopsiscfsallei (Récluz, 1849)
Mytilopsisleucophaeata (Conrad, 1831)
Omobranchuspunctatus (Valenciennes, 1836)
Ophiactissavignyi (Miller &Troschel, 1842)
Ophiothelamirabilis Verrill, 1867

Opsanus beta (Goode&Bean, 1880)
Paracerceissculpta (Holmes, 1904)
Paracyclopinalongifurca (Sewell, 1924)
Paraleucilla magnaKlautau, Monteiro &Borojevic, 2004
Penaeusmonodon Fabricius, 1798
Penaeusvannamei Boone, 1931

Perna perna (Linnaeus, 1758)

Photislongicaudata (Spence Bate & Westwood, 1862)
Phyllopodopsyllusaegypticus Nicholls, 1944
Phyllopodopsyllussetouchiensis Kitazima, 1981
Phyllorhizapunctatalendenfeld, 1884
Pilumnoidesperlatus (Poeppig, 1836)
Pleopisschmackeri (Poppe, 1889)
PodocorynaloyolaHaddad, Bettim&Miglietta, 2014
Polyclinumaurantium Milne Edwards, 1841
Polydoracornuta Bosc, 1802

Polydorahoplura Claparéde, 1868
Polydoranuchalis Woodwick, 1953
Pomacanthusmaculosus (Forsskal, 1775)
Pseudodiaptomustrihamatus Wright S., 1937
Pseudopolydoraachaeta Radashevsky& Hsieh, 2000
Pseudopolydoraantennata (Claparéde, 1869)
Pseudopolydoradiopatra Hsieh, 1992

Invasive
(NowCryptogenic)
Detected
Detected
Established
Established
Established
Established
Detected
Established
Invasive
Invasive
Established
Established
Established
Established
Established
(NowCryptogenic)
Established
Established
(NowCryptogenic)
Established
Detected
Established
Established
Established
Established
Established
Detected
Detected
Detected
Detected
Detected
Established
Detected
Detected
Detected
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Table S6 - Summary checklist and current status of marine non-indigenous species in Brazil

(continuation).

Pseudopolydorapaucibranchiata (Okuda, 1937)

Pteroisvolitans (Linnaeus, 1758)
Pyromaiatuberculata (Lockington, 1877)

Pyropiaacanthophora (E.C.Oliveira& Coll) M.C.Oliveira,

D.Milstein&E.C.Oliveira, 2011

Pyropiasuborbiculata (Kjellman) J.E.Sutherland, H.G.Choi,

M.S. Hwang&W.A.Nelson, 2011

Pyropiatanegashimensis (Shinmura) N.kikuchi& E. Fujiyoshi,

2011

Pyropiavietnamensis (Tak. Tanaka
J.E.Sutherland&Monotilla, 2011

Pyura beta Skinner, Rocha & Counts, 2019
Pyuragangelion(Savigny, 1816)
Rhithropanopeusharrisii (Gould, 1841)
Rhodosomaturcicum (Savigny, 1816)
Saccostrea Dollfus&Dautzenberg, 1920
Sansibia sp.

Schizoporella errata (Waters, 1878)
Scyllaserrata (Forskal, 1775)
Sidneioidesperegrinus Kremer et al., 2011
Sinoflustraannae (Osburn, 1953)
SphaeromaannandaleiStebbing, 1911
Sphaeromaserratum (Fabricius, 1787)
Sphaeromaterebrans Bate, 1866
Sphaeromawalkeri Stebbing, 1905
Spirobranchusgiganteus (Pallas, 1766)
Stenopusspinosus Risso, 1827

Stragulum bicolor Ofwegen& Haddad, 2011
Striatobalanusamaryllis (Darwin, 1854)
Styelacanopus (Savigny, 1816)
Styelaplicata(Lesueur, 1823)
Synidotealaevidorsalis (Miers, 1881)
Taliepusdentatus (H. Milne Edwards, 1834)
Talonostreatalonata Li & Qi, 1994
Temoraturbinata (Dana, 1849)
Tesseroporaatlantica Newman & Ross, 1976
Tetraclitella divisa (Nilsson-Cantell, 1921)

Detected
Detected
Established
Established

Established

Detected

Detected

Established
Established
Established
Established
Detected
Invasive
(NowCryptogenic)
Established
Detected
Established
(Redescribed as a new species)
Established
Established
Established
Established
Established
Invasive
Established
Established
Invasive
Established
Detected
Detected
Established
Detected
Established
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Table S6 - Summary checklist and current status of marine non-indigenous species in Brazil

(conclusion).

Triaenodonobesus (Rippell, 1837) Detected
Triphyllozoonarcuatum (MacGillivray, 1889) Detected
Tubastraeacoccinea Lesson, 1829 Invasive
Tubastraea tagusensis Wells, 1982 Invasive
Virididentuladentata (Lamouroux, 1816) (NowCryptogenic)

Nota: *Highlighted taxons are additional to those described as NIS by Lopes et al. (2009); >Green text indicates
listed by Lopes et al. (2009) but not now considered NIS in Brazil.; 3Status is based on the categories
detected, established or invasive as defined by Lopes et al., 2009; “Red text indicates status change
compared to the last survey by Lopes et al. (2009).

Fonte: adapted from PIRES AND CREED (2020)
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Abstract

Evidence so far shows that most alien species (AS) have negative impacts on native
biodiversityand are changing biodiversity in almost all environments. Here, we study eight
rocky shoresat four sites containing reefs with invaded communities and other not-invaded
(control) communities,to evaluate the effects of four marine invasive species on biological and
functional diversity.We used the adjustment and selection approach of species abundance
distribution models (SAD),taxonomic diversity indices and functional diversity indices based
on hierarchical grouping matrices(FD—Functional Diversity). In addition to comparing
invaded and not-invaded communities, wealso performed the same analysis, but removed the

invaders (AS removed) from the matrices. Thegeometric-series model was best adjusted to the
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majority of communities. The diversity indicessuggest that the taxonomic diversity is lower in
invaded communities, while the functional diversityindices suggest a change in the functional
space of invaded and not-invaded communities, witha greater amount of functional space filled
by species in the not-invaded communities. Taxonomicand functional diversity indices were
successful in identifying processes that determine the biologicaldiversity of invaded
communities, as they seem to obey a pattern that reflects the reduced diversityof invaded

communities.

Keywords: diversity indices; functional diversity; invasive; alien species; rank abundance

plots;species abundance distribution models.

2.1.1 Introduction

The introduction of new species into a new habitat represents a change and adjustment
in the pre-existing state of the receiving community. These changes can occur atdifferent
intensities and affect one or more species that already make up part of the receptorcommunity
(Carlton 2002). Alien species (AS) can transform marine environments, displacing
nativespecies, changing community structure and food webs, as well as impacting the
dynamicsof nutrients and sedimentation rates (Ruiz et al. 997). In the marine environment the
number of documentedbiological invasions is increasing in the tropical southwest Atlantic
Ocean (Teixeira and Creed 2020),which reflects a worldwide trend in marine ecosystems
(Bailey et al. 2020), and the evidence shows thatmost AS have negative impacts on native
biodiversity and human well-being, and arechanging the biodiversity of almost all
environments (Occhipinti-Ambrogi et al. 2003; Gallardo et al. 2015; Giakoumi et al. 2016).

Native and AS often have different biological characteristics and interactions with
thecommunity, for example chemical defenses or the high reproductive output of the AS or
escape from predators within the new community. Such factors can favor their dominancein the
community invaded by AS, as they become more abundant than the other species (Hansen et
al. 2013).The abundance of a species, at least to some extent, reflects its success in competing
for limited resources (Maurran 2003), so the effects of an AS will increase with its abundance

and vary with its functional attributes. The arrival of a new species may bring with it traits
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whichare novel to the ecosystem as well as increase species richness (always by one, at
leastinitially), so the establishment of AS in the community can change species and
functionaldiversity (Bremner 2003, 2006; Gallardo et al. 2015; Thomsen et al. 2011).

A new AS can establish itself in the receptor community by occupying a differentempty
niche, using different resources [the Empty Niche Hypotheses (MacArthur 1970)], with
minimalcompetition (Emery 2007; Strayer et al. 2006, 2017; Catford et al. 2009; Hejda et al.
2013). In contrast, if an AS is functionally similar to the species alreadyexisting in the invaded
community, they may compete with the resident species of thecommunity [Biotic
Resistance/Diversity—Invasibility Hypotheses (Elton 1958; Riva et al. 2019)]. Both processes
result in changes in the functional diversity of a community after the invasion (Shuai et al. 2018;
Toussaint et al. 2019; Milardi et al. 2019; Matsuzaki et al. 2013).

Here, we used wave-protected shallow subtidal tropical rocky shore benthic
communities as models. Typically, such communities are highly diverse, highly
productive(including symbiotic autotrophic organisms such as corals) and space may be
limiting, resulting in competition between sessile autotrophic and heterotrophic species.
Underthis scenario we would predict that for a species to have successfully established
andinvaded it will dominate and displace native species. Assuming that the abundance ofa
species is most often a reflection of its success in competing for limited resources (Magurran
2003; Rosindell et al. 2013),we tested the hypothesis that invaded communities reflect a pattern
of species abundancedescribed by models that fit communities with less equitability (e.g.,
Geometric SeriesModel). Considering that functional diversity indices have the potential to
reveal the processes of assembling the community (Mason et al. 2013), we also tested the
hypothesis that invadedcommunities present a smaller proportion of functional space traits
(functional richness,FRic), overuse of resources, and thus a less even distribution of abundance
in functional space traits (functional evenness, FEve) and species loss associated with a
decrease in therange of characteristic values (Villéger et al. 2008; Fried et al. 2019).

In order to test these hypotheses,we investigated (1) the biological and functional
diversity of invaded rocky shore communities using the adjustment and selection approach of
species abundance distribution (SAD) models and (2) the structure and function of communities
using functional diversity indexes based on hierarchical grouping matrices (FD—Functional
Diversity). We also (3) assess the effectiveness of using these parameters in evaluating the

impact of AS on rocky shore communities.
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2.1.2 Materials and Methods

We conducted the present study at four different shallow subtidal tropical rocky
shorelocations along about 280 km of the coast of the state of Rio de Janeiro, Brazil
(SouthwestAtlantic; Figure 5, £.35), a region which has received multiple invasions (Teixeira
and Creed 2020). We comparedcommunity composition and structure of invaded and not-

invaded communities at eachsite (hereby termed invasion state).

2.1.2.1 Study Sites and Species

2.1.2.1.1 Caulerpa scalpelliformis at Praia da Baleia (PB)

Located in the Baia da Ilha Grande (BIG), Angra dos Reis (23°01°63” S, 44°14°18”),this
wave-protected site has shallow (<5 m) waters where rocky reefs intermingle withsandy
patches. Introduced in 2001, the green alga Caulerpa scalpelliformis is considered anAS at this
site (Falcao andSzéchy 2005; Lopes et al. 2009). The species is widely distributed in tropical
and sub-tropical watersin the Red Sea, Indian and Pacific Oceans, Caribbean Sea and Atlantic
Ocean (Atlanticlslands, Western Atlantic and South America from Venezuela south to Espirito
SantoState, Brazil) (Vasconcelos et al. 2011). It is considered non-native in the Mediterranean
Sea and in Brazil atthe studied location due to its disjoint distribution in a very well-studied
region (Rio deJaneiro) (Vasconcelos et al. 2011) (Figure 6A, f.36). At this site it is able to grow
both in the sand and on isolatedboulders. Although access to PB is restricted by a private
condominium and a steep path,the beach often receives pleasure craft and commercial fishing
boats due to its protectedlocation. Among the possible vectors of introduction and dispersal of
this species areshipping (fouling anchors and fishing gear on boats which use the site for fishing
andrecreational boating) and the aquarium trade (irregular disposal of aquarium species
bycomercial traders or aquarists)(Vasconcelos et al. 2011).

2.1.2.1.2 Sansibia sp. at Praia Vermelha (PV)
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Located in Angra dos Reis, in the inner part of the BIG (23°01°34”S, 44°30°05”W),this
site has calm and shallow waters, with maximum depths of rocky reefs from 4—7 mwhere a sand
plain starts. The main local activities are nautical tourism and fishing. In2017, two species of
soft coral were detected on the rocky coast, Clavularia cf. viridis andSansibia sp. Both species
are of Indo-Pacific origin and have never been recorded in theAtlantic although Sansibia sp. is
still little-known and has been described recently (Alderslade et al. 2000).

After being removed, C. viridis was eradicated at PV, however the control of Sansibia
sp.,which has since expanded its range (Mantelatto et al. 2018; Carpinelli et al. 2020), is
ongoing. As all the detected species areused by aquarium hobbyists, it is highly probably that
the introduction was by disposal ofa domestic aquarium (Mantelatto et al. 2018) or an in situ

coral farming strategy (Carpinelli et al. 2020) (Figure 6B, f.36).

2.1.2.1.3 Tubastraeatagusensisat llha Comprida (IC)

Located about 5 km off Rio de Janeiro (23°02°157’S,43°12°17”W), it is one of the five
islands and two islets that make up the Cagarras Archipelago, a Marine Protect Area. ThelC
study site is positioned in the interior of the archipelago sheltered from wave action.
Themaximum reef depth is 40 m and it is impacted by eutrophication from Rio de Janeiro cityas
well as receiving high levels of tourism (diving and boat trips) (Creed et al. 2020). The
azooxantellatedcoral Tubastraeatagusensis is endemic and native to the Galapagos Archipelago
where itis reported as abundant and forms an important component of the coral fauna. It
wasintroduced into Brazil on oil platforms in the 1980s along with its congener T. coccinea
[36].Tubastraea tagusensis has also been reported in India, Palau and the Persian Gulf, though
thevalidity of those reports has been questioned (Creed et al. 2017). In the Cagarras Archipelago
T. tagusensiswas detected and manually removed in 2004 but in 2011 the species was again
reported atthe site (Creed et al. 2017) (Figure 6C, f.36).

2.1.2.1.4 Tubastraeacoccineaand T. tagusensisat 1lha de Ancora (1A)
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IA is an island located 8kmoffshore farther northwest at Armacdo dos Buzios
(22°46°16°S,41°47°08”W). 1t is also a popular dive site in the region, with transparent, calm
and shallowwaters (depth < 22 m). 1A is subject to a seasonal upwelling of Central South
AtlanticWater, characterized by higher nutrient supply (nitrate up to 18 puM) and low
temperatures(down to 14°C) (Coelho-Souza et al. 2012). In addition to T. tagusensis, IA has
also been invaded by an AS ofthe same genus T. coccinea, which was first recorded there in
2011 (Santos et al. 2019). Tubastraea coccineahas a native range throughout the tropical and
sub-tropical Indo-Pacific and has invadedsome Atlantic Islands, the Caribbean Sea, the Gulf of
Mexico and the southwest Atlantic(Brazil) (Figure 6D, f.36)(Creed et al. 2017).

2.1.2.2 Sampling

We carried out quantitative surveys of the benthic communities in continuous
extensionsof the benthos along 50 m of each rocky shore in 2017 (at PB and 1A in July; at ICin
September) and 2018 (at PV after the invasion was detected, in December). At eachsite,
sampling was carried out in communities under the two different invasion states.Using SCUBA
and the photo-quadrat method (digital photography at 300 dpi resolutionusing a NIKON
COOLPIX AW130 and a fixed frame), twelve 0.25 m2 sample quadratswere obtained randomly
in invaded and non-invaded areas. Since at PB the hard substrateconsisted of boulders within a
sand matrix (discontinuous), we randomly chose fourboulders with the macroalgae C.
scalpelliformis and four without sampling. Fieldwork wasconducted under research licenses
INEA 005/2009 and 044/2018 and IBAMA No 02/2016(Proc. 02001.003231/2014-02).

2.1.2.3 Data Analysis

2.1.2.3.1 Species Abundance Analysis

Using photo-quadrats and additional digital photography, macroscopic species

weresubsequently identified to the lowest possible taxonomic level. Species nomenclaturewas
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standardized to the World Register of Marine Species (WoRMS) database
(http://www.marinespecies.org/, accessed on 2 April 2020). The photo-quadrats wereused to
estimate the percentage of cover of each taxon of the sessile macrobenthos. Weused 100 random
points generated by the CPCe software (Coral Point Count with Excelextension) (Kohler and
Gill 2006) for each photo quadrat, thus generating a matrix of average relativeabundances of
each taxon by location and invasion state. In order to investigate the differencesin species
diversity caused by invasion state we plotted ranking-species abundances (= dominance and
diversity curves), where the x-axis corresponds to the species ranked indecreasing abundance
and the y-axis corresponds to the relative abundances of species ona logarithmic scale.

In order to better characterize and compare communities under different invasion states,
five SAD models were applied: Broken Stick, Geometric Series, Lognormal, Zipfand
Mandelbrot. For the adjustment and selection of the SAD models, we used the methodof
maximum likelihood estimation selected through the Akaike Information Criterion(AIC) and
AAIC<2. AIC is a relative measure derived from the likelihood function thatcompares models
and can be used in addition to visual inspection of the plotted data. TheAIC selects the model
that best fits the data by measuring the distance from the real modelto the model analyzed, and
the one with the lowest AIC value is considered the mostappropriate, and AAIC<2 values
establish that the model is plausible to be used (Burnham and Anderson 2004).

We tested the differences in communities between invasion states using the
Permutational MANOVA (PERMANOVA) based on Bray—Curtis similarity measures of the
squareroot of the percentage of cover of each taxon of the sessile macrobenthos + 1.
Simpson’sdiversity index (1-A), Margalef’s diversity index (d), Shannon’s (H’), Fisher and
Equality of Pielou (J’) of each community were calculated. We also carried out this analysis on
the data set from which the AS had been removed and other species standardized in the
abundance matrix (the cover of AS was reassigned to the native species proportionally totheir
abundance) termed “AS removed”. The SAD analyzes were performed in the programR v3.6.0
(R Core Team 2020), and we use the ‘vegan’ R-package (Oksanen et al. 2013). For
PERMANOVAwe used the statistical program PERMANOVA+ add-on for Primer v6 (Clarke
and Gorley 2006; Anderson et al. 2008).

2.1.2.3.2 Functional Diversity Analysis
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A set of 14 relevant species traits (Zaiko et al. 2021) (Table S7) were identified and
modalities for eachtrait category were defined through bibliographic survey and expert
consultation (TableS7). The information for each trait was ordered as binary or continuous
characteristics andcompiled for all species in the analyzed data sets. For mixed trait data, we
used the “Cailliez”correction, which consists of adding the smallest possible constant to the
distances to eliminate all negative eigenvalues (Cailliez1983; Lalibertéet al. 2014; Laliberté and
Legendre 2010). To evaluate the impact of AS on functionalcharacteristics of the rocky shore
communities, we estimated five multidimensional indices of functional diversity (FRic:
Functional richness, FEve: Functional evenness, FDiv: Functional divergence, FDis: Functional
dispersion and RaoQ: Rao’s quadratic entropy).

To assess patterns in the communities under different invasion states, we estimatedthe
effect sizes in each diversity index as the response ratios (RR) to control rocky shorecommunity

differences:

RR = (lwithllwithout) (1)

where “I” represents the taxonomic or functional diversity indices of rocky reef-invaded
(numerator) or not-invaded (denominator) by the AS. The RR has a >1 or <1 value accordingto
the relative increase or decrease, respectively, in the diversity index of the rocky shore invaded
compared to the rocky shore-not-invaded. The RR is 1 when there is no difference.

In addition to comparing communities under different invasion states, we also
performed the same analysis, but removed the invaders (“AS removed”), thus clarifying
whether there are possible sources of variation caused only by the contribution of the AS.All
functional diversity metrics were computed in the FD package (Lalibertéet al. 2014; Laliberté
and Legendre 2010) of the R v 3.6.0program (R Core Team 2013).

2.1.3 Results

Over the four sites we found a total of 66 taxa of sessile macrobenthic species,23 of
which were algae, 13 sponges, four bryozoans, 18 cnidarians, three ascidians,two echinoderms,
two molluscs and one crustacean (Table S8). The taxon richness waslower in invaded

communities, except for PB site (Figure 12). In three of the invaded communities,the AS
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was/were the most abundant taxon(s), with the exception of PV where theinvading soft coral
Sansibia sp. was the second most abundant species in the communityafter the (native) alga
Sargassum vulgare (Figure 12). Sessile macrobenthos assemblage coverwas significantly
different between invasion states in each rocky shore sites (PERMANOVA:PV, df = 23;
Pseudo-F = 13.016; p = 0.001; 1A, df = 23; Pseudo-F = 12.626; p = 0.001; ClI, df = 23; Pseudo-
F=11.271; p=0.001; PB, df = 7; Pseudo-F = 2.932; p = 0.026).
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Figure 12 — Species rank abundance plots for benthic taxons in four invaded communities
represented by the symbol o andfour not-invaded communities represented by
the symbol x on marine tropical rocky shores along the coast of the State ofRio

de Janeiro, Brazil at (a) Praia Vermelha (PV), (b) Praia da Baleia (PB), (c) Ilha
de Ancora (1A) and (d) Ilha Comprida(IC).
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Legenda: AS are represented by the symbol e. sv = Sargassum vulgare, s = Sansibia sp., pc =

Palythoacaribaeorum, j = Janiaadhaerens, o = Echinometralucunter, cs = Caulerpa

scalpelliformis, cen = Centroceras sp., ¢ = Caulerpa racemosa, tt = Tubastraeatagusensis, tc

= Tubastraea coccinea, zs = Zoanthus sociatus, od = Obelia dichotoma, sr =

Scopalinaruetzleri. According to the diversity indices, not-invaded communities
Fonte: PIRES-TEIXEIRA ET AL. 2021.

According to the diversity indices, not-invaded communities had greater
diversitythan invaded ones, except for the PB site that had similar values in both
communities.Under the AS removed scenario, there was no change in the general pattern

of the results ofthe taxonomic diversity over sites. PB once again stood out in this respect
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as the Simpson,Fisher and Shannon indices, which were not different between invasion
states but werereduced under the AS removed scenario. According to these indices, the
diversity wasgreater in the not-invaded communities and under the AS removed scenario
it increasedfor the three other sites (Figure 13) (Table S9).

Figurel3 — Response ratio between the taxonomy diversity indices (S, H', J', d, 1-Lambda’
and Fisher) of the invadedcommunities (numerator) and not-invaded
communities (denominator) under two scenarios: (a)Alien species (AS)
notremoved and (b) AS removed on marine tropical rocky shores along the
coast of the State of Rio de Janeiro, Brazil at PraiaVermelha (red), Praia da
Baleia (orange); Ilha de Ancora (light blue) and 1lha Comprida (dark blue).
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Fonte: PIRES-TEIXEIRA et al., 2021.

Considering the smallest AIC and depending on the invasive state or NS
removedscenario all five models were retained, although the Zipf model least so (Table 4).
Thegeometric-series model was the most ubiquitously retained, best adjusting to
allcommunities, regardless of the invasion state or NS removal scenario, with the
exceptionof the invaded community at PB and under the NS removal scenario from the

PVcommunity. The broken-stick model showed the best fit to invaded communities,



116

evenunder the removal scenario, the exception being PV where the broken stick model
wasnot retained for the invaded and NS removed communities (Table 4).

Table 4 - Models of rank abundance by site and situation with and
without nonnative species (NIS) retained with better
adjustments based on the lowest AIC criteria and

AAIC <2,
Site Not-Invaded Invaded AS Removed
PV bs, gs gs, m z,m
PB gs, In, m bs, In, z gs, In
1A gs, In, m bs, gs bs, gs
IC gs, In bs, gs bs, gs

Legenda: Bs = Broken-stick; gs = Geometric Series; In = Log-normal; z = Zipf
e m = —Madelbrot.
Fonte: Pires-Teixeira et al. 2021

Regarding the traits, the scores used for each trait modality in this study are presented
in Table S4. The values of the functional dispersion (FDis), functional divergence (FDiv)and
Rao quadratic entropy (RaoQ) index were lower in the invaded communities. Therange of FDis
and RaoQ was between > 0.7 and <1.0, which represented a reduction 0f3% to 29% in these
indices in the invaded communities compared to the not-invadedcommunities. However, when
considering AS removed, the results of these indices werenot as consistent and indicated an
increase of up to 20% in FDis and RaoQ in the invadedcommunity compared to the not-invaded
community of the PB site. Functional richness(FRic) was < 0.4 in invaded communities and AS
removed, which means a > 60% reductionin FRic in the invaded community compared to not-
invaded communities. In AS removedat PB, the indices that quantify the functional dispersion
(FDis and RaoQ) increased andshowed higher values than in not-invaded communities. The
FRic index was lower ininvaded communities and it was also the functional diversity index that
best reflectedthe difference in the functional attributes in the invasion state. FDiv results also
variedbetween sites, showing an increase or decrease of approximately 10%. The not-
invadedcommunity at PB had higher FDiv, FDis and FEve indexes than the invaded
community,and the NS removed scenario resulted in an increase in the RaoQ index. The same
variationin FEve index was observed in PV, higher even than in the invaded community,
showingan increase of approximately 30% when AS were removed. In IA and IC sites, FEve
indexshowed a reduction of up to 20% in the invaded community compared to the non-
invadedone (Figure 14).
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Figure 14 — Response ratio between the functional diversity indices (FRic, FEve, FDiv,
FDis and RaoQ) of the invadedcommunities (numerator) and not-invaded
communities (denominator) in two scenarios: (a) Alien species (AS) not
removedand (b) AS removed on marine tropical rocky shores along the coast
of the State of Rio de Janeiro, Brazil at Praia Vermelha(red), Praia da Baleia
(orange); llha de Ancora (light blue) and 1lha Comprida (dark blue).
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Fonte: Pires-Teixeira et al. 2021

2.1.4 Discussion

Our study provides evidence of the impact of different alien species (AS), not onlyin
structure but also in function, in different invaded tropical rocky shore communitiesin the
southwest Atlantic. Although more is known about effects on community speciesabundance
and diversity, functional diversity analysis is not commonly applied.

We tested different parameters to measure the effect of an AS on invaded
communities,and although the rank-abundance plots make it possible to observe the greater
abundanceof AS in relation to the other species in the invaded communities and the greater
equitabilityin not-invaded communities, we consider that point-paired species abundance

distribution(SAD) models are not the most sensitive tool for detecting the effects of AS. The
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geometricseries model had the best fit for most communities regardless of the presence or
absenceof a AS or in AS removed treatments. Geometric series reflect a relationship between
theabundance of a species and its constant predecessor, therefore, its plot representation in
therank-abundance is a steep line, which implies an assembly with high dominance (Magurran
1988, 2007).The broken-stick model was better adjusted to invaded communities. The
exception wasPV, recently invaded (2017) by the soft coral Sansibia sp. The uniform
abundance predictedby the broken-stick model does not seem to match the values of the
diversity indexes withinvaded communities. Still, the curves fitted to the broken-stick and log-
normal modelsare less steep and represent relatively high uniformity in the community
(Fattorini 2005; McGill et al. 2007).

In three of the invaded communities studied here, AS were the most abundant
species.Different studies have demonstrated that an increase in the abundance of NS after
invasionevents in aquatic environments is usual and that there is consequent dominance in
theinvaded areas (Meineszet al. 2001; Piazzi et al. 2001; Branch andSteffani2004; Zabin and
Altieri 2007). Invasive corals T. coccinea and T. tagusensis have been known toincrease their
distribution in Brazilian waters since their introduction in the late 1980s (Creed et al. 2020).The
abundance of Tubastraea spp. increased by up to 76% in just one year in the Baia da IlhaGrande
(BIG) (Lages et al. 2011). Similarly, there was a change in the rocky and sandy substrates at
Praiada Baleia (PB) after the introduction of C. scalpelliformis, which became dominant over
thealga S. vulgare(Falcdo and Széchy2005). Our results show that after 17 years the invasive
algae C. scalpelliformisremains the most abundant species in the invaded area.

At Praia Vermelha (PV), the invasive soft coral Sansibia sp. was the second-
mostabundant species, second only to the alga S. vulgare. Among all the invaded
communitiesanalyzed in the present study, PV represents the most recent invasion (2017) and
theinvasive soft coral still seems to be increasing in abundance over the years. Sansibia sp.was
the third-most abundant species in PV in 2017 (Mantelatto et al. 2018), but was second in our
study; thischange in local diversity suggests that the invading soft coral Sansibia sp. may also
becomethe most abundant species at PV in the future.

As expected, the diversity indexes used in the present study showed that diversity
washigher in not-invaded communities than in invaded communities, and the same patternwas
repeated in AS removed treatments. Our results suggest that the impact of AS variesin
proportion to the species that already exist in the community and that AS effects theinvaded
community not only by representing one more species in the community, but byconsiderably

impacting evenness (the relative abundance of the other species). However,at PB, Shannon’s
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diversity index (H’) and Pielou’s Equability indice (J’) were higher in theinvaded community
while the other indices showed similar values in invaded and notinvadedcommunities. Under
AS removed, Fisher, H ’and J’ indices had the highest valuescompared to other situations. As
well as the fact that invasive algae C. scalpelliformis is byfar the most abundant species in the
community, this is thought to be because there werefewest native species at this site, so the
richness aspect of diversity was more important(increased due to the presence of the invader).
This was the exception to the rule as atPV, Ilha de Ancora (IA) and Ilha Comprida (IC), H’ was
between 20% and 30% lower ininvaded communities. Fisher’s diversity was between 20% and
50% lower in invadedcommunities.

1-Lambda and H’ provide complementary information on community diversity,
whilethe first emphasizes the uniformity component, the second is influenced by
functionalrichness (FRic) (Nagendra 2002; Magurran 2003). According to the hypothesis of
biotic resistance, the higher biodiversityof an ecosystem can make it more resistant to invasion
(Elton, 1958; Kennedy et al. 2002; Stachowiczet al. 2002; Fridley et al. 2007;Kimbro et al.
2013). The reduceddiversity found at three of the four (native species richer) sites is not
inconsistent with thehypothesis of biotic resistance, in that successful invasions would
explicitly imply strongercompetitive interactions between AS and natives. The Empty Niche
Hypotheses wouldbe consistent with the invasion of the algae C. scalpelliformis at PB,
especially seeing asthis alga was sufficiently plastic with regard to substratum use such that it
was observedto grow in nearby (unvegetated) sediment as well as on the rocky substrate we
studied,so clearly it could occupy an empty niche space. The rocky shore nearby the rock—
sandinterface typically has higher sediment cover, which may be a niche little exploited by
thenative benthos.

Functional diversity analysis is a tool that considers that all species are not
equivalent,and perform different functions in the ecosystem (Villéger et al. 2008; Guilhaumonet
al. 2015). This type of analysis has notcommonlybeen applied to invaded marine environments
and the amount of effort dedicatedto studies to understand and predict marine invasions is not
consistent when compared tostudies carried out on terrestrial systems (Arenas et al. 2006; Chan
and Briski2017). Functional wealth (FRic) was lower ininvaded communities and in NS
removed communities. It is possible that the NS in thepresent study have redundant functional
attributes, since FRic measures the portion of thefunctional space filled by the species with the
most extreme characteristic values (Toussaint et al. 2018). Thefunctional evenness index
(FEve) was higher in the invaded communities at PV and PB,and this shows how regularly the

abundances of species are distributed in the functionalspace, suggesting a more regular
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distribution of the attributes in the invaded communities(Mouchetet al. 2010). This is consistent
with the observations above regarding degrees of competitionin more recently invaded (PV)
and lower richness/empty niche (PB) communities. Theintroduction of the green algae C.
salpeliformis incorporates attributes similar to those of themost abundant species in the
community, since in the NS removed treatment, the values ofthe functional dispersion index
increased, suggesting that before removal, the species werecloser to the centroid defined by all
traces of species in the community, with lower valuesof FDis and RaoQ compared to not-
invaded communities.

Our results provide evidence that species identity is more important than speciesrichness
in determining the number and biomass of NS, similar to the results found inother studies for
terrestrial plants (Crawley et al. 1999). Invasions by non-native macroalgae are likely tocause
biotic homogenization and have an overall negative effect on their competitors,
spatiallymonopolizing the habitat and resulting in the reduction of abundance and biomassof
native macroalgae (Olden et al. 2006; Schaffelke and Hewitt 2007; Thomsen et al. 2011). The
few studies that explore the relationship betweenfunctional diversity and invasion in seaweed
communities have focused on the availabilityof resources and the success of invasion (Crawley
et al. 1999; Britton-Simmons 2006; Vaz-Pinto et al. 2012). Functional traits in macroalgae
communitiescan also influence the availability of resources (i.e., light and substrate) and
haveinhibitory effects on new colonizers (Crawley et al. 1999). The availability of resources
can vary accordingto functional diversity, as when functional diversity is high the availability
of resources(i.e., photosynthetically active radiation) is low (Vaz-Pinto et al. 2012). However,
functional diversity indicesbetween communities invaded and not-invaded by Carpobrotus spp.
showed similar resultsto the present study (Castro-Diezet al. 2016), suggesting that the low
functional diversity in the invadedcommunities reveals a functional homogenization within the
community.

We consider the taxonomic diversity and functional diversity indices to be usefultools
for identifying processes that determine the biological diversity of invaded communities,as they
seem to obey a pattern that reflects the greatest diversity in communitiesnot-invaded by IS.
Additional information on the impacts of IS on ecosystems is crucialfor formulating
conservation goals for specific species or habitats, and a thorough understandingof their role in
the functioning of the ecosystem and the consequent provision ofecosystem services is needed
in order to better define strategies for control and eradicationof an invaded area (Giakoumi et
al. 2016; Macic et al. 2018). We studied consolidated or consolidating invasions, but

anotheraspect of using these methods that would be enlightening and informative would be
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toinvestigate the temporal element of changes that occur in communities during a boom—bust
invasion cycle typical of some species (Strayer et al. 2017). Thus, we recommend further
studiesthat consider not only taxonomic diversity, but also the differences in the roles played
byspecies and their contributions to the relationships of diversity and functioning of

invadedmarine ecosystems.
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Table S7 -Trait categories of species and their modalities considered in this study (to be

continued).
Traits Score code  Modalities
Size* 1 11-100 mm
2 >100 mm
Life form** 1 zoobenthos - animals living on or in the seabed.
2 phytobenthos - algae and higher plants living on or in the seabed.
Sociability 1 solitary - living alone, not gregarious

2 gregarious - Living in groups or communities, growing in clusters in
close association with conspecifics (i.e. more likely to occur in dense
aggregations than as scattered individuals)

3 colonial - Organisms produced asexually which remain associated with
each other; in many animals, retaining tissue contact with other polyps or
zooids as a result of incomplete budding

Trophic 1 autotroph - an organism obtains metabolic energy from light by a
position photochemical process such as photosynthesis.

2 mixotroph - an organism both autotrophic and heterotrophic.

3 suspension feeder - an organism feeds on particulate organic matter from

the water column.



131

Table S7 - Trait categories of species and their modalities considered in this study (to be

conclusion).

~

Mobility (adult stage)

[EEN

Habitat forming 1

Exterior surface/Fragility

Longevity

Tolerancetoeutrophication

on

Salinitytolerance
Temperature tolerance

Light (irradiation)
requirement

1
2
3
4
1
2
3
1
2
3
4
Tolerancetochemicalpolluti 1
2
3
1
2
1
2
1
2
Hypoxiatolerance 1
2

3

deposit feeder - an organism feeds on fragmented particulate
organic matter from the substratum.

omnivore - an organism feeds on a mixed diet including plant and
animal material.

herbivore - an organism feeds types of plant material.

predator - a predator that feeds a type of animal prey.

sessile encrusting - attached to substrate, cover with a crust or thin
coating.
sessile turfing - low growing erect or filiform organisms.

sessile bed/reef-builder - forms consolidated biogenic habitat on
the seabed or shore.
sessile erect - upright in position or posture.

crawler - an organism that moves slowly along the substrate.

canopy - providing floating substrate by their living and dead
tissues

matrix-forming - provide seafloor substrate by their living and
dead tissues

substrate-modifying - modify physical/chemical properties of the
habitat

hard/robust

fragile/brittle
rigid

soft

2 month - <year
1-2 years

>2 years

low

medium

high

unknown

low

medium

high

marine - >5 PSU
eurihaline - tolerates wide range of salinities
euthermic
eurithermic

low

high

low

medium

high

Note: * For colonial animals we consider the size of the colony.**Adult stage.
Source: PIRES-TEIXEIRA ET AL. 2020, adapted from ZAIKO ET AL. 2021.



Table S8 - Major space-occupying taxa/functional groups, their percentage cover (%) in invaded and not invaded communities in
marine rocky shores along the coast of the state of Rio de Janeiro, Brazil (to be continued).

Taxon/ functionalgroup code Local (%)

Invaded Notinvaded

PV PB IC 1A PV PB IC 1A
ALGAE
Articulatedcalcareousalgae aca 0.417 0.000 9.083 0.000 2.167 0.000 7.500 3.417
Crustosecorallinealgae aci 0.250 0.000 0.083 2917 3500 0.500 8417 10.083
Janiaadhaerens J.V.Lamouroux j 2333 7250 0.000 0.000 13.333 15.500 12.917 0.000
Hypnea J.V.Lamouroux hy 1.000 7250 0.000 11.833 12.083 0.000 0.000 10.750
Polysiphonia Greville pol 0.000 0.000 0.000 0.000 0.000 0.000 7.417 0.000
Centroceras Kiitzing cen 0417 0.000 2.750 0.000 7.250 15500 2.917 0.000
Melanothamnusferulaceus (SuhrexJ.Agardh) Diaz-Tapia&Maggs nf 1750 0.000 0.000 0.000 3.667 0.000 0.000 0.000
Dichotomariamarginata (J.Ellis&Solander) Lamarck dm 13.083 0.000 0.000 0.000 1.333 0.000 0.000 0.000
Pterocladiellacapillacea (S.G.Gmelin) Santelices&Hommersand ptc 0.000 0.000 9.000 0.000 0.000 0.000 7.500 0.000
Gelidium J.V. Lamouroux alf 1.000 0.000 0.000 0.000 12.083 0.000 0.000 0.000
Caulerpa scalpelliformis (R.Brown ex Turner) C.Agardh cs 0.000 32.000 0.000 0.000 0.000 0.000 0.000 0.000
Caulerpa racemosa (Forsskal) J.Agardh cr 0.000 11.000 0.000 0.000 0.000 0.000 0.000 0.000
Bryopsis J.V.Lamouroux bry 0000 0.000 0.000 0.000 0.000 0.000 7.500 0.000
Acetabularia J.V.Lamouroux ace 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Chlorophyta NI avd 1.000 0.000 0.000 0.000 0.000 15500 0.000 0.000
Sargassum (Sargassum)vulgare C. Agardh sV 38.083 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Colpomenia sinuosa (Mertensex Roth) Derbés&Solier cos 0.000 0.000 0.000 0.000 0.000 0.000 0.083 6.167
Padinagymnospora (Kitzing) Sonder pg 0.417 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Dictyota J.V.Lamouroux d 3.083 7.750 0.000 0.000 12.250 2.000 0.000 0.000
Dictyopterisdelicatula J.\VV.Lamouroux dp 0.000 8750 0.000 0.000 0.000 0.000 0.000 0.000
Dictyotamenstrualis (Hoyt) Schnetter, Horning& Weber-Peukert dg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 10.750
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Table S8 - Major space-occupying taxa/functional groups, their percentage cover (%) in invaded and not invaded communities in
marine rocky shores along the coast of the state of Rio de Janeiro, Brazil (to be continued).

Dictyotafriabilis Setchell

Ochrophyta NI

SPONGIAE

lotrochotabirotulata (Higgin, 1877)

lotrochota arenosa Ritzler, Maldonado, Piantoni&Riesgo, 2007
Desmapsammaanchorata (Carter, 1882)
Tedania(Tedania) ignis (Duchassaing&Michelotti, 1864)
Mycale(Aegogropila) americana van Soest, 1984

Mycale (Arenochalina)laxissima (Duchassaing&Michelotti, 1864)
Scopalinaruetzleri(Wiedenmayer, 1977)
DysideaetheriaLaubenfels, 1936

Arenosclera brasiliensis Muricy & Ribeiro, 1999
Amphimedonviridis Duchassaing&Michelotti, 1864
Aplysina fulva (Pallas, 1766)

Chondrillanucula Schmidt, 1862

Paraleucilla magna Klautau, Monteiro &Borojevic, 2004
BRYOZOA

Schizoporella errata (Waters, 1878)

Bugulaneritina (Linnaeus, 1758)

Caberea glabra MacGillivray, 1886

Amathiaverticillata (delleChiaje, 1822)

CNIDARIA

Macrorhynchiaphilippina Kirchenpauer, 1872
Obeliadichotoma (Linnaeus, 1758)

Pennariadisticha Goldfuss, 1820

Milleporaalcicornis Linnaeus, 1758

dfluo 0.000
apf 0.000
iob 0.000
ia 0.000
da 0.917
ti 0.000
ma 0.500
man  0.000
sr 0.000
de 0.000
eb 0.000
av 3.583
af 0.000
cn 0.000
pm 0.000
se 0.000
bun  0.750
cg 0.000
yAY; 0.000
mp 0.000
od 0.000
hp 0.000
mia  0.000

0.000
0.000

0.000
0.000
9.500
0.000
0.000
1.500
0.250
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
7.250

3.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
5.083
0.083
0.000
0.000
0.000
1.583
1.000

1.833
0.000
0.000
0.000

0.000
15.167
0.000
0.000

0.000
14.167

0.000
0.000
0.000
0.000
0.000
0.000
0.417
1.500
0.167
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.250
9.417
0.000
0.833

0.000
0.000

0.000
0.750
3.833
0.333
1.417
0.000
0.417
0.000
0.000
0.250
0.167
0.000
0.000

1.250
0.417
0.000
0.000

0.000
0.000
0.000
0.000

15.500
0.000

0.000
0.000
2.000
0.000
0.000
0.750
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
15.500
0.000
0.000

0.250
0.000
15.500
0.000

0.000
0.000

0.000
0.833
0.000
0.000
0.000
0.000
8.750
0.167
0.000
0.000
0.000
2.750
2.583

5.000
0.083
7.500
0.000

0.000
3.583
0.000
0.000

0.000
10.750

0.000
0.000
0.000
0.000
0.000
0.000
1.333
0.833
0.000
0.000
1.500
0.833
0.000

0.000
0.000
0.000
0.000

0.000
0.000
10.667
5.333
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Table S8 - Major space-occupying taxa/functional groups, their percentage cover (%) in invaded and not invaded communities in
marine rocky shores along the coast of the state of Rio de Janeiro, Brazil (conclusion).

Palythoacaribaeorum Duchassaing&Michelotti, 1860

Parazoanthusswiftii (Duchassaing de Fonbressin&Michelotti, 1860)

Zoanthussociatus (Ellis, 1768)

Carijoariisei (Duchassaing&Michelotti, 1860)
Leptogorgiapunicea (Milne Edwards &Haime, 1857)
Sansibia Alderslade, 2000

Siderastreastellata Verrill, 1868
PoritesbranneriRathbun, 1883

Madracisdecactis (Lyman, 1859)

Mussismilia hispida (Verrill, 1902)

Tubastraea tagusensis Wells, 1982
Tubastraeacoccinea Lesson, 1829
Bunodosomacaissarum Corréa in Belém, 1987
Anthopleura Duchassaingde Fonbressin&Michelotti, 1860
CHORDATA

Didemnumperlucidum Monniot F., 1983
Diplosomalisterianum (Milne Edwards, 1841)
Botrylloidesniger Herdman, 1886
ECHINODERMATA

Echinaster(Othilia) brasiliensis Miller &Troschel, 1842
Echinometralucunter (Linnaeus, 1758)
MOLLUSCA

Mollusk

bivalve mollusk

ARTHROPODA

Barnacle

pc
pz
zs
cari
Ip
S

SS
pb
md
mh
tc
tt
bc
an

dp
dl
bn

1.583
0.000
0.000
0.000
0.000
28.750
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000

0.083
0.000

0.000

4.500
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000

0.000
0.000

0.000

1.667
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
28.167
0.000
0.500
0.000

14.667
6.583
0.083

0.000
0.000

0.000
0.000

2.667

0.000
0.000
0.000
0.000
1.750
0.000
0.000
0.000
0.083
0.000
27.333
27.083
0.000
0.000

0.167
0.000
0.000

0.000
2.000

0.000
0.000

0.083

20.500
0.000
2.167
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.167
0.000
0.000

0.417
0.000

0.167
0.083

0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000

1.500
0.000

0.000

0.000
0.750
0.000
0.583
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.750
0.083

4.250
2.750
0.333

0.000
4.167

0.000
0.000

0.833

0.000
0.000
10.917
0.000
0.583
0.000
0.917
0.583
0.833
0.833
0.000
0.000
0.000
0.000

0.000
0.000
0.000

0.000
12.833

0.000
0.000

0.083

Fonte: PIRES-TEIXEIRA et al, 2020.
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Table S9 - Values of the taxonomic diversity index and functional diversity index
(to be continued).

Site NS removed index type index notinvaded  invaded resp.ratio
PV no FDis Funcional 0.314 0.259 0.826
PB no FDis Funcional 0.303 0.284 0.934
1A no FDis Funcional 0.374 0.336 0.898
IC no FDis Funcional 0.363 0.353 0.972
PV no FDiv Funcional 0.940 0.860 0.915
PB no FDiv Funcional 0.856 0.952 1.112
1A no FDiv Funcional 0.932 0.897 0.962
IC no FDiv Funcional 0.943 0.897 0.951
PV no FEve Funcional 0.494 0.659 1.333
PB no FEve Funcional 0.452 0.592 1.310
1A no FEve Funcional 0.596 0.464 0.779
IC no FEve Funcional 0.570 0.487 0.854
PV no FRic Funcional 0.013 0.002 0.169
PB no FRic Funcional 0.000 0.000 0.398
1A no FRic Funcional 0.011 0.002 0.157
IC no FRic Funcional 0.028 0.002 0.055
PV no RaoQ Funcional 0.108 0.076 0.708
PB no RaoQ Funcional 0.098 0.093 0.952
1A no RaoQ Funcional 0.143 0.127 0.887
IC no RaoQ Funcional 0.135 0.129 0.957
PV no 1-Lambda’ Taxon 0.894 0.759 0.849
PB no 1-Lambda' Taxon 0.863 0.852 0.987
1A no 1-Lambda’ Taxon 0.916 0.816 0.891
IC no 1-Lambda' Taxon 0.939 0.859 0.915
PV no d Taxon 4.994 4.126 0.826
PB no d Taxon 2.389 2.389 1.000
1A no d Taxon 4.126 3.474 0.842
IC no d Taxon 5.429 3.474 0.640
PV no Fisher Taxon 10.014 7.518 0.751
PB no Fisher Taxon 3.561 3.561 1.000
1A no Fisher Taxon 7.518 5.881 0.782
IC no Fisher Taxon 11.410 5.881 0.515
PV no H' Taxon 2.431 1.823 0.750
PB no H' Taxon 2.031 2.136 1.051
1A no H' Taxon 2.527 1.892 0.749
IC no H' Taxon 2.817 2.183 0.775
PV no J Taxon 0.765 0.608 0.795
PB no J Taxon 0.818 0.860 1.051
1A no J Taxon 0.844 0.668 0.792
IC no J Taxon 0.865 0.770 0.891
PV no S Taxon 24.000 20.000 0.833
PB no S Taxon 12.000 12.000 1.000
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Table S9 - Values of the taxonomic diversity index and functional diversity index

(continuation).

1A
IC
PV
PB
1A
IC
PV
PB
1A
IC
PV
PB
1A
IC
PV
PB
1A
IC
PV
PB
1A
IC
PV
PB
1A
IC
PV
PB
1A
IC
PV
PB
1A
IC
PV
PB
IA
IC
PV
PB
IA
IC
PV
PB

no
no

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

7
Fisher
Fisher
Fisher
Fisher

1-Lambda'
1-Lambda'

Taxon
Taxon
Funcional
Funcional
Funcional
Funcional
Funcional
Funcional
Funcional
Funcional
Funcional
Funcional
Funcional
Funcional
Funcional
Funcional
Funcional
Funcional
Funcional
Funcional
Funcional
Funcional
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon
Taxon

20.000
26.000
0.314
0.303
0.374
0.363
0.949
0.842
0.938
0.939
0.494
0.452
0.597
0.570
0.019
0.000
0.013
0.030
0.108
0.098
0.143
0.135
24.000
12.000
20.000
26.000
4.994
2.389
4.126
5.429
0.765
0.818
0.844
0.865
10.014
3.561
7.518
11.410
2.431
2.031
2.527
2.817
0.894
0.863

17.000
17.000
0.192
0.328
0.346
0.320
0.803
0.938
0.986
0.849
0.670
0.634
0.523
0.513
0.002
0.000
0.001
0.000
0.058
0.114
0.136
0.112
19.000
11.000
15.000
16.000
4.219
2.370
3.664
3.509
0.583
0.925
0.668
0.797
8.478
3.716
7.786
6.386
1.716
2.219
1.808
2.211
0.682
0.897

0.850
0.654
0.612
1.081
0.927
0.881
0.846
1.113
1.052
0.904
1.356
1.403
0.876
0.900
0.129
0.316
0.052
0.017
0.542
1.158
0.952
0.833
0.792
0.917
0.750
0.615
0.845
0.992
0.888
0.646
0.762
1.132
0.792
0.922
0.847
1.044
1.036
0.560
0.706
1.092
0.716
0.785
0.763
1.039
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Table S9 - Values of the taxonomic diversity index and functional diversity index

(conclusion).
1A yes 1-Lambda’ Taxon 0.916 0.803 0.876

IC yes 1-Lambda’ Taxon 0.939 0.876 0.933
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Table S10 - Scores adopted for each trait modality in this study (to be continued).

Lari(c(?[?cfnalgroupco de Traitsmodalities

Size Life Sociability Trophic Mobility Habitat Exterior Longevity Tolerancetoeutrophication Tolerancetochemicalpollution Salinitytolerance T

form position (adultstage) forming surface/
Fragility

aca 1 2 2 1 4 1 1 2 2 1 1 1
aci 2 2 2 1 3 3 1 3 2 1 1 2
pol 1 2 2 1 2 3 4 1 3 3 2 2
hy 1 2 2 1 2 3 4 1 3 3 2 1
j 1 2 2 1 4 1 1 1 2 3 1 1
cen 1 2 2 1 2 1 4 1 3 3 1 1
dm 2 2 1 1 4 3 1 2 3 1 1 1
nf 1 2 2 1 2 1 4 1 3 1 1 1
ptc 1 2 2 1 2 1 4 1 1 1 1 1
alf 1 2 2 1 2 1 4 2 3 2 1 1
cs 2 2 1 1 3 3 4 2 3 3 1 1
ace 1 2 1 1 3 1 2 1 3 3 1 1
cr 2 2 1 1 3 3 4 2 3 3 1 1
bry 1 2 2 1 3 3 4 1 3 2 1 2
avd 1 2 2 1 2 1 4 1 3 2 2 1
sV 2 2 2 1 4 3 1 2 2 3 1 1
cos 1 2 1 1 4 1 1 1 3 3 1 2
pg 2 2 1 1 4 3 1 1 2 3 1 1
d 1 2 2 1 2 3 1 1 3 3 1 2
dp 1 2 2 1 2 3 4 1 2 2 1 1
dg 1 2 2 1 2 3 1 1 2 3 1 2
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Table S10 - Scores adopted for each trait modality in this study (continuation).
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Table S10 - Scores adopted for each trait modality in this study (conclusion).
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3 O EFEITO DE DOIS CORAIS AZOOXANTELADOS INVASORES NAS
INTERACOES TROFICAS COM ESPECIES NATIVAS.

3.1 The effect of two invasive azooxanthellate corals Tubastraea coccinea and Tubastraea

tagusensis on trophic interactions with native species.
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Abstract

When a species is introduced in a new location, it is common for it to establish itself
when it finds favorable conditions in the receiving community that involve interspecific
interactions with native species. The azooxanthellate corals Tubastraea coccinea and
Tubastraea tagusensis are invasive species introduced in the Caribbean Sea, in the Gulf of
Mexico and in the Brazilian Southwest Atlantic. They are successful competitors for space,
excellent in sexual reproduction, larval dispersion and recruitment, however, studies on food
and trophic relationships of species of the genus Tubastraea are still scarce. In the present study,
we used isotopic values of §3C and §™°N to investigate trophic relationships in rocky shores
with different oceanography and anthropogenic context invaded by T. tagusensis and T.
coccinea corals. The metrics derived from the isotopic values, we show that invaded

communities have a lower degree of trophic diversity with species characterized by similar
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trophic ecologies and abiotic factors seem to contribute to the biotic resistance of communities
exposed to invasion events. Tubastraea spp. occupies a niche space similar to that occupied by
the native community of suspension filters, sharing resources already consumed by the

receiving community, which makes invading corals successful species also in food competition.

Keywords: Nonnative species; isotopic niche metrics; suspension feeder’s; empty niche theory;

biotic resistance hypotheses; trophic relationships.

3.1.1 Introduction

Marine and coastal ecosystems around the world are being invaded at extraordinary rates
as a result of human activities but the amount of effort dedicated to the study of invasive species
in these ecosystems is still inconsistent (Chan and Briski 2017; Bailey et al. 2020; Teixeira and
Creed 2020). The introduction of a nonnative species (NS) can change the diversity in the
invaded community, modify interactions between species, leading to the decrease and
extinction of native species, interruption of ecosystem functions and substantial damage to
natural resources and ecosystem services (Simberloff et al. 2013; Pires-Teixeira et al. 2021).

For a NS to establish itself where it was introduced it needs to be able to extract enough
resources from the environment to support the continuous mass and energy demands associated
with growth, survival and reproduction so understanding NS diets helps to identify
physiological characteristics that contribute to or limit the success of the invasion (McCue et
al. 2019). The introduction of species into aquatic ecosystems can profoundly disrupt the strong
trophic links existing in those communities, making these environments ideal ecosystem
models to test hypotheses about the direct and indirect ecological impacts of NS (Gallardo et
al. 2015). Inn invaded area the effects on the trophic web may depend on the invader’s trophic
position, feeding strategy and the ability to modify the habitat (Thomsen et al. 2014; Maggi et
al. 2015; Gallardo et al. 2015). Omnivorous consumers, such as suspension or filter-feeding
organisms, can prey (and compete) at more than one trophic level, controlling, for example, the
abundance of phytoplankton and zooplankton or larval supply. Predators with rapid growth
capacity can reduce the abundance and biomass of important food resources and consumers.

NS that are considered ecosystem engineers can alter primary production and nutrient cycles,
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creating novel habitat and modifying the abundance of organisms in the invaded area, as well
as alter other essential ecosystem processes (Grosholz and Ruiz 2009; Gallardo et al. 2015).

In coastal marine ecosystems biological invasions can considerably increase the number
of suspension feeders, detritivores, depositivores and other primary consumers (Byrnes et al.
2007). In addition NS are often generalists that may access unexploited resources thus
occupying a vacant trophic niche or reducing niche overlap with populations from the native
community (Shea and Chesson 2002; Rilov 2009). A knowledge of the trophic interactions in
an invaded community can help to understand, assess the impacts on the trophic structure and
composition of the community and even better manage invasion events (Rilov 2009; Jackson
et al. 2012; Howard et al. 2017;McKnight et al. 2017; Miranda et al. 2018).

Stable isotope analysis is a tool used to characterize the trophic structure of an
ecosystem. Isotopic values, especially carbon (5'*C) and nitrogen (5°N), are effective natural
tracers for monitoring energy and nutrient flows, estimating trophic levels, resource use and the
composition of consumers’ diets (Michener and Kaufman 2007; Bouillon et al. 2008; Albrecht
et al. 2021). These two stable isotopes are the most often used to assess trophic interactions as
they make it possible to identify different sources of basal food resources and to estimate the
trophic position of consumers, respectively (Zanden and Rasmussen 2001; Neres-Lima et al.
2017; Ferrier-Pages and Leal 2018). The use of §*3C x §'°N biplots makes it possible to infer
aspects of the studied species’ trophic niche in food web from its relative position in the isotopic
space. Although this is a well-established proceedure for studying the trophic structure and
dynamics of a community there are alternative analytical approaches that allow the calculation
the measurements of the trophic structure of a community using stable isotope ratios (Brito et
al. 2006; Hoffman et al. 2008; Syvéranta et al. 2013; Middelburg 2014; Rigolet et al. 2015;
Linnebjerg et al. 2016). One example is the population and community isotopic niche structure
metrics that reflect specific aspects of trophic structure such as width and niche overlap
(Layman et al. 2007). In studies of invaded communities, metrics derived from stable isotope
data can be applied to quantify the interactions between populations of native species and NS,
interactions between two NS, assess the trophic niche in invaded and non-invaded communities
and quantify niche overlap. Stable isotope analyses are therefore a promising tool for predicting
the impacts of invaders on native communities and identifying potential management options
(Jackson et al. 2012; Guzzo et al. 2013; Karlson et al. 2015; Alomar et al. 2016; McCue et al.
2019).

The azooxanthellate corals Tubastraea coccinea Lesson, 1830 and Tubastraea

tagusensis Wells, 1982 are invasive species introduced in the Caribbean Sea by shipping or
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floating platforms and into the Gulf of Mexico and the Brazilian Southwest Atlantic on oil
platforms (Creed et al. 2017). In Brazil, Tubastraea spp. have already been found on rocky
shores and oil platforms along more than 3,000 km of the coast at depths ranging between 1
and 22 m (with record of a single colony of T. coccinea trawled from 100 m depth in the state
of S&o Paulo) (Creed et al. 2017; Soares et al. 2016). The species of the genus Tubastraea are
heterotrophic and obtain food exclusively through particle feeding mechanisms (i.e. have no
association with symbiotic photosynthetic zooxanthellae) . Due to the highly invasive nature
and multiple impacts the corals have caused a large number of studies have now been carried
out regarding the expansion, distribution and increased abundance of Tubastraea spp. (Silva et
al. 2014; Soares et al. 2016; Creed et al. 2017; Figueroa et al. 2019; L6pez et al. 2019; Derouen
et al. 2020; Soares et al. 2020; Braga et al. 2021) as well as investigations of competition with
native species, chemical defenses, reproduction and facilitation of other species (Lages et al.
2010; Moreira and Creed 2012; Santos et al. 2013; Hoeksema and Harry 2017; Luz et al. 2019;
Guilhem et al. 2020). However, studies on feeding and trophic relationships of species of the
genus Tubastraea are still scarce (Sampaio et al. 2012; Vinagre et al. 2018).

When a species is introduced in a new location it is common for it to establish itself
when it finds favorable conditions in the receptor community (i.e., niche requirements, Shea
and Chesson 2002) bringing about novel interspecific interactions with native species (i.e.,
competition and predation, Gallardo et al. 2015). If the NS is a predator it may cause direct
"top-down effects" on its prey with cascading consequences for lower trophic levels; or if as
well as being a predator it is also a resource for predators at higher trophic levels it can cause
"bottom-up effects"” in the food chain by acting as a new food source. A predatory NS may also
compete with native species for resources (McCue et al. 2019).

These corals are known to produce bioactive chemicals that deter predators and there
are few natural predators amongst the native species (Lages et al. 2010; Moreira and Creed
2012). This trait may be explain the overall dearth of evidence of significant predation of T.
tagusensis e T. coccinea in Braziland this escape may in part explain their highly invasive
nature. Studies of the diet of Tubastraea spp. in the wild suggest the consumption of
heterotrophic prey as well as the consumption of microalgae when offered in aquaria
(Muscatine et al. 1989; Leal et al. 2014; Rezek et al. 2018; Chang et al. 2018).

Where native Tubastraea spp. are found in heterogeneous benthic communities both in
more pristine and locations as well as those suffering from anthropogenic stressors such as
sedimentation (Witman and Smith 2003; Ponti et al. 2016; Safuan et al. 2016; Sutthacheep et

al. 2019). In the invaded range in Brazil native species, such as the zoanthid
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Palythoacaribaeorum, the corals Siderastrea stellata and Mussismiliahispida, and the sponges
Desmapsammaanchorata and lotrochotaarenosaparecem provide some biotic resistance and
compete with the invasive corals (Santos et al. 2013; Miranda et al. 2016; Silva et al. 2017,
Guilhem et al. 2020). However there is an information gap regarding competition for food
resources between Tubastraea spp. and other native species in the invaded range. The only
evidence from isotopic analysis of §*3C and 5'°N shows that Tubastraea spp. can share the same
food source or a similar mixture of food as the probably comensal boring bivalve
Leiosolenusaristatus (Vinagre et al. 2018).

In the present study we investigated how trophic relationships vary along three rocky
shores invaded by T. tagusensis and T. coccinea. On each rocky shore the benthic marine
communities were sampled in invaded and not-invaded communities. We used isotopic values
of 83C and §'°N to compare the isotopic niche of the invasive corals and the native benthic
species in invaded and not invaded communities. We also conducted a review of knowledge
of Tubastraea spp. as a potential food source (prey) for other species and we investigated the
trophic relationships between potential consumer species and invading corals using isotopic
values of 3*3C and 5'°N.

Based on the fact that biotic acceptance or biotic resistance are both a function of the
richness or diversity of native communities (biotic resistance hypothesis; empty niche
hypothesis; the invasion paradox, Fridley et al. 2007). we tested two hypothesis regarding
trophic relationships that developed during the invasion of Tubastraea spp.: 1) the invaded
communities present a lower degree of trophic diversity, with species characterized by similar
trophic ecologies; 2) Tubastraea spp. occupies a different niche from other benthic suspension

feeding species, even though they belong to the same functional feeding group.

3.1.2 Materials and Methods

3.1.2.1 Study area

Our study was carried out on tropical rocky shores at three distinct locations along the

state of Rio de Janeiro, Brazil (Figure 5, £.35):
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a) Ilha Comprida (IC) - located about 5 km from Rio de Janeiro (23°02'15"S,
43°12'17"W), it is one of the five islands and two islets that make up the Cagarras
Archipelago. site is on the inside the archipelago where it is relatively wave
protected and has a maximum depth is 40m. The Cagarras Archipelago is
impacted by eutrophic waters from Guanabara Bay (Rio de Janeiro city)(Creed
et al. 2021; Fistarol et al. 2015). T. tagusensis was first detected (and removed)
from the Cagarras Archipelago in 2004, but in 2011 the species was again
present and has expanded at the site (Creed et al. 2017).

b) llha de Ancora (IA) — an island located 8km off the northwest coast of the
state of Rio de Janeiro, at Armacdo dos Buzios, Cabo Frio region (22°46'16"S,
41°47'08"W). It is a popular diving spot, with clear, calm shallow waters (depth
<22 m). Al is subject to a seasonal upwelling of nutrient rich, cold, high salinity
South-Central Atlantic Water. It was first invaded by Both Tubastraea spp. have
invaded the site since first detected in 2011 (Creed et al. 2017).

c) Ponta do Bananal (IG) — located in Ilha Grande Bay (IGB), Angra dos Reis,
south of the Rio de Janeiro state (23°05'55"S 44°15'34"W), it is a region of
intense maritime traffic, including shipping and oil platforms in transit. Oil
platforms stop for repairs or maintenance or while waiting for berthing at the
BrasFels shipyard (Silva et al. 2014) at the nearby Bananal Anchorage. The I1G
site is located inside the BIG, is characterized by shallow, clear water, and is
probably the first point of introduction of Tubastraea spp. in natural ecosystems
in Brazil (Creed et al. 2017).

3.1.2.2 Field sampling and abiotic data measurement

Fieldwork was carried out in July/2017 (1G), September/2017 (IC), June/2018 (1A).
Between one and five replicate individuals / colonies of each of the most abundant species were
sampled for analysis of C and N stable isotopes. At sites IA and IC the samples were taken over
invaded and not invaded 30m extensions of the reef. At the IG site it was not possible to find
areas without Tubastraea spp. so there we only sampled invaded areas. Due to their size (<1cm)

planktonic organisms and the ophiuroid O. mirabilis, were collected in greater quantity.
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The encrusting benthic species were removed with a hammer and chisel (corals and
bryozoans), scissors (sponges and algae) and spatulas (ascidians and anemones). The species
turf forming algae (a mixture of small entangled filamentous species) were separated after
collection for individaul analysis. Planktonic organisms were collected with 68um nylon
plankton nets. All samples were frozen immediately after collection and taken for screening
and preparation in the laboratory.

To characterize the conditions on collection we measured temperature, pH, salinity and
dissolved oxygen with a waterproof multi-parameter probe (HI 9828, Hanna Instruments,
Woonsocket, Rhode Island, USA). Water transparency (water visibility) was estimated as the
Secchi depth using a Secchi disk.

3.1.2.3 Sample processing

After defrost the samples the muscle tissue of the macroconsumers (sea urchins,
crustaceans, gastropods and fish) was removed. Corals and bryozoans had their tissues scraped,
while very small animals, such as ophiuroids, were kept whole and grouped together to compose
a sample. Sponges, ascidians and anemones had their soft tissues selected. All samples were
washed with distilled water, so that any contaminants that could influence the isotopic
compositions were removed. We removed any epiphyte or epizoa from the animals and
macroalgae sampled. The samples were dried in an oven for 48 hours at 60° C and macerated
to a fine powder. Organisms with calcium carbonate structures that could not be removed, such
as calcareous macroalgae, phytoplankton, zooplankton, bryozoans, hydrozoans, corals,
polychaetes and small crustaceans were acidified (only for 8'3C, Pires-Teixeira et al. 2020).
The samples were then placed in tin capsules, weighed and analyzed for the isotopic
composition of carbon and nitrogen at the Diviséo de Funcionamento de EcossistemasTropicais
in the Centro de Energia Nuclear na Agricultura da Escola Superior de Agricultura Luiz de
Queiroz, S&o Paulo University (CENA-USP).

Stable isotope analyses were performed using a Delta Plus Continuous Flow Isotope
Ratio Mass Spectrometer (CF-IRMS, Finnigan MAT, Bremen, Germany) coupled to an
elemental analyzer (CE Instruments, Wigan, UK). The isotopic composition is expressed in
terms of a delta value (8) in parts per thousand (%o), obtained by dividing the sample’s isotopic
ratio by the isotopic ratio of an internationally accepted standard multiplied by one thousand,



149

according to the formula: §X = [(Rsampte/ Rstandard) -1] .10%, where §X is §*C or §*°N and R the
ratio °C: 2C or ©*N: ¥N. The standard material for carbon was Pee Dee Belamite limestone
(PDB) and the standard material for nitrogen was atmospheric air (Fry 1988). The standard
deviation of isotopic measurements was estimated at 0.09 for §3C and 0.21 for §'°N through

repeated measures of the internal standard (sugar cane).

3.1.2.4 Data analysis

We conducted a literature search during April 2021 for research on the predation of
corals of the genus Tubastraea and the results were organized in a table. The following
databases were consulted: Google Scholar (https: //scholar.google.com/), Researchgate
(https://www.researchgate.net/) and Scientific Electronic Library Online (http: //www.scielo.
org / php / index.php). We used a biplot of the values of 5'3C and §'°N of the basal resources
and consumers of the sites invaded by the corals Tubastraea spp. with the presence of potential
predators to provide an overview of the trophic structure and identify possible trophic
relationships between food sources and consumers.

We used the SIBER (Bayesian Ellipses to Stable Isotope Data) package (Jackson et al.
2011) in Program R (R Core Team 2017) to analyze stable isotope data at the trophic group and
species level. To test hypothesis 1, we calculated the isotopic niche metrics in invaded and non-
invaded communities in the three studied locations (IC, IA and IG) using a Bayesian approach
to fit multivariate normal distributions to stable isotope data (Layman et al. 2007). These
distributions can then be used to calculate probability distributions of standard ellipse areas to
compare sets of data or to calculate Layman’s metrics (Layman et al. 2007) to compare entire
communities (Jackson et al. 2011). Layman’s metrics relate the characteristics of the isotopic
space filled by each species and reflect important aspects of the trophic structure and trophic
diversity of the entire community:1)N_range (Distance between the two species with the
maximum and minimum values of 8*°N, larger intervals suggesting more trophic levels and a
greater trophic length); 2) C_range (distance between the two species with the maximum and
minimum values of §*3C, longer intervals are expected in communities with a greater diversity
of basal resources):3) TA (Total isotopic niche area, represents a measure of the total amount
of niche space occupied and, therefore, a proxy for niche width); 4) CD (Average distance from

the centroid, greater distances suggest a higher average degree of trophic diversity within the
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food chain); 5) MNND (Average distance from the nearest neighbor, low values suggesting
trophic webs with species characterized by similar trophic ecologies and high trophic
redundancy); 6) SDNND (Standard deviation of the distance from the nearest neighbor, low
values suggesting a more uniform distribution of the trophic niche).

In order to test hypothesis 2 we performed a more specific analysis among consumers
within the same functional food characteristic as that of Tubastraea spp., that is, suspension
feeder consumers. We used the SEA metric (value of the Standard Ellipse Area that covers 65%
data and indicates the central average of the community’s isotopic niche) (Jackson et al. 2011).
Due to the lack of natural predators we did not carry out the same analyzes for the guild of
potential predators of Tubastraea spp. (Lages et al. 2010; Sampaio et al. 2012). To estimate and
compare the width of the isotopic niche of Tubastraea spp. in the three studied locations (IC,
IA and IG) we used the isotopic niche width analysis measured as the ellipse area (SEAC), a
corrected SEA value proposed by Jackson et al. (2011) used to circumvent the bias that arises
when sample sizes are small. To determine what fraction of the isotopic niche of
suspensionfeeders was occupied by Tubastraea spp. we calculated the overlap of the SEAc of
Tubastrea spp. and the SEAc of the suspension feeder guild and divided the overlapped area by
the SEAC of the invaded community:

(ANB)/B )

3.1.3 Results

Measurements of the abiotic parameters of seawater showed that the 1A site had greater
clarity, followed by IG and IC. The lowest pH was found at IG, followed by similar values at
IA and IC. The highest temperature was at 1A, followed by 1G and IC, as well as the values of
dissolved oxygen, IA with (mean £ SD) 12.97 mg/l £ 3.79, 1G with 11.71 mg/l and IC with
(mean £ SD) 5.98 mg/l £1.44. The highest salinity was in IG, followed by IC and IA (Table 5).
The values were conducive with the general oceanographic situations of the sites as described

above.
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Table5 - Visibility (m), pH, Temperature (°C), Dissolved oxygen [DO (mg/l)]
Salinity (PSU), measured by sensors in situ at Ponta do Bananal (1G),
IlhaComprida (IC) and Ilha de Ancora (1A).

Temperature DO

Data Local Visibility (m) pH (°C) (mg/l) Salinity (PSU)
July

2017 IG 12 7.63 21.89 11.71 37.89
Sept

2017 IC 7 8.42 20.28 5.00 36.62
Sept

2017 IC 7 8.56 18.39 7.63 36.57
Sept

2017 IC 2 8.40 19.90 5.31 34.94
June

2018 1A 20 8.13 22.14 8.6 32.13
June

2018 1A 18 8.08 22.16 14.9 32.38
June

2018 1A 20 8.09 22.91 15.4 32.55

A total of 61 species / taxa were sampled, 16 taxa in invaded and 18 in not invaded
communities at IC, 24 in invaded and 22 in not invaded at 1A and 26 in the (totally invaded)
community at IG were analyzed for §*3C and §*°N. The consumers with the highest mean value
of 5!°N were the carnivorous fish Haemulonauroline, H. steindachneri, the omnivorous fish
Stephanolepishispidus and the omnivorous fireworm (polychaete) Hermodicecarunculata, all
sampled at the IG site invaded by the invasive corals Tubastraea spp. The hydroids
Macrorhynchiaphilippina, Milleporaalcicornis and the ascidian Diplosomalisterianumwere the
consumers with the lowest values of 5°N, both suspension feeders and sampled at site IA in
invaded (M. philippina and D. listerianum) and not invaded (M. alcicornis) by Tubastraea spp.
The mean values of 8*°N of the basal food resources varied between 5.58%o for the articulated
coralline algae (Rhodophyta) Janiaadhaerens and 8.23%. for the unidentified crustose coralline
algae (Rhodophyta), both at IG in the invaded communities. The macroalgae showed average
values of §*3C ranging from -6.17%. in J. adhaerens (invaded community - 1A) to -20.35%o and
-20.31%o in Hypnea sp. and J. adhaerens, respectively (both at 1A in not invaded communities).

There was little intrageneric variation and the *3C values of T. coccinea (1G: -21.37%o;
-21.65%0; -21.15%0; 1A: -20.53%0; -19.52%0; -19.71%0) and T. tagusensis (IG: -20.94%o; -
21.12%o0; -20.80%o0; IA: -19.76%0; -19.10%e0; -19.74%0; IC: -17.66%0; -18.42%o0; -19.22%0) were
grouped, as were the §°N values (IG: T. coccinea: 9.79%o; 10.18%o; 9.56%o; T. tagusensis:
9.71%0; 9.79%0; 10.14%0; IA: T. coccinea: 8.35%o; 8.17%o; 8.45%0; T. tagusensis: 8.82%o;
9.06%0; 9.66%o0; 1C: T. tagusensis: 9.45%o; 9.50%o; 9.55%o). IG was the only site where it was
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possible to sample a potential predator, the omnivorous firewormHermodicecarunculata
(which the literature search revealed had been previously observed to feed on Tubastraea spp.
in Brazil); it had isotopic values consistent with the consumption of the invasive corals, (§**C:
-17.15%0; -16.82%0; -15.89%0; 8'5N: 12.54%o0; 12.01%0; 12.03%0) (Figure 2E). At IA no
omnivorous or carnivorous consumer had isotopic values of §3C and 5'°N that consistent with
predation of Tubastraea spp. (Figure 14B). At IC a single omnivorous predator the red
swimming crab Croniusruber presented values consistent with it being a potential consumer of
the invading corals (3!3C: -20.09%o; -19.42%o; 8*°N: 9.55%o; 10.64%o) (Figure 14D).

We found eight studies reporting the consumption of Tubastraea spp. by generalist and
specialist predators, and one personal observation. Among them, only two reports are from

places where Tubastraea spp. is invasive (Table 6).
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Table 6 - Species of predators that consume Tubastraea spp., natural distribution of predators, where the predation event was observed and type

of feeding.

predatorspecies consumedspecies  natural observation site feedingtype Bibliografia

distribution

generalist  specialist
Epidendriumbilleeanum Tubastraea spp. Galéapagos Galapagos; Hawaii; Hawaiian X Witmanand Smith (2003);
(DuShane&Bratcher, 1965) Gulf of California; Maldives; Robertson (1970)
Singapore; Philippines
Epidendriumbilleeanum T. coccinea Galapagos SudaneseRed Sea; Nicaragua X Oliverio et al. (1997);
(DuShane&Bratcher, 1965) (Pacific) Rodriguez-Villalobos et al.
(2016)

Hermodicecarunculata (Pallas, 1766)  T. tagusensis Mediterranean Brazil X Sampaio et al. (2012)
Hermodicecarunculata (Pallas, 1766) T. aurea western Pacific  Venezuela X Martin andLosada (1991)
Hexaplex princeps (Broderip, 1833) Tubastraea spp. Gulf of Galapagos X Witmanand Smith (2003)

California to

Peru
Oreasterreticulatus (Linnaeus, 1758)  Tubastraea spp. Caribbean Brazil X Author’spersonalobservation

(JCC)

PhestillamelanobrachiaBergh, 1874 T. coccinea western Pacific ~ Hawaii; Guam X Faucci et al. (2007)
PhestillamelanobrachiaBergh, 1874 T. micranthus western Pacific ~ Palau X Faucci et al. (2007)
PhestillamelanobrachiaBergh, 1874 T. aurea western Pacific  Hawaii (in laboratory) X Harris (1975)

Source: PIRES-TEIXEIRA ET AL. (manuscript in preparation)
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Suspension feeding consumers showed isotopic values similar to those of Tubastraea
spp.: the sponge Desmapsammaanchorata at 1G (5'3C: -22.73%o; -21.93%o; -21.85%o; 6*°N:
10.31%o; 9.69%0; 9.06%o0) (Figure14E); the sponges Guitarra sepia (5°C: -19.86%o; -18.83%o;
-16.88%o; 51°N: 8.38%o; 8.59%o; 8.51%o), Arenosclerabrasiliensis(*3C: -18.55%o; -21.95%o; -
21.94%0; 6™N: 8.98%0; 9.15%0; 9.02%0) and Scopalinaruetzleri (-18.55%o; -21.95%o; -
21.94%o) at IA; an unidentified tubicolous polychaete worm (83C: -19.30%o; -20.09%o; -
19.57%o; 8°N: 12.38%o0; 9.27%o; 9.12%0) at IA (Fig 14B ). At the IC site no consumers had
513C and 8*°N values overlapping those of T. tagusensis and the consumers with the closest
values were the brown mussel Pernaperna (5'3C: -18.86%o; -17.87%o; -17.91%o; 6*°N: 7.48%o;
9.20%o; 7.56%0) with is also a suspension (filter) feeder(Fig 14D).

The isotopic values of plankton at I1G (5'3C: -22.40%o; 8*°N: 7.50%o) and the macroalga
Hypnea sp. at IG(83C: -20.54%o; -19.68%o; -19.74%0; 5'°N: 6.18%o; 6.53%o; 6.54%o0) and 1A
(81C: -19.14%o0; -19.55%0; 8°N: 5.61%o; 5.96%o0) are consistent with their consumption by
invading corals Tubastraea spp. and the above mentioned suspension feeding (Figurel4B, E).
The red macroalga Centroceras sp. (613C: -19.21%o; 615N: 6.68%0) was another resource
with values a consistent with its consumption by T. tagusensis at IC, although only one sample

was analyzed (Figurel4D).
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Figure 14 -Stable isotope biplot of species in invaded and non-invaded communities in the
three studied locations: Ilha de Ancora — IA (not invaded: A; invaded: B), llha
Comprida — IC (not invaded: C; invaded: D) and Ponta do Bananal - 1G (E).
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Legend: Symbols indicate the average (+ SD) of resources and consumers separated by guilds. Code by guild:
Autotroph: act — Acetabularia schenckii, cdm — Codium intertextum, chl — Chlorophyta, cnt —
Centroceras sp., crl — Crustose coralline algae, dcm — Dictyotamenstrualis, dct — Dictyopteris sp., dcy
— Dictyota sp., hyp — Hypnea sp., jna — Janiaadhaerens, pdn — Padina gymnospora, pln — plankton, srg
— Sargassum vulgare. Suspension feeders: apl — Aplysina fulva, arn — Arenosclerabrasiliensis, bgl-
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Bugula sp., brc — Brachidontessolisianus, crj — Carijoariisei, ddm — Didemnumperlucidum, dpl —
Diplosomalisterianum, dsm — Desmapsammaanchorata, dys — Dysideaetheria, gtr — Guitarra sepia,
hyd — hydrozoan, itr — lotrochotabirotulata, Ipt — Leptogorgiapunicea, Isl — Leiosolemusaristatus, mcr
— Macrorhynchiaphilippina, mgb — Megabalanuscoccopoma, obl — Obelia dichotoma, oph —
Ofiuroidea, opt — Ophiothela mirabilis, pch — Pachychelesmonilifer, phl — Phalusia nigra, plt — Tubular
polychaete, prl — Paraleucilla magna, prn — Pernaperna, sch — Schizoporellaunicornis, scp —
Scopalinaruetzleri, tbc — Tubastraea coccinea, tht — Tubastraea tagusensis. Mixtroph: mdr —
Madracisdecatis, mll — Milleporaalcicornis, ply — Paliythoacaribaeorum, prt — Porites branneri, sdr—
Siderastrea stellate. Herbivore: ech — Echinometralacunter,gst — Gastrophoda. Omnivore: crs —
Crustacea, hrm — Hermodicecarunculata, shr — Shrimp, sph — Sphoeroidesspengleri, stp —
Stephanolepishispidus. Carnivore: crn — Croniusruber, hml — Haemulonauroline, hms -
Haemulonsteindachneri, bnd — Bunodosomacaissarum, ecn — Echinasterbrasiliensis, mth —
Mithraculus forceps, stn — Stenorhynchusseticornis.

Source: PIRES-TEIXEIRA et al. (submited)

The total niche area (TA) was greater in the community not invaded at IA and was

very similar between invaded and not invaded communities in IC. The C_range in 1A was

higher in the not invaded community. Also at 1A the SDNND in the not invaded community

was more than double that of the invaded community. The other metrics showed similar

values, regardless of location or status invaded or not invaded (Table 7).

Table 7 - Isotope niche metrics calculated for the entire community in

invaded and not invaded communities at the three study sites:
IC: llha Comprida, IA: llha de Ancora, IG: Ponta do Bananal.

Site metricvalues* invaded notinvaded
Ilha de Ancora N_range 5.84 5.24
C_range 16.56 23.94
TA 58.64 76.32
CD 4.72 5.22
MNND 1.10 1.80
SDNND 0.64 1.34
Ilha Comprida N_range 4.67 411
C_range 1491 14.05
TA 41.32 41.85
CD 3.80 3.28
MNND 1.39 0.84
SDNND 0.94 0.76
Ponta do Bananal  N_range 6.28
C_range 16.71
TA 58.79
CD 3.91
MNND 1.14
SDNND 0.52

Legend: N_range = distance between the two species with the maximum and minimum

values of 3*5N; C_range = distance between the two species with the maximum
and minimum values of 8'C; TA = total area of the isotopic niche; CD = mean
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centroid distance; MNND = average distance from the nearest neighbor;
SDNND = standard deviation of the distance from the nearest neighbor.
Source: PIRES-TEIXEIRA et al. (submited)

The consumers’ niche in the invaded communities presented very similar patterns of
distribution in the isotopic space at the three invaded locations, with equal total areas and
overlapping niches of invaded and not invaded communities. The largest isotopic niche was
the not invaded community at IA. The smallest isotopic niche was in the IC invaded

community (Figure 15).

Figure 15 - Isotopic niche (convex polygon) of invaded and non-invaded communities in
three different locations along the coast of the state of Rio de Janeiro in Brazil.

1G --+-- Not invaded
14 —o— Invaded
- A Tubastrea

=30 <25 20 15 <10 -5 0 -20 -15 -10 -5 =25 =20 -15 =10 5

5°C %o 5°°C %o 5'°C %o
Legend: IC: llha Comprida, IA: Ilha de Ancora, IG: Ponta do Bananal. Convex hulls of the total isotopic
niche areas of the community are plotted in the isotopic space. Different colors represent different
trophic groups.
Source: PIRES-TEIXEIRA et al. (submited)

The guild of suspension feeders occupies a wide area of isotopic niche in both invaded
and not invaded communities, (in invaded area: at 1A, SEA = 20.10; at IC, SEA= 14.28; at
IG, SEA= 15.62; in not invaded area: at IA, SEA = 21.5; at IC, SEA= 14.87) (Fig 4). In
invaded communities the average values of §*3C of suspension feeders range from -22.73%o
(D. anchorata at 1G) to -5.16% (Schizoporellaunicornis at 1G) and *°N ranging from 5.87%o
(Milleporaalcicornis at 1A) to 12.38%o (unidentified tubicolous polychaete worm at IA). In
not invaded communities the average values of §'*C of suspension feeders range from -
20.91%o (Leiosolemusaristatus at I1C) to -3.25%o (M. alcicornis at I1A) and 8*°N range from
7.04%o (M. alcicornis at IA) to 11.54%o (gastrophoda at IA). The niche area, represented by
SEACc, of Tubastraea spp. occupies a specific and limited area of the standard ellipse of
suspension feeders in the three locations (at 1A: 4.63%; at IC: 0.02%; at 1G: 1.76%)
(Figurels).
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Figure 16 - Isotopic niche of suspension filter consumers between not invaded (green) and
invaded (black) areas in three different locations along the coast of the state of
Rio de Janeiro in Brazil.

I1G
12 Not invaded

o Invaded
A Tubastrea

5°c 5°C %, 5°c %

n/nﬂ - 0
Legend: IC: llha Comprida, IA: 1lha de Ancora, IG: Ponta do Bananal. Dashed line - convex hulls area;
continuous line - ellipse areas with a 65% confidence interval.
Source: PIRES-TEIXEIRA et al. (submited)

3.1.4 Discussion

This study gives us new insights into trophic relationships in shallow tropical rocky
reef communities in the southwest Atlantic which have been invaded by corals T. tagusensis
and T. coccinea . These insights include an assessment of interactions between the two
invasive species and native counterparts and the first study of trophic relationships involving
predation and competition for food resources by species of the genus Tubastraea within their
invasive range. In addition, we successfully tested the applicability of the empty niche and
biotic resistance hypotheses in the context of this marine biological invasion. To do so we
used the isotopic values of 8C and 8N in three discrete invaded and not invaded
communities with different oceanography and anthropogenic settings along the coast of the
state of Rio de Janeiro.

Since the nitrogen isotopic values reflect the trophic position of the species (Couch
1989; Lepoint et al. 2004; Hanson et al. 2010) basal food resources, represented by macroalgae
from three different phyla, showed the lowest values of 3*°N when compared to consumer
values. In addition to the macroalgae the mixotrophic hydrocoral Milleporaalcicorniswhich
has symbiotic zooxanthellae algae which represents an additional source of resource and
reflects the assimilation of N also showed lower values of 3'°N despite being a consumer. The
d13C values of the basal food resources were notably wide, especially in the Rodophyta. The
wide variation in 33C values of marine algae which can vary from —3%o to —35%o has

previously been documented in an extensive review carried out by Raven et al. (2002).
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Macroalgae are exposed to a range of water movement that varies according to depth, tidal
stage, wave action and currents and such variation coupled to the polyphyletic nature or algae
and their consequent diverse metabolic pathways has effects on inorganic carbon and other
nutrients available for assimilation (Smith e Walker 1980; Raven 1984; Wheeler 1988).
However, while other have attributed variability in values to taxonomy and the ecology of the
macroalgae studied we found considerable variation in 5'3C the same species at the same
collection site within invades and not invaded areas (e.g., Janiaadhaerens at 1A: -20.31%o in
not invaded area and -6.17%. in invaded area). Also different from Raven (2002)
whereRodophyta algae with §*3C values below —30%o were from submarine, shaded intertidal
environments or from the upper coast, in our study not only Rodophytas, but Phaeophytas like
Dictyota sp. (in Al not invaded: -27.18%o) and Padina gymnospora (in Al invaded: -12.51%o)
showed variation and our collections were carried out between 5 and 10m in depth. Finally,
most of the red algae (from the North-East Atlantic) that had very low §'3C values were
collected under low light and temperatures (Raven 2002), but in the locations of our study the
lowest temperature recorded was at IC (18.39°C). We suggest that future studies assess the
variation in 8*3C of benthic marine algae over a wider latitudinal range.

The sponges D. anchorata; G. sepia; A. brasiliensis and S. ruetzleri presented values
of 13C and 5'°N close to the values of Tubastraea spp. Other studies have shown that in the
invaded range in Brazil the encrusting sponge S. ruetzleri is among the porifera species that
most frequently compete for space by contact with Tubastraea spp. and D. anchorata is one
of the few benthic species capable of overgrowing and occasionally killing the invasive corals
(Meurer et al. 2010; Silva et al. 2017). Our results that indicate an overlapping of the niches
of these species is thus supported by these field observations that suggest that competition for
resources can occur in situations where the food resource is limiting.

No previous studies have indicated the feeding preferences for corals of the genus
Tubastraea. The macroalgae Hypneasp. was collected along with other species as part of the
turf community and at two sites (IG and IA) this algae had values of §*3C and 5!°N consistent
with it being consumed as a food source by the two species of Tubastraea spp., probably
captured as fragments of suspended debris after breakage by waves or herbivores..The §*C
and 8*°N values of another turf forming red algae Centroceras sp. at IC suggested the same.
Hypneasp. it is a fast-growing macroalgae that develops as an epiphyte or as a primary
substrate, contains a considerable amount of protein and has no chemical protection against
predation (Stachowicz and Hay 1999; Craft et al. 2013). Studies show that Hypnea sp. is an

important food resource consumed by fish, sea turtles, crustaceans and gastropods in shallow
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marine habitats (Schenkman 1989; Cruz-Rivera and Villareal 2006; Angell et al. 2012).
SimilarlyCentroceras sp. is a filamentous turf that grows on primary or epiphyte substrate and
is consumed by fish, gastropods and sea urchins (Cruz-Rivera and Villareal 2006; Queiroz
2020). Algal turfs are very important for primary productivity in tropical reef environments
and amongst the most abundant taxons/functional groups at our study sites (Creed et al, 2021);
they have also been found to be the group most excluded by Tubastraea spp. (Paula et al.
2017; Creed et al, 2021) so again field observations support the trophic relationships
determined from §*3C and 5'°N values. These data also suggest that the mechanism of capture
and consumption of suspended food is selective and not simply a function of the composition
of particles of food that are presented to to the sessile consumer, in this case the invasive corals
Tubastraeaspp by the currents.. We will discuss later the food preference of suspension
feeding consumers for specific resources which was also corroborated by our isotopic niche
results.

Another trophic relationship that our results also confirmed another trophic interaction
by providing evidence consistent with Tubastraea spp. being preyed upon by the firewormH.
carunculata (Sampaio et al. 2012). However it appears that this predation pressure is not
strong enough to have a significant impact on invasive Tubastraea spp. as they have rapidly
expanded throughout the tropical and subtropical southwest Atlantic and significant damage
to polyps that would be conducive with feeding is not observed. These fireworms are not very
abundant so probably predate (damage) infrequently and Tubastraea spp. have substantial
ability to recover from partial polyp or colony damage (Luz et al. 2018; Creed et al. 2019).
One proviso is the number of individuals sampled: even in three equidistant locations along
the coast of Rio de Janeiro only three individuals of H. carunculata were found and sampled.

Biotic resistance may result from abundant native predators or strong competitors
which limit establishment or expansion (population size) or habitat use by NS, and predation
can also mediate competitive interactions and, in turn, affect species abundance and structure
in the community (DeRivera et al. 2005; Ruesink 2007; Leclerc et al. 2020). However, strong
biotic resistance may occur only when native predators possess characteristics such as high
abundance, strong predation pressure on NS prey and high feeding rates (Skein et al. 2020).
These characteristics seem far from the only observed and documented predation of
Tubastraea  spp.in  Brazil - three T. tagusensis polyps eaten by a
firewormHermodicecarunculata reported by Sampaio et al. (2012 - and corroborated by our
results). In 20 years of field studies the starfish Oreaster reticulatus has been observed only

once preying on Tubastraea spp. [author’s (JCC) personal observation]. We did not find
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individuals of the starfish O. reticulatus to be sampled. The carnivorous crustacean C. ruber
was yet another predator with values of 63C and 5'°N that were consistent with a possible
consumption of Tubastraea spp. but it was only possible to sample one individual. In the Indo-
Pacific, the native range of T. coccinea and T. micranthus, these species are preyed upon by
highly specialist predators which are not very voracious consumers but can resist the
secondary metabolites used as chemical defense, , and, in some cases, actually sequester it for
their own defense (Witman and Smith 2003; Rodriguez-Villalobos et al. 2016).

The metrics used to describe important aspects of invaded and not invaded
communities showed similar values in both communities but the total extent of trophic
diversity within the food webs was greater in the not invaded communities. Furthermore, the
total carbon band exploited by the community reflected a greater abundance of resources
exploited by local consumers in the invaded area (Layman et al. 2007; Jackson et al. 2012)
which corroborates our hypothesis 1 that invaded communities present a lower degree of
trophic diversity, with species characterized by similar trophic ecologies.. This was especially
evident at IA which is located in the Cabo Frio upwelling region, and where primary
productivity is high when seasonal upwelling occurs in austral spring-summer (September to
November - December to February) and winter (June to August) (Moreira da Silva 1973;
Valentin 1994) and thus differs from other study sites in terms of the amount of organic matter
that can influence the basal resources. However, as we will discuss below, this does not seem
to be a reflection of the absence of invaders, since Tubastraea spp. apparently occupies a
specific and consistent niche in the three studied sites, which overlaps the niche of other
functionally equivalent species, the suspension feeding species.

Although suspension feedingspecies occupy a wide isotopic niche space, invading
corals occupy a specific and limited range within that niche. The likelihood that the invasion
will be successful is increased if a new species niche requirements overlap little or not at all
with species already resident in the receiving community (Tilman 2004). However, different
from what we expected to find based on the empty niche hypothesis (hypothesis 2),
Tubastraea spp. occupied a similar trophic niche space to that occupied by the native
community, sharing resources already consumed by the receiving community. If, on the one
hand, a non-native species that requires certain limiting resources to establish and spread is
more successful in habitats where competition for these resources is reduced (Rilov 2009;
Atkinson et al. 2011; Karlson et al. 2015), our results suggest that either food resources are
not limiting compared to other resources or demands or that native species have been

substituted by a superior competitor with regard to food; the outcome of coexistence may
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result from another type of competition. Another point worth bearing in mind is that for sessile
suspension feeders in benthic communities the occupation or domination of space, per se, will
directly affect its feeding success and Tubastraea spp. are well known for their arsenal of both
allopathic chemical and physical defenses (Koh &Sweatman, 2000, Lages et al. 2010; Santos
et al. 2013). We also confirm the only isotopic characterization ever carried out for the species
of Tubastraea spp., which points to the same source or a similar mixture of food for the
invasive corals and two other suspension feeders the bivalves Leiosolenusaristatus and
Crassostrea virginica (Vinagre et al. 2018). In the Pacific the §*C and &N values of
Tubastraea sp. were similar to those found here, ranging from —21.1%o to —19.9%0 and 8.6%o
to 9.2 %o respectively (Chang et al. 2018) were also similar to the §*C of T. coccinea in the
North Atlantic, —20.27%o (Muscatine et al. 1989), ranging frombetween —21%o and —20%. and
5N between 7%o and 9%. (Rezek et al. 2018).

The niche occupied by consumers in the invaded areas was similar in the three
locations studied. The wide amplitude of the suspension feeder niche (Fig 4) suggests the
consumption of different sources of resources; however, individuals of the same species
grouped in different parts of the isotopic space (Fig 2) suggesting that the available resources
are selected by some mechanism(s). The isotopic niches of Tubastraea spp., consistent in the
three studied locations, were tight and occupied a characteristic range (c. -21 to -19%o in §*3C
and c. 8 to 10%o in 8*°N), confirming this observation. Sessile benthic suspension feeding
consumers use a variety of foraging behaviors, from feeding on particles large enough to be
seized individually to processing the surrounding water (filtering or capturing in mucus nets)
for particles so small that they may only be obtained by these methods (Gili and Coma 1998;
Riisgard and Larsen 2010). Ecological filtration functions performed by consumer suspension
feeding species have previously been shown to be different in bivalve species that may select
specific components of the suspended particulate material available in aquatic ecosystems
(Atkinson et al. 2011). On the other hand, no selectivity has been observed regarding the size
of the prey by species of tunicate and bryozoan suspension feeders (Whalen and Stachowicz
2017). The mechanisms used by Tubastraea spp. to select the consumed resources are still
unknown and we suggest that further studies are needed to examine and evaluate food
selection and uptake by these corals. Another aspect that would be enlightening, mainly for
the purpose of comparison with our results, would be studies of the niche of Tubastraea spp.
in it’snrange and communities.

In summary, using C and N isotopic analysis and isotopic niche diversity metrics this

study provides the first trophic characterization of the invading corals Tubastraea tagusensis
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and Tubastraea coccinea. Our metrics derived from stable isotopes suggest that greater trophic
diversity in a not invaded areas appears to be influenced not only by the community’s
resistance to invasion, but also by the abiotic factors involved (such as increased productivity
due to upwelling events). In the light of the trophic niche we corroborate the hypothesis of
biotic resistance, with regard to low abundance of native predators and low pressure of
predation on NS prey and refute the empty niche hypothesis as there is some level of
coexistence and substantial niche overlap of native and invasive. Our results suggest that
Tubastraea spp. occupy a quite specific niche within the niche occupied by other functionally
equivalent species, are successful competitors for food resources but are not desirable food

items.
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Abstract

When a nonnative species remains in an invaded community for some time long-term
effects on community diversity and ecosystem functioning are expected, as are changes in
trophic interactions between species. The blue soft coral Sansibia sp., presumably of Indo-
Pacific origin, was first detected in the wild in Brazil in 2017. This study provides the first
information on the trophic relationship that has developed between Sansibia sp. and 29 other
benthic marine species in a food web on shallow tropical rocky reefs which have been invaded
in the tropical southeast Atlantic. The difference in species composition of invaded areas and
control areas was also assessed. Sansibia sp. shown 5'°N values close to those of macroalgae,
suggesting that its symbiosis with zooxanthellae represents an essential source of energy in
addition to the suspension feeding. A possible opportunist-generalist consumer, the arrow crab
Stenorhynchusseticornis showed values of §°C and §'°N aligned as a possible consumer of
Sansibia sp. The difference in species composition between invaded and control areas and an

increase in the abundance of Sansibia sp. in shallow areas suggests an available settlement
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mechanism to further expand distribution to more favorable locations, which leads us to
encourage continuous monitoring of the invaded area along with actions for management and

eradication.

Keywords: Nonnative species, trophic web, stable isotopes, trophic relationships, community.

4.1.1 Introduction

Trophic webs are particularly useful for understanding the multiple impacts of
biological invasions on an ecosystem (Thomsen et al. 2014; David et al. 2017). Nonnative
species (NS) inevitably create new trophic connections because they consume and/or are
consumed by species residing in the invaded community (Byers 2000; David et al. 2017).
Nonnative species can thus cause negative effects in the invaded community by competing
for resources with native species at the same trophic level (Top-down effects) (Byers 2000;
Mollot et al. 2017; Eddy et al. 2020). Furthermore, the introduction of a new species may also
represent the formation of a novel habitat and the provision of food resources previously
unavailable to native species (Troost 2010; Van Riel et al. 2006; Vinagre et al. 2018). As well
as change in the trophic interactions of the species, when an NS remains in the invaded
community for some time, long-term effects on ecosystem diversity and functioning are also
to be expected (Strayer et al. 2006; Wallentinus and Nyberg 2007; Pires-Teixeira et al. 2021).

The blue soft coral Sansibia sp., presumably of Indo-Pacific origin, was first detected
in the benthos in natural communities in Brazil in 2017 along a 170m extension of shallow
subtidal tropical rocky reefs at Vermelha Beach, Ilha Grande Bay, Rio de Janeiro (Mantelatto
etal. 2018). All evidence indicates that the introduction occurred due to release by an aquarist,
possibly for in situ coral farming and currently Sansbia sp. is considered a NS (Mantelatto et
al. 2018; Carpinelli et al. 2020). Species of the genus Sansibia which is still little-known
(Alderslade 2000) have zooxanthellae, photosynthetic algae which represent an additional
trophic resource (source of energy) for some corals in addition to those gained by suspension
feeding. Predation of blue coral at the site of introduction has not yet been observed and no
studies have shown what resources Sansibia sp. consumes. According to recent surveys

carried out at the site invaded by Sansibia sp. the soft coral has dominated deeper communities
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(positively associated with macroalgae and negatively associated with the zoantharian
Palythoacaribaeorum (Mantelatto et al. 2018).

The aim of this study is to provide a trophic characterization of the food web on the
recently invaded rocky reefs by using **C and §'°N analyses to describe its general trophic
structure, identify the trophic level of consumers and investigate any trophic relationships
between the NS soft coral Sansibia sp. and native species. An additional objective is to verify

whether there is a difference between invaded and control areas without NS.

4.1.2 Methods

4.1.2.1 Sampling

This study was carried out at Praia Vermelha (PV), located in Angra dos Reis, in the
inner part of the llha Grande Bay, southwest Atlantic (23°01'34"S, 44°30'05"W). PV is a
sheltered site with little wave action and typical of the region with warm, shallow waters (reef
maximum depths from 4 -7m where sand plain begins. The main local activities are nautical
tourism and fishing. Sansibia sp. was detected along the rocky shore in 2017 together with
two other NS Clavularia cf. viridis (Mantellato et al. 2018) and Erythropodiumcaribaeorum
(Duchassaing and Michelotti, 1860) (Carpinelli et al. 2020).

The survey of the benthic community was carried out in December 2018 using methods
of Mantelatto et al. (2018). Sampling was carried out in three 20 m transects placed parallel
to the rocky shore at three depths: shallow (~ 1-1.9 m), intermediate (~ 2-2.9 m) and at the
sandy bottom / rocky interface - bottom (~ 5-7 m), along an extension of approximately 20m
invaded by Sansibia sp. (IS) and in two control areas with the same extension in which
Sansibia sp. was naturally absent (C1 and C2). We used a Canon PowerShot G16 digital
camera with a waterproof case attached to a quadrat 90 cm away from the digital camera to
sample twenty 50 x 50 cm photoquadrats at 1 m intervals alternately above and below each
transect.

At the same time, we sampled the more abundant of primary producers and
macroconsumers for C and N isotopic analysis. From one-to-ten replicate individuals /

colonies were sampled for each species. The encrusting benthic species were removed with
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the help of a hammer and chisel (corals and bryozoans), scissors (sponges and algae) and
spatulas (turf algae, soft corals, ascidians and anemones). The multi-species turf forming algae
were separated after collection to be analyzed individually. Plankton was collected with 68
pum nylon plankton net mounted in a trapezoidal shape with a threaded PVC cup at the bottom.
All samples were frozen immediately after collection and sent for screening and preparation
in the laboratory.

4.1.2.2 Laboratory analysis

In the laboratory the samples were defrosted naturally, the muscle tissue of the
macroconsumers (echinoderms, crustaceans, gastropods and polychaetes) were removed.
Marine sponges, sea squirts, anemones, zoanthids and soft corals had their soft tissues
selected. Any epiphyte or epizoa were removed and all samples were washed with distilled
water so that any contaminants that could influence the isotopic compositions were excluded.
The samples were dried in an oven for 48 hours at 60°C and then macerated and reduced to a
fine powder. Calcareous macroalgae, zooplankton, bryozoans, hydrozoans and small
crustaceans were acidified (only for §*3C) according to Pires-Teixeira et al. (2020). The
samples were then inserted into tin capsules, weighed on a digital balance and analyzed for
the isotopic composition of carbon and nitrogen at the Centro de Energia Nuclear na
Agricultura da Escola Superior de Agricultura Luiz de Queiroz da Universidade de Séo Paulo
(CENA-USP).

Stable isotope analyzes were performed using a Delta Plus continuous flow isotope
ratio mass spectrometer (CF-IRMS, Finnigan MAT, Bremen, Germany) coupled to an
elemental analyzer (CE Instruments Wigan, United Kingdom). The isotopic composition is
expressed in terms of a delta value (8) in parts per thousand (%o) and is obtained by dividing
the sample's isotopic ratio by the isotopic ratio of an internationally accepted standard
multiplied by one thousand, according to the formula: §X = [(Rsample/Rstandard) -1] .10%, where
dX is 813C or §'°N and R the ratio $3C: *2C or °N: ¥N. The standard material for carbon was
Pee Dee Belemnite limestone and the standard material for nitrogen was atmospheric air (Fry
1988). The standard deviation of isotopic measurements was estimated at 0.09 for 5'C and

0.21 for 8N through repeated measures of the internal standard (sugar cane).
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4.1.2.3 Data analysis

A biplot of the §!3C and 8N values of the basal resources and consumers with the
presence of potential predators was used to provide an overview of the trophic structure and
identify possible trophic relationships between food sources and consumers through the
SIMMR package (Parnell 2019) in the R Program (R Core Team 2020). To estimate the cover
of benthic species for community analyses we used the Coral Point Count with Excel
Extensions Software (Kohler and Gill 2006) to distribute 35 points on each image and to
identify the organism below each point at the lowest possible taxonomic level. All species
followed the nomenclature of the World Register of Marine Species (WoRMS) database
(http://www.marinespecies.org/, accessed on 12 April 2021).

To describe the difference between areas invaded by Sansibia sp. (IS) and the control
areas (C1 and C2) we used the Permutational MANOVA (PERMANOVA) based on Bray-
Curtis similarity measures of the square root of percentage of cover of each taxon of the sessile
macrobenthos + 1. Principal Coordinates Analysis (PCoA) was used to visualize the
similarities or dissimilarities of composition data between areas (IS, C1 and C2) and depth
(shallow, intermediate and bottom). The program PERMANOVA+ add-on for Primer v6 was
used to for PERMANOVA and PCoA (Anderson et al. 2008).

4.1.3 Results

The invaded area (IS) had different species composition than the control areas (C1
and C2) (PERMANOVA: F= 5.065; p < 0.05). The PCoA plot confirmed that areas C1 and
C2 grouped together and differ from 1S mainly along first axis (PCO1 = 60% of variation)
(Figure 17). In addition to the NS coral Sansibia sp., the main difference between the invaded
and control areas was the composition of algae species, including the Rhodophyta
Asparagopsistaxiformis, Gelidium sp. and the coralline alga Janiaadhaerens and the
Phaeophyta Dictyotaciliolata, Padina gymnospora and Sargassum sp. The species
composition of the areas was also varied over depth (PERMANOVA: F=2.243; p <0.05) and
the NS infiltrated the community at all depths. The PCoA graph showed that the composition
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with depth varied along PCO2 (15% variation), especially the bottom communities (Figure
17).

Figure 17 - Variation in community composition between areas (IS, C1 and C2), and depth

(shallow, intermediate and bottom)
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The control communities in the shallows and intermediate depths were similar and,
especially in the shallows, the invaded community was richer and more diverse and dominated
multi-species algal turfs and the zoantharian Palythoacaribaeorum, the most abundant
species, both of which from mats. The invaded community was less dominated by these two
taxons and thus richer, especially in the shallows but as Sargassum sp. increased its co-
dominance with depth this difference disappeared on the bottom. Sargassum sp. was not
recorded in controls. The coverage of Sansibia sp. was quite similar but slightly higher in the
shallows (18.62%), followed by the bottom (15.86%) and intermediate (13.81%) (Table S11).

We analyzed the &C and &N of thirty species/groups, among them, twenty
consumers and ten primary producers. The §'C value of the primary producers varied
between -29.49%. for the red alga M. ferulaceus and -4.87%o for unidentified crustose
coralline algae, representing respectively the lowest and highest mean value of §!3C. The
lowest mean values of 8N were from brown macroalgae P. gymnospora (4.41%o),
Dictyopteris sp. (5.03%o) and Dictyota sp. (5.10%o). The highest mean value of *°N was from

the generalist predator the arrow crab S. seticornis (10.77%o), followed by suspension feeding
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barnacle M. coccopoma (10.65%o) and mixotroph anemone Anthopleura sp. (10.53%o). The
NS soft coral Sansibia sp. showed highly grouped values of §°N (6.31; 6.87; 7.05; 6.16; 8.47;
6.07%o0) and &'3C (-18.50; -18.79; -20.06; -19.64; -19.68; -20.07%o) in all collected samples
(Figure 18).

Among the consumers, four species of crustaceans were analyzed including the
zooplankton; however, among the species that move in search of food only the generalist
predator S. seticornis (8*°N: 10.16; 11.37%o; 13C: -19.02; -17.45%o) exhibited a trophic level
considerably higher and close to the 5'3C values of Sansibia sp. We analyzed 10 unidentified
gastropods with different §C values; only two individuals (81°N: 7.62; 7.69%o; '°C: -20.46;
-19.54%o) exhibited a trophic level above Sansibia sp. and similar §'3C values. Among the
primary producers, the macroalga Rhodophyta Hypnea sp. (8'°C: -19.20; -15.43%o; &'°N:
5.89; 4.65%0), collected as part of multi-species algal turf and separated later in the laboratory,

presented values consistent with its consumption by the NS coral Sansibiasp (Figure 18).

Figure 18 - Biplot of the stable isotopic C and N of the community invaded by Sansibia sp.
at Praia Vermelha, Angra dos Reis, Brazil.

© Echinometra lacunter @ Phalusia nigra
121 Q gastropod NI © Scopalina ruetzleri
® Q Anthopleura sp. @ Tubular polychaete
pl ® (@] o @ Palythoa caribacorum @ Zoobotryon verticillatum
4 o 09
10 C‘ ® @ Sansibia sp.
@ crustacea NI
= (ﬁ) o © O
3 % o o o © Echinaster brasiliensis
..-.Z 8 .o @ .O @ Stenorhynchus seticornis
w (§Q) & . O Amphimedon viridis
.8 ® Y} dm ]a @ Desmapsamma anchorata
6 & [o) o ca O Didemnum periucidum
+m f h dl d p Q© Diplosoma listerianum
p ©  Macrorhynchia philippina
4 (0] @ Megabalanus coccopoma
@ Paraleucilla magna
-30 -25 =20 -15 -10 -5

8 C (%)

Legend: Symbols (+) indicate the mean (x SD) of resources: unidentified crustose
coralline algae (ca), Janiaadhaerens (ja), Melanothamnusferulaceus (mf),
Hypnea sp. (hy), Dictyota sp. (di), Dictyopteris sp. (dp), Dictyotamenstrualis
(dm), Sargassum sp. (sv), Padina gymnospora (pg) and plankton (pl). Circles of
different colors indicate the isotopic values of consumers separated by
species/rate.

Source: PIRES-TEIXEIRA et al. (manuscript in preparation)

4.1.4 Discussion
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This study provides new information on the trophic relationship between an NS and
other species in a food web on invaded shallow reefs in the tropical southeast Atlantic, and
for the first time we provide isotopic values of C and N of the NS blue soft coral Sansibia sp.,
in addition to 29 other native benthic marine species. We also demonstrate that communities
in invaded areas and control areas are different in terms of species composition, as well over
different depths.

The presence of Sansibia sp. at different depths confirms the ability of this species to
disperse and colonize from a sandy bottom to areas close to the surface (McFadden et al. 2014)
and also proves its success as a NS that maintains high coverage rates two years after its initial
invasion was documented (Mantelatto et al. 2018). Apparentl, there have been some changes
in the benthic community since the last survey of the invaded community (Mantelatto et al.
2018). These changes may involve the seasonal variation in species (such as an increase in
Sargassum sp., a macroalgae with an extensive distribution on the Brazilian coast and
recognized for its sensitivity to variations in temperature, salinity and pollutants (Leite and
Turra 2003). Compared to Mantelatto et al. (2018) there was also a decrease in multi-species
algal turf and in the zoanthid Palythoacaribaeorum, both native mat forming taxons that can
offer biological resistance to invasion. Although Sansibia sp. coverage seems to have
decreased at depth since the last study (two years ago), in the shallows the coverage has
increased. This suggest that after establishing in deeper waters it continued to expand its
distribution to shallower areas, as the NS soft coral lives in association with photosynthetic
microalgae and therefore needs light as an alternative source of energy.

Sansibia sp. showed &°N values close to macroalgal values, suggesting that the
symbiosis with zooxanthellae represents an essential source of energy, in addition to
suspension feeding. We observed that for resources, Hypnea sp., (Rhodophyta), part of the
multi-species turf forming, presented the values of 8'3C and 8°N consistent with its
consumption by the NS coral Sansibia sp. and thus possibly represents a resource being
consumed as a food source by Sansibia sp., probably captured as fragments of suspended
debris after breakage by waves or herbivores. Interestingly the same source (Hypnea sp.) has
previously been reported as a probable resource consumed by suspensivorous filter feeder
corals Tubastraea spp. which are also invasive species at other sites in the region (Pires-
Teixeira et al. 2021, manuscript in preparation). There was no relationship between the
abundance of Sansibia sp. and other functionally similar species and our results for §*C and
5N show that Sansibia sp. occupies a specific portion of the isotopic space and is different

from other mixotrophic species such as P. caribaeorum and some sponges. No consumer had
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isotopic values superimposed on the values of Sansibia sp., but the ascidian Phalusia nigra
and the gastropod were the closest species. So far, no study on potential predation of the soft
coral Sansibia sp. has been performed but one video observation filmed during a control
experiment with salt filmed the arrow crab Stenorhynchusseticornis apparently eating
retracted Sansibia sp. (Video S12) which lends support to predation by the arrow crab, an
opportunistic generalist consumer that feeds according to the availability of the most abundant
food in the environment (Cobo et al. 2019) showed values of 5!3C and °N aligned as one
possible consumer.

In conclusion we use here the analysis of §3C and §*°N isotopes to characterize a
trophic web and have provided evidence of the use of different energy sources in a NS
zooxanthelate soft coral species, as well as identified trophic relationships between the NS
Sansibia sp. and potential consumer and possible resources. Our study has also described
changes in NS abundance at different depths in an invaded rocky shore community and
suggests a potential mechanism for the further expantion to other favorable locations. We
expect that that the NS soft coral Sansibia sp. will soon become the most abundant species in
Praia Vermelha (Pires-Teixeira et al. 2021) and we encourage continuous monitoring of the

invaded area along as well as action for control and eradication.
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Table S11 - Major space-occupying taxa/functional groups and their percentage cover (%) at Control sites (C1 and C2) and at Invaded
site (1S) amongst different depths (Shallow, Intermediate and Bottom) in the Praia Vermelha, Ilha Grande Bay, Brazil (to

be continued).

Shallow Intermediary Bottom
Taxa C1 Cc2 IS Cl c2 IS Cl c2 IS
Multi-speciesturfforming 63.00 32.57 21.86 37.52 24.52 1181 5433 3757 233
Crustosecorallinealgae 4.71 1.90 10.90 6.57 2.76 3.67 1.33 1.24 0.90
Asparagopsistaxiformis (Delile) Trevisan de SaintLéon, 1845 0.10 0.19 1.95
Dichotomariamarginata (J.Ellis&Solander) Lamarck, 1816 0.19 1.43 6.76 1752 538 18.52
Gelidium sp. 0.29 0.38
JaniaJ.V.Lamouroux, 1812 0.10 6.10 0.05 0.05 1.90 1.86 0.90
Colpomenia sinuosa (Mertensex Roth) Derbés&Solier, 1851 0.05
Dictyotal.V.Lamouroux, 1809 sp. 1 2.57 1.52 0.90 0.19 2.71
Melanothamnusferulaceus(SuhrexJ.Agardh) Diaz-Tapia&Maggs, 2.95 15.38 2.05 5.29 1529 057
2017 (Suhr ex J.Agardh) S.M.Guimaraes&M.T.Fujii, 2004
Padinagymnospora (Kutzing) Sonder, 1871 0.52 1.19 0.76 1.19
SargassumC.Agardh, 1820 19.43 34.33 53.38
FilamentousAlgae 1.14
Palythoacaribaeorum (Duchassaing&Michelotti, 1860) 26.19 64.67 13.24 37.38 69.76 21.76 1262 3757 0.62
Zoanthussociatus (Ellis, 1768) 0.14 0.19
Sansibia Alderslade, 2000 18.62 13.81 15.86
Mussismilia hispida (Verrill, 1901) 0.05 0.71
AmphimedonviridisDuchassaing&Michelotti, 1864 0.43 1.48 0.52 0.05 0.29 0.76 1.10
Desmapsammaanchorata (Carter, 1882) 0.57 0.62 1.33 1.38 0.24 0.48 1.29 0.67 0.76
lotrochota arenosaRitzler, Maldonado, Piantoni&Riesgo, 2007 0.19 0.71
Mycale (Aegogropila) americana van Soest, 1984 0.10 0.38
Scopalinaruetzleri (Wiedenmayer, 1977) 0.10 1.00 0.14 0.19 0.24 1.05 0.81 0.38
Tedania(Tedania) ignis (Duchassaing&Michelotti, 1864) 0.05 0.10 0.38
Paraleucilla magnaKlautau, Monteiro &Borojevic, 2004 0.10 0.10
SchizoporellaHincks, 1877sp. 0.05 0.05 0.33
BotrylloidesnigrumHerdman, 1886 0.05
MacrorhynchiaphilippinaKirchenpauer, 1872 0.38 0.05
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Table S11 - Major space-occupying taxa/functional groups and their percentage cover (%) at Control sites (C1 and C2) and at Invaded
site (1S) amongst different depths (Shallow, Intermediate and Bottom) in the Praia Vermelha, Ilha Grande Bay, Brazil

(conclusion).

PhallusianigraSavigny, 1816
DidemnumSavigny, 1816
Mollusca

Echinodermata

TOTAL

0.05 0.05 0.14 0.19
0.48 0.05 0.52 0.05 0.86 0.19
0.10 0.33 0.10 0.10 0.14

100.00  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Source: PIRES-TEIXEIRA ET AL. (manuscript in preparation)
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Video S12 - Video observation filmed the arrow crab Stenorhynchusseticornis apparently eating retracted Sansibia sp.
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5 EXTENSAO UNIVERSITARIA COMO FERRAMENTA PARA PROMOVER A
PROFISSAO DO CIENTISTA.

5.1 Promovendo a profissdo do cientista a partir de um projeto de extensdo universitaria.

TEIXEIRA, Larissa Marques Pires*
ARAUJO, Juliana Magalhaes?
CREED, Joel Christopher®

tUniversidade do Estado do Rio de Janeiro — UERJ / Programa de Pés-Graduacdo emEcologia e Evolugédo —
PPGEE-UERJ. Rio de Janeiro, RJ, Brasil. ORCID: https://orcid.org/0000-0001-5885-7777 e-
mail:larissamarques@ymail.com

2Universidade do Estado do Rio de Janeiro — UERJ / Programa de Pds-Graduagdo em Ecologia e Evolugdo —
PPGEE-UERJ. Rio de Janeiro, RJ, Brasil. ORCID:https://orcid.org/0000-0002-6051-7381 e-mail:
dearaujojm@gmail.com

3Universidade do Estado do Rio de Janeiro — UERJ / Instituto de Biologia RobertoAlcantara Gomes — IBRAG /
Programa de Pdés-Graduacdo em Ecologia e EvolucdoPPGEE-UERJ. Rio de Janeiro, RJ, Brasil. ORCID:
https://orcid.org/0000-0002-1722-0806e-mail: jcreed@uerj.br

Resumo

A ciéncia deve ser cada vez mais valorizada, incentivada e acessivel dentro e fora do
meio académico. O apoio popular de quem ndo tem contato com a ciéncia no seu dia a dia, é
fundamental nesse processo. O Projeto “Pra que Serve?” € um projeto de extensdo universitaria
que tem como objetivo trazer a debate a importancia da ciéncia, sobretudo em ambiente
marinho, em uma cidade litordnea como o Rio de Janeiro, e contribuir para a valorizacdo da
pesquisa cientifica, possibilitando, de forma simples e acessivel, vivéncias de pesquisa e acesso
a contetdo cientifico. A oficina que constitui a metodologia do Projeto pode ser aplicada de
duas formas, visitas escolares programadas e eventos de ciéncia abertos ao publico esponténeo.
No presente trabalho, nds relatamos a experiéncia vivenciada no Espago de Desenvolvimento

Infantil Professora Solange Conceicao Tricarico na comunidade da Maré, no Instituto Benjamin
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Constant, escola que atende criangas e adolescentes cegos, surdocegos, com baixa visdo e
deficiéncia multipla e nos eventos Bio na Rua 2018 e 2019, no Parque Madureira, localizado
na zona norte carioca. Ao longo da oficina, foram registrados por meio de fotografias,
momentos de interacdo, para que pudéssemos analisar diferentes dimensdes de atuacdo do
projeto e a resposta daqueles que participavam. A curiosidade sobre o material utilizado na
pesquisa marinha foi fundamental para despertar o interesse do publico, independente da faixa
etaria e do local da oficina. Detectamos diferentes interacdes durante as oficinas, sendo a
observacao e/ou atengdo as explica¢des a mais recorrente. Responder “O que é?” e “Pra que
serve?” a ciéncia, considerando as a¢des do Projeto despertou nos participantes grande
engajamento nos temas cientificos e curiosidade sobre a profissdo do(a) cientista. A partir dos
resultados positivos apresentados no presente trabalho daremos continuidade as agdes do

Projeto, buscando ampliar o desenvolvimento qualitativo de praticas como essa.

PALAVRAS-CHAVE: Ciéncia; Costdo rochoso; Divulgacdo cientifica; Ecologia marinha;

Popularizacdo da ciéncia.

5.1.1 Introducéo

A divulgacdo cientifica se refere a difusdo de informacbes em ciéncia, tecnologia e
inovacdo, voltada, principalmente, para aqueles que ndo tém, obrigatoriamente, formacéo
técnico-cientifica que permita compreender conceitos cientificos sem esforco (Bueno 2010).
Difundir a ciéncia usando uma linguagem acessivel aproxima a populacdo dos trabalhos
desenvolvidos no ambito da ciéncia e tecnologia (C&T) o que, além de estender informacGes
para um puablico maior, esclarece sobre 0s servigos que a ciéncia pode prestar e aumenta,
também, a confianca por aqueles responsaveis por fazer ciéncia.

Albagli (1996) aponta diferentes objetivos que podem orientar o papel da divulgacao
cientifica, entre eles a ampliacdo do conhecimento e da compreensdo a respeito do processo
cientifico e sua légica (educacdo), o desenvolvimento de uma opinido publica informada sobre
0s impactos do desenvolvimento cientifico e tecnoldgico sobre a sociedade, particularmente em

areas criticas do processo de tomada de decisBes (civico), e a ampliacdo da possibilidade e da
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qualidade de participacdo da sociedade na formulacdo de politicas publicas e na escolha de
opcoes tecnoldgicas (mobilizacdo popular).

O interesse de brasileiros e brasileiras por C&T pode ser considerado satisfatorio. No
entanto, na midia, o acesso aos contetidos que envolvem esse tema ainda € escasso e as pessoas
que afirmam ser interessadas em C&T ndo assistem por exemplo, a programas de TV que
abordem a tematica. Tais dados mostram haver uma associacédo significativa entre manifestar-
se interessado em C&T e ter algum acesso a informacdo sobre tais temas (Velho 2017).
Resultados como esses nos fazem questionar quais acdes sdo necessarias para popularizar a
ciéncia.

As Instituicdes de Ensino Superior (IES) desempenham papéis importantes emcultivar
conhecimento e colocéa-lo em beneficio da sociedade (Schwartzman eChristophe, 2008). No
entanto, o conhecimento gerado raramente atravessa os limitesda academia. A falta de um
didlogo constante entre aqueles que fazem ciéncia e a sociedade gera dividas quanto a profissao
do cientista e a importancia do mesmo. A falta de informacé&o do publico leigo é o que o torna
vulnerdvel a pseudociéncia, a manipulacdo e o artificialismo politico. A maior parte das
pesquisas no ambito académico € financiada com dinheiro publico, o que torna ainda mais
imprescindivel o didlogo entre ciéncia e sociedade (Tostes 2006). Ainda que a importancia e o
impacto das descobertas cientificas e de suas aplicacdes através da tecnologia como meio de
desenvolvimento e de promocédo do bem-estar sejam reconhecidos, a pesquisa cientifica ainda
é encarada com apreensdo e importantes ddvidas sdo levantadas com relacdo ao papel da ciéncia
na sociedade (Sala 2017).

A divulgacdo cientifica, na pratica, ndo esta restrita aos meios de comunicacdo demassa,
inclui também o uso de livros didaticos, palestras de Ciéncias, histérias em quadrinhose folhetos
para veiculacdo de informacdes cientificas (Bueno 2010). Aeducacdo em Ciéncias faz com que
o aluno interprete 0 mundo desde o ponto de vista dasciéncias, maneje conceitos, leis e teorias
cientificas, e aborde problemas raciocinando,cientificamente, identificando aspectos historicos,
epistemoldgicos, sociais e culturais dasCiéncias (Moreira 2004). Independentemente do método
adotado, a educacao emciéncias pode inspirar futuros cientistas e despertar nas pessoas atitudes
tipicas de umcientista: curiosidade intelectual, davida metddica, observacdo dos fatos e busca

de relagGes causais (Schwartzmane Christophe 2009).

5.1.1.1 “Projeto Pra Que Serve?” O que faz um cientista que trabalha com o mar.
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A ciéncia deve ser cada vez mais valorizada, incentivada e estar acessivel para todos,
dentro e fora do meio académico. O apoio da populacdo que ndo tem contato com a ciéncia no
seu dia a dia, é fundamental nesse processo. A ciéncia funciona como ferramenta
transformadora em termos sociais e econdémicos, mas, em uma sociedade que,
majoritariamente, desconhece o desenvolvimento dos saberes cientificos, esse processo fica
distante de uma realidade de avangos nesses mesmos termos. O Projeto “Pra que Serve?” ¢ um
projeto de extensdo universitaria que tem como principal objetivo divulgar a profissdo do
cientista que trabalha com o mar, enriquecendo o conhecimento que o publico ndo académico
possui acerca da ciéncia, das etapas do trabalho de um cientista e da importancia do
desenvolvimento de pesquisas cientificas. O projeto foi elaborado para diferentes pablicos,
desde o ambiente escolar até espacos publicos. Relatamos aqui a experiéncia que vivenciamos
durante as oficinas de extensdo, a avaliacdo acerca da resposta do publico, os desafios que

encontramos e as perspectivas futuras para dar continuidade ao projeto.

5.1.2 Procedimentos Metodolégicos

Para trazer a debate a importancia da ciéncia, sobretudo no ambiente marinho emuma
cidade litordneo como o Rio de Janeiro, e reverter a atual situacdo desfavoravel aciéncia,
contribuindo para a valorizagdo da pesquisa cientifica no Brasil, o projeto “Pra queserve?” foi
organizado de forma simples e plastica, adaptado a qualquer tipo de local epublico com
diferentes idades, deficientes visuais ou com baixa visdo e pessoas ndoalfabetizadas. Desta
forma, pretendemos alcancar locais com caréncia de centros e deinstituicdes de pesquisa e de

ensino, como comunidades periféricas e violentas.

5.1.2.1 Material utilizado
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Inicialmente, nés produzimos material audiovisual e material permanente com o tema
“pesquisa no mar”, confeccionado em feltro, EVA e materiais de texturas diferentes. Os
modelos didaticos de organismos marinhos (Figura 19) representam suas principais
caracteristicas morfologicas e sdo acessiveis ao manuseio pelo puablico, ndo dependendo
somente do recurso visual. Produzimos um guia de identificacdo de espécies marinhas
bentbnicas, encontradas no litoral brasileiro, com foto e nome popular/cientifico de cada espécie
(Figura 20).

Figura 19 — Modelos didaticos dos organismos marinhos confeccionados
em feltro e EVAe tirinha em quadrinho sobre o trabalho de
um cientista que trabalho com o mar.

Fonte: TEIXEIRA ET AL. 2021



Figura 20 — (A) Guia de espécies marinhas bentbnicas encontradas no
litoralbrasileiro;(B) Guia sendo utilizado por alunoda pré-escola do
Espaco de Desenvolvimento Infantil Professora SolangeConceigéo
Tricarico.

s e & .

GUIA DE IDENTFICAGAO DE ¥ -
ESPECIES BENTONICAS
MARINHAS.

Awip iV ePrasToomes L M

Fonte: TEIXEIRA et al. 2021
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Elaboramos uma tirinha em quadrinhos para ser pintada, relatando as

atividadesrealizadas por um cientista que trabalha com o mar (Figura 3). Esperamos atingir ndo

soquem participou daoficina, mas também outras pessoas, com 0 manuseio desse material,que

pode ser levadopelos participantes/alunos. A tirinha contém o endereco eletrénicodas redes

sociaisvinculadas ao laborato6rio de pesquisa e o contato para agendamento daoficina.
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Figura 21 - Tirinha em quadrinho mostrando o trabalho de uma cientista que trabalha

com O mar.
Vocé sabe o que Cientistas sao curiosos, Sempre que surge uma
laz um cientista? criativos e estao sempre pergunia, o ou a cientista
jazendo pergunias. pensa em como respondé-la.
V ool 3.8

b

Para isso sao realizados Depois de responder a fonti
experimentos no campo e no pergunia o cientista ?ﬁl})ﬂéﬂ:}ag}fﬂllﬂa ﬁv
laboratorio compartilha suas ideias e seus o »
e ~ o g 5 X encontrar coisas
; %{ , @ s y=z novas e contribuir
" : a para um mundo §

SO
N q azb melhor!

Nota: Durante a oficina ela é distribuida em preto e branco para que os participantes possam colorir e
assim perceber detalhes nos diélogos e peculiaridades dos organismos marinhos.
Fonte: TEIXEIRA ET AL. 2021

5.1.2.2 Desenvolvimento da oficina

A oficina pode ser aplicada de duas formas, sendo elas, visitas escolaresprogramadas e
eventos de ciéncia abertos ao publico espontdneo. No presente trabalho,nés relatamos a
experiéncia vivenciada no Espaco de Desenvolvimento Infantil ProfessoraSolange Conceicao
Tricarico na comunidade da Maré (maio de 2019); no InstitutoBenjamin Constant (IBC), escola
que atende criancas e adolescentes cegos, surdocegos,com baixa visdo e deficiéncia multipla
localizada no bairro da Urca (novembro de 2018); enos eventos Bio na Rua 2018 (novembro
de 2018) e Bio na Rua 2019 (dezembro de2019), ambos no Parque Madureira, localizado no
bairro de Madureira na zona nortecarioca.

Nos eventos de divulgacdo cientifica, Bio na Rua, condensamos a oficina

eminformacdes rapidas e materiais ludicos para manuseio do puablico. No IBC, apresentamos
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diferentes materiais, texturas, roupas de Neoprene (tecido usualmente usado para omergulho) e
material de mergulho, para que os alunos pudessem experimentar o trabalhodo cientista e se
vestir como cientistas em um trabalho de campo no ambiente marinho.No Espaco de
Desenvolvimento Infantil Professora Solange Conceicdo Tricarico, a oficinafoi adaptada para
criangas da creche a pré-escola, com idade entre 3 e 6 anos, sendoutilizados, principalmente, 0s
modelos didaticos dos organismos marinhos, espécimesfixados de animais marinhos (Colecéo
zooldgica da Secdo de Assisténcia ao Ensino — SAE,setor educativo do Museu Nacional —
MN/UFRJ), figuras, leituras e recursos como pinturae desenho.

Inicialmente, para nos aproximarmos e despertarmos o interesse do publico pelotema
principal, questionamos qual o conhecimento prévio dos participantes com relacdo aalgum(a)
cientista, para que, em seguida, nos apresentemos como um(a) cientista. Paraengajar 0s
participantes na discussdo do importante papel da ciéncia na sociedade,exemplificamos parte
do trabalho que realizamos no ambito da pesquisa em IES,descrevemos atividades de campo e
de laboratério, apresentando de forma sucinta nossodia a dia como cientistas. Durante esse
dialogo, expomos utensilios que um(a) cientistamarinho(a), ou seja, que trabalha com o mar,
utiliza. Entre eles, materiais de mergulhoautbnomo como nadadeiras, mascaras de mergulho,
colete e regulador de mergulho,amostradores e tubos de anotagdo submersiveis!, sempre

possibilitando que osparticipantes vistam e manuseiem os materiais.

5.1.2.3 Registro fotografico e analise de dados

Ao longo da oficina, foram realizados registros fotograficos dos momentos de interacdo
dos participantes, para que pudéssemos analisar diferentes dimensdes de atuacdo do projeto e a
resposta daqueles que participavam da oficina. Também analisamos a diferenca das interacdes
nas propostas pedagogicas da oficina, quando aplicadas em ambiente escolar e para o publico
espontaneo em feiras e eventos de ciéncias, na perspectiva da antropologia visual (Banks 1998).
Para tal, foi feita uma abordagem quali-quantitativa com base na andlise fotografica das
interacdes nas oficinas realizadas. Na Oficina realizada no IBC, néo foi possivel o registro
fotografico tdo amplo por motivos logisticos, portanto, as imagens ndo seréo usadas na analise

de interacGes.

Para escrever dentro d’dgua, os mergulhadores utilizam 1apis sobre um tubo de PVC (polimero de adi¢do
policloreto de vinila), um tipo de material usado em encanamentos de agua e esgoto.
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As analises foram feitas no software Dedoose (Version 8.3.35, 2021), que auxilia
naanalise de imagens com base na codificacdo de cenas que apresentem atitudes einteragdes
dosparticipantes. NOs avaliamos a ocorréncia de atividades de leitura,interacdo com
materialdidatico, observacao/atengédo as explicacoes, interacdo com
os(as)pesquisadores(as)/professores(as) e emocdes. As emogdes foram analisadas pelo
registrodeexpressoes faciais. Utilizando uma planilha no Microsoft Excel 2016, organizamos
aquantidade com que cada tipo de interacdo foi observado e calculamos a porcentagem

decadainteracdo.

5.1.3 Resultados e Discussédo

A curiosidade sobre o material utilizado em pesquisa subaquética foi fundamentalpara
despertar o interesse do publico, independente da faixa etaria e do local da oficina. Otubo de
anotacdo submersivel foi o material mais manuseado pelas criangas de formageral (Figura4), e
participantes adultos que visitaram o estande do Projeto se mostraramsurpresos com a
possibilidade de escrever enquanto submersos. Em todos os ambientesque a oficina foi
oferecida, ainda que o publico fosse diferente, tanto a parte tedricaquanto a parte pratica foram
realizadas, mantendo informac@es que despertassem acuriosidade e o interesse, linguagem clara

e informal, recursos tateis e possiveis demanusear, associados a informac@es do dia a dia.
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Figura 22 - Aluno da pré-escola do Espaco de Desenvolvimento
Infantil Professora Solange Conceicao

Tricaricomanuseando o tubo de anotacdo submersivel.
T AR N

Fonte: TEIXEIRA et al. 2021

Com as figuras e os modelos didaticos mostramos parte da diversidade que existeno
fundo do mar, engajamos os participantes em discussdes acerca da biologia e ecologiade
diferentes organismos marinhos, levantamos curiosidades envolvendo ocomportamento e
anatomia desses organismos, diferenca entre grupos de animais e algase a importancia da
preservacdo dos ambientes marinhos, como praias, costdes rochosos,recifes de coral, mangues
e restingas. Sdo exemplos das questdes levantadas com maiorfrequéncia: Entre os organismos

apresentados, quais sao animais e quais séo plantas?
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Onde fica a boca? Como se locomovem e se alimentam? Existe animal sem olho? O quesdo e
qual a importancia de animais sésseis? Por que precisamos preservar o ambientemarinho?

Um recurso que utilizamos durante a oficina no Instituto Benjamin Constant (IBC), além
dos organismos em feltro, foram tipos diferentes de esponja para manuseio e observacao da
diferenga de uma esponja sintética, utilizada para lavar louca, uma esponja vegetal e um
esqueleto de esponja marinha verdadeiro. Fizemos 0 mesmo com uma folha de arvore e uma
alga marinha. Os alunos ficaram surpresos com a possibilidade de tocar em organismos que
habitam o fundo do mar, e animados em adivinhar qual era 0 organismo e seu respectivo
ambiente. Para alunos da pré-escola, tentar identificar a espécie do organismo em feltro,
observando a ficha de identificagdo foi uma forma divertida para eles exercerem o trabalho de
um cientista marinho e, a0 mesmo tempo, aprender sobre cada um dos organismos e suas
caracteristicas basicas. Para o publico que frequentou o stand durante a feira de divulgacéo
cientifica, observar figuras nos livros de fotografia marinha foi um recurso importante para um
didlogo ndo so sobre a profissdo do cientista, mas sobre o ambiente marinho, a importancia da
preservacdo desses ambientes, e a biologia de alguns organismos, como por exemplo, saber que
o coral é um animal e ndo uma planta, e a importancia das algas marinhas como produtoras de
oxigénio.

Quanto as interacOes avaliadas nas imagens fotograficas obtidas durante as oficinas,
distinguimos duas modalidades oferecidas, publico escolar (n=50) e publico espontaneo (n=50).
Identificamos 148 diferentes ocorréncias das interacbes que mapeamos, sendo a observacao
e/lou atencdo as explicacbes a mais recorrente (n=53) seguida das interacdes com o0s(as)
pesquisadores(as)/professores(as) e monitores(as) (n=34) e com o material didatico (n=33). A
leitura ocorreu em maior nimero nas oficinas direcionadas ao publico espontaneo (n=17), que
incluia adultos nas interacGes, o que pode ser reflexo do carater menos aprofundado da
modalidade de oficina de divulgacdo, e como consequéncia, os participantes buscaram por
conta propria, ler o material disponivel sobre os assuntos abordados. Em contrapartida, com as
criancas em ambiente escolar, as atividades participativas se destacaram, com grande numero
de interacBes com o material didatico (n=20) e observacéo das explicagdes dadas pelos (as)
pesquisadores(as)/professores(as) (n=35) (Tabela 1). Destacamos, também, as emocdes, que
ocorreram, apenas, no ambiente escolar (N=11), todas positivas, representando alegria e
surpresa, demonstrando que a proposta imersiva da oficina pode promover 0 engajamento aos
temas cientificos de forma ludica, e proporcionar aprendizados a partir de respostas no campo

afetivo.
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Tabela 8 - Proporcdes de ocorréncia das interagcdes observadas nas oficinas do Projeto Pra

queServe?

Interacdes observadas  n Visita escolar ~ Publico espontdneo  Contribuicéo relativa de cada
interacdo

Emocéo 11 100% 7%
Interacdo com material 33 61% 42% 22%
didatico
Interacdo com 34 56% 38% 23%
professores
Observacdo e/ou 53 66% 34% 36%
atencdoaesxplicacdo
Leitura 17 29% 71% 11%
Total 148 100%

Fonte: TEIXEIRA et al. 2021

Segundo Gohn (1999), a concepcdo ampla de educacgdo esta associada ao conceito de
cultura e apresenta perfil multidimensional relacionado a aprendizagem politica de direitos
coletivos e individuais e a aprendizagem de conteudos escolares, ambos em formas e espacos
diferenciados. Sendo assim, conseguimos perceber a importancia de praticas sociais para 0
aprendizado, sobretudo, daqueles com baixo ou nenhum acesso a informacéo. Partindo desse
pressuposto, podemos colocar como primeiro resultado relevante do projeto “Pra que serve?”
0 acesso de diferentes grupos sociais a contetdos técnico-cientificos, muitas vezes sendo o
primeiro contato do publico com o tema abordado. N&o tivemos problemas de comunicagao
para exposi¢do dos conceitos basicos e a estrutura da oficina se adequou muito bem aos
diferentes publicos até o momento, acreditamos que o perfil pratico e dindmico tenha
contribuido para a resposta positiva mencionada.

Em nossas atuacbes com ensino infantil, educacdo especial e creche fomos
surpreendidas pela quantidade de perguntas e pelo envolvimento dos alunos, e recebemos
mensagens de maes e de professores, refor¢ando a resposta que os alunos apresentaram apos as
atividades, principalmente, em relacdo ao contato com material exposto e novas informacoes
acerca da profissdo do cientista. Tivemos interessantes discussdes com os alunos que
questionaram: “Por onde ele faz o numero dois?”” — aluna de educacéo infantil se referindo a
excrecao dos corais; “Mas como ele € bicho se ndo tem olho” “Vocé ja montou em um cavalo
marinho?”” — aluna deficiente visual interessada e relatando a sua perspectiva sobre o tamanho
dos cavalos marinhos, que, na verdade, sdo bem pequenos; “Os corais sao meio pedras € meio

plantas né?”” - aluna de ensino infantil demonstrando seu conhecimento empirico sobre animais
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bentonicos marinhos; “Meu pai tem essas coisas também” - aluno de ensino infantil,
identificando materiais de mergulho que sdo utilizados pelo pai na rotina de trabalho com pesca.

A apresentacdo dos materiais de mergulho autbnomo, aparatos de pesquisa e os modelos
didaticos confeccionados com detalhes bioldgicos e cores chamativas, sem davida, despertaram
a curiosidade do publico que questiona e se engaja desde o inicio na oficina, interessados em
compreender como funcionam 0s equipamentos e que organismos tdo diferentes estdo
representados ali.

Outro ponto relevante é a nossa apresentacao inicial que rompe, sem ddvida, o pré-
conceito em relagdo ao perfil do cientista que é construido no imaginario popular, figura
masculina, de jaleco e 6culos, que trabalha dentro de um laboratério. Ouvimos relatos como:
“Nossa! Nunca tinha visto uma cientista assim de perto.”; “Vocé ¢ cientista? Como faz para ser
também?”’.

Apobs a oficina, os participantes demonstraram interesse na profissdo do cientista
marinho por meio de perguntas acerca das etapas necessarias para se tornar um cientista. N&o
s6 0 publico infantil, mas também os adultos durante a feira de divulgacdo cientifica se
interessaram pelo trabalho e relataram o interesse pelo mergulho. Identificamos esse retorno
como mais um ponto positivo na realizacéo das oficinas, que representa uma possibilidade para
muitos que ndo sabiam que existia essa linha de trabalho disponivel. A auséncia de um discurso
positivo e esperancoso, 0 pouco prestigio da imagem social do cientista e a deficiéncia na
comunicacdo pelos profissionais sdo alguns fatores que contribuem para a falta de motivacao
dos jovens para seguirem carreira profissional na area de pesquisa em C&T (Carrapatoso et al.
2005). Apresentar informacgdes sobre a profissdo do cientista ndo s6 contribuiu para a
divulgacdo cientifica, tornando a sociedade no geral mais informada e critica, mas também

inspirou os participantes a seguirem a carreira de cientista.

5.1.4 Consideracdes finais

O projeto de extensdo aqui apresentado busca a principio difundir conceitos basicos de
ciéncia e do trabalho do cientista, trabalhando no ambito da divulgacéo cientifica com oficinas
versateis e adaptadas a diferentes publicos, sobretudo para escolas e em comunidades afastadas

ou com dificil penetracdo em centros de pesquisa, como periferias, escolas com publico
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majoritariamente de estudantes portadores de deficiéncia e em locais de risco. Até o0 momento,
de acordo com os resultados apresentados, nosso retorno foi positivo e pudemos perceber a
desconstrucdo de muitos conceitos prévios sobre o que € ser cientista, no Brasil, 0 que nos torna
mais proximos do nosso publico e, por conseguinte, nosso publico demonstra vontade de fazer
e conhecer a ciéncia.

E fundamental responder “O que é?” ¢ “Pra que serve?” todo tipo de ciéncia bemcomo
0s cientistas. Portanto, as acGes do projeto continuardo e se aprimorardo no ambitoda extensédo
universitaria e da divulgacdo cientifica, buscando ampliar o desenvolvimentoqualitativo de

praticas como essa.
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CONSIDERACOES FINAIS

Toda a pesquisa realizada no presente trabalho esta inserida no contexto da bioinvasao
marinha, que, como mostramos aqui, esta aumentando exponencialmente com o passar dos anos
(capitulo 1). De acordo com a lista atualizada que fornecemos juntos aos resultados, em dez
anos o nimero de espécies exoticas (EE) no litoral brasileiro aumentou 160% e atualmente
conta com cento e trinta e oito EE marinhas em 15 classes ou grupos funcionais. Entre as EE,
chama atencdo o aumento no nimero de espécies estabelecidas e a diminuicdo de espécies
detectadas, que mostra ndo so a ineficiéncia em controlar completamente o movimento das EE
mas também apoia o que diferentes estudos vem demonstrando, a capacidade que as EE tém
para aumentar sua abundancia, colonizar novas areas e dominar as areas invadidas (Meinesz et
al. 2001; Piazzi et al. 2001; Branch et al. 2004; Zabin et al. 2007). Neste caso, ha alguns
peculiaridades do Atlantico sudeste quando comparado com as demais regides da planeta
(Bailey et al. 2020 — ANEXO B).Outros resultados desse estudo sugerem 0 mesmo, ja que
mostramos queo estabelecimento de um EEI afeta a comunidade invadida ndo apenas por
representar mais uma espécie, mas tambeém porimpactar consideravelmente a uniformidade (a
abundancia relativa das outras espécies) (capitulo 2).

Todas as EEI marinhas avaliadas nesse estudo estdo estre as espécies mais abundantes
nas suas respectivas comunidades invadidas(capitulo 2). Os corais Tubastraea spp. sdo um
exemplo de EEI bem-sucedida e mostramos aqui quea pressao de predacdo ndo é um fator forte
o suficiente para evitar a rapida expansdo desse corais, a0 mesmo tempo que 0S recursos
alimentares ndo sdo limitantes e Tubastraea spp. € um competidor alimentar de sucesso que
ocupa um nicho especifico dentro do nicho ocupado por outras espécies funcionalmente
equivalentes (capitulo 3).

Outro coral que representa uma invasao recente e que também foi nosso objeto de estudo
parece estar, da mesma forma, ampliando sua area de cobertura. Nossos resultados mostram
gue o coral mole Sansibia sp. mantém altas taxas de cobertura dois anos apds sua invasao inicial
e esta se expandindo para locais proximos da superficie e consequentemente mais favoraveis
para sua sobrevivéncia como coral zooxantelado (capitulo 4). Além disso, assim como
sugerimos um potencial predador de Tubastraea spp. a partir das analises de §'3C e §%°N,
também o fazemos para Sansibia sp. A partir dos valores de §*3C e 5'°Ne de observagéo in situ

(ver material suplementar S12) trazemos evidéncias de que Sansibia sp. faz parte da dieta do
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consumidor generalista oportunista Stenorhynchus seticornis (parte 4). Toda via, ainda néo
sabemos se ao contrario da poliqueta Hermodice carunculata que parece ndo oferecer pressao
de predacéo forte o suficiente para evitar a rapida expansao de Tubastraea spp.(capitulo 3), S.
seticornis pode representar uma resisténcia bidtica que afete a abundancia de Sansibia sp.
Ainda, houve fortes indicios que ambas Tubastraea spp. e Sansibia sp. utilizam como fonte de
alimento, fragmentos (detritos) das macroalgas formadores de turf (grupo funcional de um
tapete multiespecifica de algas muito comum em recifes) em suas respectivas comunidadese
que ficam em suspenséo apos a quebra por ondas ou pela a¢do de herbivoros.

Nos estudos de ecologia de comunidades, a diversidade de espécies constitui um tema
central, que inicialmente era avaliado a partir da analise de riqueza e uniformidade e atualmente
¢ complementado com estudos que consideraram também o papel de cada espécie e suas
caracteristicas morfologicas, fisioldgicas e tracos ecologicos (Villéger et al. 2010). Aqui nds
testamos ambas as ferramentas para avaliar comunidades invadidas e consideramos os indices
de diversidade taxondmica e de diversidade funcional ferramentas Uteis para identificar
processos que determinam a diversidade bioldgica, pois parecem obedecer a um padrdo que
reflete a maior diversidade nas comunidadesndo invadidas, ainda que as caracteristicas
funcionais das espécies tenham refletido melhor o nimero e a biomassa de EEI(capitulo 2). Da
mesma forma, ao utilizarmos métricas isotOpicas para descrever aspectos importantes das
comunidades invadidas e ndo invadidas, observamos que a extensdo total da diversidade tréfica
dentro da teia alimentar e as fontes de recurso exploradas pelos consumidores foram menores
nas areas invadidas por Tubastraea spp. (capitulo 3).

Responder perguntas que permeiam os estudos em bioinvasdo marinha representa um
longo caminho que precisa ser percorrido. A partir de novos insights sobre relagfes troficas,
incluindo interacbes entre EEI e espécies nativas, acreditamos ter contribuido para o
preenchimento de uma lacuna ainda pouco explorada. N6s apresentamos o primeiro trabalho
sobre relacdes troficas envolvendo predagdo e competicao por recursos alimentares dasEEI do
género Tubastraea spp. no Brasil (capitulo 3) e a primeira caracterizacdo de uma teia trofica
em um costdo rochoso de uma area invadida pelo coral mole invasor Sansibia sp. (capitulo 4).
Buscamos compreender também particularidades da comunidade invadida e para isso
utilizamos um tipo de anélise pouco aplicada a ambientes marinhos invadidos, as analises de
diversidade funcional(capitulo 2). Por fim, entendemos que promover o dialogo entre academia
e sociedade é uma parte adicional mas também fundamental para divulgar problematicas

ambientais como a bioinvasdo marinha e ressaltar a importancia do desenvolvimento de
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pesquisas cientificas. Desta forma, parte desse trabalho também foi dedicada para relatar o
retorno positivo com um projeto de extensdo universitaria e a desconstrugdo de muitos

conceitos prévios sobre o que € ser cientista no Brasil (capitulo 5).
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Aquariofilia

Atributos funcionais (‘Functional
attributes’)
Azooxantelado

(‘Azooxanthellate”)

Bioinvaséo (‘Bioinvasion’)

Biodiversidade (‘Biodiversity”)

Comunidade (‘Community’)

Competicdo (‘Competition”)

Costdo Rochoso (‘Rocky shore’)

Detritivoros (‘Scavengers’)
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GLOSSARIO

Manter ou comercializar, para fins de lazer ou de
entretenimento, individuos vivos em aquarios, tanques,
lagos ou reservatorios destinados para este fim (Brasil
2020)

Valor do traco funcional em um dado lugar e tempo
(Petchey et al. 2009).

Organismos marinhos heterotréficos que ndo vivem em
associacdo com zooxantelas (Pereira e Soares-Gomes
2019)

Ato ou efeito de um ou mais organismos
invadirem e se estabelecerem em ambientes onde ndo
havia registros anteriores para a espécie, que apos a
introducdo, passa a ocorrer fora da sua distribuicdo
natural, em locais onde ndo seria possivel chegar sem a
interferéncia das atividades humanas (Pereira e Soares-
Gomes 2009)

Variedade e abundancia de espécies em uma area de
estudo definida (Magurran 2013)

Colecdes de espécies ocorrendo em um lugar e tempo
especificos (Magurran 2013)

Interacdo entre dois organismos que afeta adversamente
0 crescimento e a sobrevivéncia (Odum 2012)

Interface entre terra, ar e mar, constituida por uma série
de limites ou gradientes cuja extensdo varia de
centimetros a quildmetros, bem como no tempo e no
espaco (Pereira e Soares-Gomes 2009)

Organismos que se alimentam de organismos mortos ou
de matéria organica parcialmente em decomposicao
(Brusca e Brusca 2003)



Depositivoros (‘Depositing

organisms”)

Diversidade funcional

(‘Functional diversity’)
Diversidade taxondmica

(‘Taxonomic diversity’)

Ecossistema (‘Ecosystem”)

Espécie exotica (‘Non-

indigenous species’)

Espécie exotica invasora

(‘invasive species’)
Espécie nativa (‘native species’)
Filtradores suspensivoros

(‘suspension filter feeders”)

Hipotese de Aceitacdo Bidtica
(‘Biotic acceptance hypotheses’)
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Animais que capturam alimento depositado no substrato
marinho, de lagos e de rios, no ambiente aquatico
(Pereira e Soares-Gomes 2009)

O valor e a variacdo das caracteristicas funcionais das
espécies que influenciam o funcionamento das
comunidades (Tilman 2001)

Diversidade de taxons presentes em uma comunidade
(Magurran 2013)

Unidade que abrange todos 0s organismos que
funcionam em uma comunidade bidtica em uma dada
area, interagindo com o ambiente fisico de tal modo que
um fluxo de energia produza estruturas bidticas
claramente definidas e uma ciclagem de materiais entre
as partes vivas e ndo vivas (Odum 2012)

E definida como espécie,subespécie ou taxon de
hierarquiainferior ocorrendo fora de sua areade
distribuigéo natural passada oupresente. Inclui qualquer
parte,como gametas, sementes, ovos oupropagulos que
possam
(Lopes 2009)

E definida como espécie exotica cuja introducio e/ou

sobreviveresubsequentemente  reproduzir-se

dispersdo ameacam a diversidade bioldgica (Lopes
2009)

Espécie que vive em sua regido de origem (em contraste
a espécie exatica) (Lopes 2009)
Organismosheterotroficos que removem do meio
circundante particulas e alimento em suspensao, por
intermédio de algum mecanismo de captura,
aprisionamento ou filtragdo (Brusca e Brusca 2003)
Ecossistemas queapresentam condi¢cbes ambientais
favoraveis para espécies nativas também oferecem

oportunidades decolonizacgdo para espécies ndo nativas,



Hipotese de Resisténcia Bidtica

(‘Biotic resistence hypotheses’)

Impactos antrépicos (‘Anthropic
impacts”)
IsGtopos estaveis (‘Stable

isotopes’)

Meétricas de nicho isotopico

(‘Isotopic niche metrics”)

Meétricas de Layman (‘Layman
metrics’)
Nicho ecoldgico (‘Ecological

niche’)

Onivoros (‘Omnivores’)

Paradoxo da Invasdo (‘Invasion

Paradox’)

Populacdo (‘Population’)
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de forma que a diversidade de espécies covariam com 0s
gradientes ambientais (Fridley et al. 2007)

E esperado que comunidades mais diversas apresentem
maior resisténcia ao ingresso de novas especies por
competicdo (Elton 1958).

Toda agéo realizada pelo homem na qual resulta em um
desequilibrio ao meio ambiente (Andriolo et al. 2018)
Espécies atbmicas de um mesmo elemento quimico que
possuem 0 mesmo numero de préotons, mas diferentes
nameros de néutron no ndcleo atémico e nédo alteram a
massa ao longo de sua existéncia (Martinelli et al. 2009)
Abordagemanalitica que consistem utilizar métricas
derivadas de valores isotopicos 813C e 51°N que refletem
aspectos importantes da estrutura tréfica em uma
comunidade (Layman et al. 2007)

Ver Métricas de nicho isotdpico

Hiper volume em um espago n-dimensionalque
considera as condi¢bes e recursos necessarios para a
sobrevivéncia de uma espécie ou populacdo de forma
indefinida (Leibold 1995)

Consumidores que possuem capacidade anatémica e
fisioldgica para capturar, manipular e digerir tanto
plantas quanto matéria animal (Brusca e Brusca 2003)
O paradoxo se baseia nos pressupostos de existe uma
associacao positiva entre espécies nativas e ndo nativas
em amplas escalas espaciais (Hipotese de Aceitacdo
Bidtica) e associacdo negativa frequentemente
encontrada em menores escalas espaciais (HipOtese de
resisténcia Bidtica) (Fridley et al. 2007)

Qualquer grupo de organismos da mesma espécie (ou
grupos dentro dos quais o0s individuos podem

intercambiar informagdes genéticas) que ocupa um



Predacéo (‘Predation’)

Producdo Primaria (‘Primary
production’)

Produtores Primarios (‘Primary
producers’)

Recursos (‘Resources’)

Ressurgéncia marinha (‘Marine

resurgence’)

Sedimento marinho (‘Marine

sediment”)

Teia tréfica (‘Trophic web”)

Teoria de nicho (‘Niche Theory”)

Tragos funcionais (‘Functional
trait’)
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espaco determinado e funciona como uma parte de uma
comunidade biotica (Odum 2012)

Quando uma populacdo afeta adversamente a outra por
um ataque direto, dependendo, entretanto, da outra
(Odum 2012)

Fixacdo de carbono do ambiente através de atividade
bioldgica (Pereira e Soares-Gomes 2009)

Organismos capazes de converter energia solar em
energia quimica (Pereira e Soares-Gomes 2009)
Qualquer substéncia ou fator consumido por organismos
e usado para suas manutencdes e crescimentos, e que
sustenta taxas populacionais crescentes a medida que sua
disponibilidade no ambiente aumenta (Ricklefs 2010)
Afloramento de massa d’agua que promovem
consideraveis variagdes nas condi¢des quimicas, fisicas
e biologicas do ambiente costeiro (Pereira e Soares-
Gomes 2009)

Particulas de diferentes tamanhos depositados no fundo
dos oceanos derivados de uma variedade de fontes
(Pereira e Soares-Gomes 2009)

Representacdo das relacfes alimentares entre predadores
e presas numa comunidade ecolégica (Pimm 1982)
Espécies diferem entre si exibindo certa diferenciagdo de
nicho, de forma que os recursos sdo utilizados
diferencialmente por cada espécie, que para coexistirem
em uma comunidadese especializam na obtencdo de um
determinado tipo de recurso normalmente acompanhado
de uma diminuicdo na eficiéncia com relagdo a outro
(Pianka 1974)

Caracteristicas do organismo que estdo relacionadas a
aptidao e desempenho de um organismos (Laureto et al.

2015)



Uniformidade (‘Uniformity”)

Vetor de introducdo de EE (‘NS

introduction vector”)

Zona costeira (‘Coastal zone”)

Zooxantelas (‘Zooxanthella’)

Zooxantelado (‘Zooxanthelate”)
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Variabilidade da abundéncia das espécies em uma
comunidade (Magurran 2013)

Veiculo ou atividade pela qual uma espécie €
transportada e introduzida em um novo habitat (Pereira
e Soares-Gomes 2019).

Ver costdo rochoso

Microalgas vivem em endossimbiose com corais,
nudibranquios e outros animais heterotroficos marinhos,
realizando fotossintese e liberando compostos organicos
nutritivos (Pereira e Soares-Gomes 2019).

Corais, nudibranquios e outros animais heterotroficos
marinhos que vivem em associacdo com zooxantelas,
podendo sobreviver por meses s com a nutri¢éo por elas

produzida (Pereira e Soares-Gomes 2019).



APENDICE — Valores de 8*3C e 5'°N de produtores primarios e consumidores analisados no presente estudo.

232

Situacdo  Local Taxa Group n 3N 513C
value/ mean value  SD value/ mean value SD
invaded PV JaniaadhaerensJ.VV.Lamouroux, 1816 rhodophyta 8 6.67 0.62 -9.03 1.27
invaded PV crustosecorallinealgae rhodophyta 4 6.08 0.9 -4.87 1.52
Melanothamnusferulaceus(SuhrexJ.Agardh)
invaded PV Diaz-Tapia&Maggs, 2017 rhodophyta 4 5.57 0.7 -25.33 8.34
invaded PV Hypneal.V.Lamouroux, 1813 rhodophyta 2 5.27 0.87 -17.31 2.66
invaded PV Dictyota J.V.Lamouroux phaeophyceae 5 5.1 0.65 -14.18 1.04
invaded PV DictyopterisJ.V.Lamouroux, 1809 phaeophyceae 1 5.03 -13.08
Dictyotamenstrualis (Hoyt) Schnetter,
invaded PV Horning& Weber-Peukert phaeophyceae 1 6.38 -11.33
invaded PV SargassumvulgareC.Agardh, 1820 phaeophyceae 6 6.21 0.61 -16.69 1.58
invaded PV Padinagymnospora(Kitzing) Sonder, 1871 phaeophyceae 2 4.41 0.48 -14.19 1.30
invaded PV DidemnumperlucidumMonniot F., 1983 ascidiacea 4 791 1.36 -7.44 0.46
invaded PV Diplosomalisterianum(Milne Edwards, 1841) ascidiacea 3 8.22 0.43 -19.16 1.17
invaded PV Desmapsammaanchorata(Carter, 1882) porifera 5 8.83 0.41 -20.33 0.77
Paraleucilla magna Klautau, Monteiro
invaded PV &Borojevic, 2004 porifera 1 8.43 -20.61
invaded PV Amphimedonviridis porifera 1 9.61 -21.12
invaded PV Scopalinaruetzleri(Wiedenmayer, 1977) porifera 4 9.09 0.58 -19.30 0.88
AnthopleuraDuchassaing de
invaded PV Fonbressin&Michelotti, 1860 anemone 2 10.53 0.05 -18.89 0.79
invaded PV PhallusianigraSavigny, 1816 ascidiacea 1 6.43 -20.47
invaded PV Megabalanuscoccopoma(Darwin, 1854) crustacea 1 10.74 -20.56
invaded PV Amathiaverticillata(delleChiaje, 1822) bryozoa 4 7.39 0.51 -13.54 2.12
invaded PV MacrorhynchiaphilippinaKirchenpauer, 1872  hydrozoa 3 6.77 2.27 -20.64 1.10
invaded PV tubular polychaete polychaeta 1 8.05 -17.19
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6.52
6.7
6.81
7.81
7.04
7.8
9.14
10.275
8.11

0.52

0.22
0.14
0.43
0.41
0.35
0.06

0.11

0.09
0.35
2.65
1.84

0.48
0.32
0.22
0.42
0.32
0.16
0.77
0.58
1.82
0.28

0.78

-4.85

-14.18
-19.92
-19.53
-14.69
-14.75
-18.81

-18.52

-20.81
-17.12
-18.93
-19.65
-13.364
-21.21
-20.31
-9.22
-20.35
-14.46
-27.18
-8.13
-20.56
-3.25
-16.31
-19.437
-10.118
-7.26

0.5

1.8

0.54
0.37
4.18
1.72
0.59

1.15

1.96
0.79
2.37
0.4

0.2

0.67
3.24
2.4

0.19
0.02
151
0.4

0.75
7.58

1.28
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notinvaded
notinvaded

notinvaded

notinvaded

notinvaded
notinvaded
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notinvaded
notinvaded
invaded
invaded
invaded
invaded
invaded
invaded
invaded

invaded
invaded
invaded
invaded

invaded
invaded
invaded
invaded
invaded

Madracisdecactis(Lyman, 1859)

Poritesbranneri

Echinometralucunter(Linnaeus, 1758)
Leptogorgiapunicea(Milne Edwards &Haime,

1857)

PalythoacaribaeorumbDuchassaing&Michelott

i, 1860

Arenosclera brasiliensis Muricy & Ribeiro,

1999

Aplysina fulva (Pallas, 1766)

crustacea NI
gastropod NI

tubular polychaete

corallinealgae

JaniaadhaerensJ.V.Lamouroux, 1816
Hypneal.V.Lamouroux, 1813

chlorophyta NI

AcetabulariaschenckiiMdbius, 1889
Dictyota J.V.Lamouroux

hydrozoa NI

Schizoporellaunicornis(Johnston in Wood,

1844)

Bugulaneritina(Linnaeus, 1758)

zooplankton

Stenorhynchusseticornis(Herbst, 1788)
Mithraculus forceps A. Milne-Edwards, 1875
[in A. Milne-Edwards, 1873-1880]

Leiosolenusaristatus(Dillwyn, 1817)
lotrochotabirotulata(Higgin, 1877)
Desmapsammaanchorata(Carter, 1882)
PhallusianigraSavigny, 1816

cnidaria
cnidaria
echinodermata

gorgoniidae
zoanthidea

porifera
porifera
crustacea
gastrophoda
polychaeta
rhodophyta
rhodophyta
rhodophyta
chlorophyta
phaeophyceae
phaeophyceae
hydrozoa

bryozoa
bryozoa
bryozoa
crustacea

crustacea
crustacea
porifera
porifera
ascidiacea

W N W W W NN W NN W EFEkE W w

W Rk W N

W w W w w

8.92
8.62
10.13

9.89

7.99

7.08
7.25
9.783
11.54
11.3
8.23
5.58
6.42
7.49
7.33
6.47
7.56

8.43
8.51
75

7.91

7.6

8.32
9.13
9.69
8.66

1.52
0.69
0.62

0.09

0.36

0.23
0.53

0.35
0.3
0.32
0.78
0.21
0.41
0.9
0.38
0.1

0.41
0.66

0.31

0.27
0.66
0.25
0.63
0.98

-8.7
-11.19
-15.21

-19.46

-13.1

-10.64
-19.37
-17.474
-16.33
-20.28
-16.4
-10.14
-19.99
-10.91
-15.43
-16.37
-21.56

-5.46
-71.73
-22.395
-15.34

-16.61
-18.21
-18.01
-22.17
-20.84

4.61
2.64
0.08

0.83

0.69

0.6
0.37

0.06
1.38
0.36
3.67
0.48
0.6

0.91
0.15
0.45

0.42
1.47

1.45

1.59
1.75
3.23
0.49
0.63
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invaded
invaded

invaded
invaded
invaded

invaded
invaded
invaded
invaded

Tubastraeacoccinealesson, 1830
Tubastraea tagusensis Wells, 1982

Carijoariisei(Duchassaing&Michelotti, 1860)
PalythoacaribaeorumbDuchassaing&Michelott
i, 1860

tubular polychaete

Hermodicecarunculata(Pallas, 1766)
Haemulonsteindachneri(Jordan & Gilbert,
1882)

HaemulonaurolineatumCuvier, 1830
Stephanolepis hispida (Linnaeus, 1766)
Sphoeroidesspengleri(Bloch, 1785)

cnidaria
cnidaria
cnidaria

zoanthidea
polychaeta
polychaeta

fish
fish
fish
fish

N P W W

9.84
9.88
9.43

8.88
9.076
12.19

12.42
12.7
12.013
10.86

0.31
0.23
0.37

0.48

0.3

0.5
0.43

0.34

-21.39
-20.8
-12.63

-13.46
-19.803
-19.3

-16.62
-17.15
-15.589
-15.34

0.25
0.16
0.76

1.16

0.38

0.66
0.2

0.09
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ANEXO A — Artigos cientificos que compdem o presente trabalho.

Aquatic Invasions (2020} Volume 15, Issue 1: 3043

Special Issue: Proceedings of the 10 International Conference on Marine Bioimvasions
Guast ediiors: Anvy Fowlar, April Blakesles, Camlyn Tapolt,

Research Article

Algjandro Bortolns, Frangeling Schuorindt amd Foams Diss

A decade on: an updated assessment of the status of marine non-indigenous

species in Brazil
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Abstract

In order to prevent the imfroduction, comirol or eradicate non-indigenous species
(IS} which threaten native species, habitats or ecosystems, an essential frst step is
that counfries have and keep up-to-date lists of species non-indipencus to the
region. The last list of marine NIS for Brazl was published a decade azo. We
compiled an updated list of marine WIS and revised the species’ stamses. Ome-
humdred-thirty-eight marine species in 15 classes or finctional groups are NIS
Brazl Brazilian states with greater maritime commerce (greater market share) had
more marine MIS. From the period between the 1950s to 2010, the nmmber of NIS at
least downbled each decade. We identified a significant mizmatch (onderestimation)
between the previous list and this smdy, which seemed to be due to improved
scientific knowledge and an often comsiderable lag between first record (detection),

Citstion: Taimira LMFP, Creed JC 20209
A decads on: an updated assevament of e
st of maning non-indigenous species in
Braril Aquaste feeasions 13(1): 3043,

B ek o0 3390 1l 1000 15, 003

Erceived: 6 Tammary 201%
Accepted: 21 Angust 212
Published: + November 20153

editer: Scharindt
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Copyright: © Teixsima and Crocd
Thes b o e e sticde Saribuiea] under norms

of the Cresthve Comnnim Altrlutios Liceme
(Anribution 4.0 Tnerestioml - CC BY 4.0)

OPEMN ACCESS

Teimsira and Cread (20200, Agurne fava

identifiration and compumication of new manne WIS, Comrently Brazl has 19 imrasive,
T8 established and 43 detected marine NIS, an increase of 160% in ten years
compared o the previous nationsl list. We recommend that Brazl implements a
national database as a rapid, appropriate, flexible and cost effective method of
monitoring trends in MNIS infroductions.

Key words: class'functional proups, geographical variation, historical change,
imvasive, natonal checklist, non native species

Introduction

The Convention on Biological Diversity (to which Brazil is a party, Brasil
1998) states that consenting parties should prevent the introduction, control
or eradicate those alien species which threaten ecosystems, habitats or
native species. In Brazil this convention was ratified in 1994, with the
Ministry of the Environment being the principal entity responsible for
planning and decision making with regard to non-indigenous species
(NIS) and biological invasion {Lopes et al. 2009). An essential first step is
that countries have and keep up-to-date lists of NIS recorded for their
region. According to Sliwa et al. (2009) once lists are adopted into the

rions 15(1): 3043, bttps-'dod erg/10.3391 /2 2020.15.1.03 30
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s et BodT i

Abstrack Bridence so far shows that most alien species (A5) have negative impacts on native biodi-
veraity and are changing biodiversity in almost all environments. Hee, we study eight rocky shomes
at four sibkes containing meefs with imvaded communities and other not-imvaded {oontrol) commu-
nites, b evaluate the efhecks of fiur manine invasv e species on bioleghcal and functional diversity.
We used the adjustment and selection approach of species abundance distribution models (SAD),
tevonomic diversity indices and functional diversity indices based on hierarchical grouping matrices
(FD—Funchonal Diversity). In addition to comparing invaded and not-invaded commumnities, we
also performed the same analysis, but removed the invaders (AS removed) from the matrices. The
geome tric-series mode | was best adjusted to the majority of communities. The diversity indices
sugpest that the taxonomic divensity is lower in invaded communities, while the functional diversiby
indices suggest a change in the functional space of invaded and not-invaded communities, with
a gréatér amdunt of funchional space filled by specied in the net-invaded communitied. Taxonomic
and functional diversity indices wene succesaful in identify ing processes that dedermine the biological
diversity of imvaded communities, as they seem to cbey a pattern that reflects the meduced diversity
of imvaded communities

qun-cnk d.mérsil"!,r imdices; funchional di'\réﬂi‘l}r; invasive; alien SP‘ECEB; rank abundance Pll!rl:i,
spacies sbundance distribution models

L Introduction

The introduction of new species into a new habitat represents a change and adjust
ment in the pre-existing state of the receiving community. These changes can occur at
different intensities and affect one or more species that already make up part of the eeptor
community [1]. Alien species (AS) can transform marine environments, displacing native
species, changing community structure and food webs, as well as impacting the dynamics
of nutrients and sedimentation rates [2]. In the marine environrment the number of doc-
umented biological invasions is increasing in the tropical southwest Atlantic Ooean [3],
which reflects a worldwide trend in marine ecosystemns [4], and the evidence shows that
most AS have negative impacts on native biodiversity and human well-being, and ane
changing the biodiversity of almost all environments [5-7].

Mative and AS often have different biological characteristics and ineractions with the
community, for example chemical defenses or the high reproductive output of the AS or
escape from predators within the new community. Such factors can favor their dominance
in the community irwaded by AS, as they become more abundant than the other species [5].
The abundance of a species, at least to some extent, reflects its success in competing for
limited resources [9], so the effects of an AS will increase with its abundance and vary

Diiersity M121, 13, 353 hitpac/ / doi cogy 103390 d | SE0E3
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ReEsumo

A riéncia deve ser cada vez mais valorizada, incentivada e acessivel dentro e fora do meio
académico. O apoio popular de quem ndo tem contato com a déncia mo seu dia a dia, €
fundamental nesse processo. O Projeto "Pra que Serve?” € um projeto de extensdo universitaria
que tem como objetivo trazer a debate a importéncia da ciéncia, sobretudo em ambiente marinho,
em uma cidade ltordnea como o Rio de Janeiro, € contribuir para a valorizacdo da pesquisa
cientifica, possibilitando, de forma simples e acessivel, vivendas de pesquisa e acesso a conteddo
cientifico. A oficina que constitui 2 metodologia do Projeto pode ser aplicada de duas formas,
vﬁiases:darespmgranﬂaseemmded&xia abertos ao publico espontineo. Mo presente
trabalho, nos relatamos a experiéncia vivenciada no Espaco de Desenvolvimento Infantil
meesmra&:lange Conceicdo Tricarico na comunidade da Maré, no Instituto Benjamin Constant,
escola que atende criangas e adolescentes cegos, surdocegos, com baixa visdo e deficienda
milltipla & nos eventos Bio na Rua 2018 e 2019, no Parque Madureira, localizado na zona norte
carioca. Ao longo da oficing, foram registrados por meio de fotografias, momentos de interacdo,
para que pudéssemos analisar diferentes dimensies de atuacdo do projeto e a resposta daqueles
que partidpavam. A curiosidade sobre o material utilizado na pesquisa marinha foi fundamental
para despertar o interesse do piblico, independente da faiva etdria e do local da ofidna.
Detectamos diferentes interacbes durante as ofidnas, sendo a observacdo efou atencdo as
explicactes a mais recorrente. Responder "0 que €77 e "Pra que serve?” a cénda, considerando

'"Universidade do Estado do Rio de Janeiro — UER] | Programa de Pos-Graduacao em Ecologia e Evolucao —
PPGEE-UER]. Rio de Janeiro, RJ, Brasil. ORCID: htips://orcid.org/0000-0001-5885-7777  e-mail:

larissamarguesifymail.com

*Universidade do Estado do Rio de Janeiro — UER] | Programa de Pos-Graduacso em Ecologia e Evolucio —
PPGEE-UER]. Rio de lamweiro, FJ, Brasil. — ORCID: htps:/forcid.org/0000-0002-6051-7381 e-mail:
dearaujojmiflgmail.com

*Universidade do Estado do Rio de Janeiro — UER] [ Instifuto de Biologia Roberto Alcantara Gomes —
IBRAS [ Programa de Pos-Graduacic em Ecologia e Evolucio — PPGEE-UERD. Rio de Janeiro, RJ, Brasil.

ORCID: httpe:/orcid org/0000-0002-1722-0806 e-mail: joreed@ueribr

—
PROMOVENDO A PROFISSAD DO CIENTISTA A F"ARTLR DE UM FR[JJFE[D 380
DE EXTENSAD UNIVERSITARIA.

240



241

ANEXO B - Artigo cientifico produto adicional do presente trabalho.

".[- Cibesazh. fror v paisine,

Received: 25 March 2000 | Bevized: 30 fupust 3000 | Accepted: 5 September 3030
DOl 101111/ 13167

BEIODIVERSITY RESEARCH WILEY

Trends in the detection of aquatic non-indigenous species
across global marine, estuarine and freshwater ecosystems: A
50-year perspective

Sarah A. Bailey? | Lyndsay Brown® | Marnie L. CampbelP | Joao Canning-Clode®* % |
James T. Carlton®>) | Muno Castro*Z} | Paula Chainho® | Farrah T. Chan'2 |

Joel C. Creed® | Amelia Curd® 2 | John Darling®®Z} | Paul Fofonoff® |

Bella S. Galif* ™ | Chad L. Hewitt®* ) | Graeme J. Inglis'® | Inti Keith!*Z |

Micholas E. Mandrak®® | Agnese Marchini®®Zr | Cynthia H. McKenzie 2 |

Anna Occhipinti-Ambrogi*® | Henn Ojaveer®?? | Larissa M. Pires-Teixeira™?® |

Tamara B. Robinson™ ) | Gregory M. Ruiz?® | Kimberey Seaward® |

Evangelina Schwindt®™ | Mikhail 0. Son®® | Thomas W. Themriault® | Aibin Zhan®®

Great Lakes Laboratory for Fisheries and Aquatic Sciences, Burfington, OM, Canada
*Marine Lab, Marine Scotland 3o, Aberdeen, UK
5chool of Life and Ervironmenital Science, Deakin University, Geelong, Vic, Australia

SMARE - Marine and Environmentsl Sciences Centre, Apincia Regional para o D Bri dal igardo Tecnologia e | o (ARDITI) Madeira
lskard, Portugsl

¢ mithzorian Environm Res Cir, Edgevwater, MO, US4

“Mgritime Studies Program, Williams College - Mystic Seaport, Mystic, CT, US4

?Faculdads de Cigncias, MARE - Marine and Emvironmentsd Sciences Cerire, Universidade de Lishoa, Lishon, Portugal
"Diepartamento de Ecclogia, Universidade do Extade do Rio de Janeino, Rio de Janeino, Brazil

*fremer, DYNECD, Cenbre Hremer de Bretagne, Ploczans, France

¥iCenter for Erwironmental Measurement & Modeling, United States Emvironmental Protection Agency, Research Triangle Park, NC, USA
"The Steinkandt Museum of Matural History, Tel Sviv University, Tel Aviv, lsrael

Y Hamy Butler Institube, Murdoch University, Murdoch, 6150, Western Australia, Australia

UNatioral Irstitute of Water & Atmospheric Research Lid . Christchurch, Mew Zesland

MCharies Darwin Research Station, Chares Darwin Foundation, Santa Cruz, Gal s, Eouadior

YUniversity of Toronto Scarborough, Toronto, OM, Carada

e pariment of Earth & Ervironmental Scierces, University of Pavia, Pavia, by

Morthwest Atlantic Fisheries Centre, Ficheries & Oceans Carada, 5t Jobn's, ML, Canada

EPairea College, University of Tartu, Pamu, Estonia

) ational Imstitube of Aquatic Resources, Techmical Uni v ioff D k, Kg=. Lynighy, D

®Programa de Pds-GraduzgSo em Ecclogia & Bvolugio, Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
[ partment of Botary and Zooksgy, Centre for Invasion Biclogy, Stellenbosch University, Stellenboch, South Africa
Hnstitutn de Biologia de Organismos Marincs (IBIOMAR-CONICET), Puerto Madryn, Argentina

nstitube of Marine Biclogy, NAS of Ukrsine, Odessa, Ukraine

*pacific Biological Station, Fisheries & Oosans Canads, Nanaime, BC, Carada

*SRmemarch Center for Eoo-Ervdiranmarzl Scisnces, Chinese Arzdamy of Sriencas, Baijing, Ching

Thiziis anopen access arfide wnder the terms of the Crestive Commeons Attribotion Licerse, which permits wse, distribution and reproduction in any medium,
provided the original work is property cited.
€ 2020 The Authors. Diversity and Distributions published by John Wiley & Sons Lid.

1780 | wileyoriinelbrary.com/joumalidd Diversity snd Distributions. 2020:26:1780-1797.



BAILEY rraL

EITTT WiLey-| 2

Cormespondence

Sarah A. Bailey, Grezt Lakes Laborzbory for
Fizheries and Aquatic Soences, Fishenes
& Oceans Canads, BE7 Lakeshore Riosd,
Burfington, OM, L75 141, Carada.

Email sarah. baley@dfo-mpo.gc.ca

Funding infermation

Commonwealth Scentific and Industrial
Reearch Organisation; Emironmental
Protection Agency; Fundaclo pars a

Cigncia & 2 Tecnologia; Fishenes and

Desans Carada; Consejo Nacional de

Irvees tigaoiones: Clentifices v Técnicas;
Strategic Soence Investment Fund S5IF)L
MNew Zesland Matural Soences and
Enginesring Research Cowncil of Canada;
Mational Nabaral Science Foundation of
Chinz, Grant.#ward Mumber: 31672011;
Biosecurity Mew Zezland; Eoropean
Regional Development Fund; Morth Pacific
Marine Science Organization (PICESE United
States Coast Guand, Gakpagos Corsermncy

Edstor: Migel Huszey

1 | INTRODUCTION

Abstract

Aime The introduction of aguatic non-indigenous species [ANS) has become a major
driver for global changes in species biogeography. We examined spatial patterns and
temporal trends of ANS detections since 1965 to inform conservation poficy and
managemeant.

Location: Global.

Methods: We assembled an extensive dataset of first records of detection of ANS
(1965-2015) acrocs 49 aquatic ecosystems, including the (a) year of first collection,
(b} population status and (c) potential pathwayis) of introduction. Data were analysed
at global and regional levels to assess patterns of detection rate, richmess and trans-
port pathways.

Results: An annual mean of 43 (+146 50} primary detections of ANS occurmred—one
new detection every B4 days for 50 years. The global rate of detections was rel-
gtively stable during 1965-1995, but increased rapidly after this time, pesking at
roughly && primary detections per year during 2003-2010 and then declining
marginally. Detection rates were variable within and across regions through time.
Arthropods, molluscs and fishes were the most frequently reported ANS. Most ANS
were likely introduced as stowaways in ships' ballast water or biofouling, although
direct evidence iz typically absent.

Main conchusions: This synthesis highlights the magnitude of recent ANS detections,
yet almost certainly represents an underestimate as many ANS go unreported due to
limited search effort and diminizhing taxonomic expertise. Temporal rates of detec-
tion are also confounded by reporting lags, likely contributing to the lower detection
rate observed in recent years. There is a critical need to implemant standardized,
repeated methods across regions and taxa to improve the quality of global-scale
comparizons and sustain core measures over longer time-scales. it will be fundamen-
tal to fill in knowledge gaps given that invasion data representing broad regions of
the world's oceans are not yet readily available and to maintain knowledge pipelines
for adaptive management.

KEYWORDS
aquatic non-indip=nous spscies, bioloical invasions, detection rats, mventory, lone-t=rm
dataszet, population stabus, richress, spatial pattemns, temporal trends, trarsport: pathweays

by shipping & predict=d to lead to a surps in the translocation of
both terrestrial taxa (as stowaways i cargo and packing mat=rials)

dnalyses of longe-term datassts on species miroductons can provide
insights into pest and future trends o nform conssreation man-
ag=ment [Sesbens =t al, 2047 van Kleunen et al., 2015), vet such
studies are relativsly rans, particular by for aquatic soosystems whens
species mtroductions are often more difficult to detect and stwdy
[Ojavesr =t gl 7015). & recent study sxamining mors than 45,800
records of manky terrestrial nor-ndipenous taks showed 2 continu-
ous rise i the rate of detection during the tme pericd 1500-2000
and 2 strong corrslation betwesn detection rates and trads valuss
for taxa associated with transport pathways (Seebens et al, 2017
Mor=over, the mrowth of trade and workdwide transport of poods

and merine taxa fwithin ships” ballast water and biofouling} (Sardain
et al, 2019). Despite the sxpected surpe n species delivery to novel
aquatic ecosysiems, prior studies exammning detection rates and/
or pathways of aguatic non-ndigenous species (AMNT] have besn
conducted at local or regiona scales lep Galil, 2009 Katsanevakis
et @l 2013; Ojaveer et al. 2017) andfor have fooused on a single
tamonomic growup (=g Cartton, 2011; Derrigran =t al., 2020). As intro-
ductions of many differert ANS heve occurred and continues to ocour
worldwide, studies are nesded at 2 global scale to provide & robust
understanding of Tvasion dynamics, identify needed managpement
strategies and evaluate policy sffectivensss in squatic =cosystems.
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The introduction of species across biopeographic barmers by
human activities is a key component of rlobal biodrversity loss and
subsequent snvironmesntal change [Lewiz & Mashn, 3015 Pyi=k
et al, 2020; Simberloff et al, 3013] The importance of coastal
marine diversity was highlipht=d as part of the Comvention on
Biological Diversity [CBD} Minstenial Statement at the Conference
of the Parties meeting in Jakarta in 1995 (the Jakarta Mandate}
(UMER, 2000} i iz widely accepted that management of non-indig-
enous species mtroductions should be bazsd on the precautionery
approach and foous primarily on maneg=ment of imasion path-
ways le.p. Firmoff =t al., 2007; Hewitt, Wilng, et al., 2004; Lodze
et al, 20148). In recognition of the urps=nt need to address the m-
pacts of non-indizenous species, the CBD states that each con-
tracting party shall, as far 2z possible and 2= appropriates, “prevent
the infroduction of, control or eradicats those al=n species which
thregten ecosystems, habitats or species” (UMEP, 1994} The CED
revized Strategic Plan for 2011-2020 proposes that "By 2020, ima-
sive ali=n species and pathways are identified and priceitized, prioe-
ity species ans controlled or sradicat=d, and measures ar= n placs to
manaz= patheays to prevent their mtroduction and =stablishment”
UMNEP, 3011} Newr poals for 2071 -2020 are curresthy being drafted,
with pr o and paths rit fikely to remain import-
ant components of the stratezy.

Despite =fforts to =stablish reporting mechanizms (2. Pagad
et al., 2015), reliabls irvertorizs worldwids of non-indipenows spe-
cies and their pathways are still relatively few in the pubished F-

AND "database” or "dataszet” or "“Ist" or "inventory”. Datassts were
inchuded only if dedicated, expert research on ANS had been con-
ducted such that an up-to-date comprehensive and refliabls nven-
tory exists; datassts comprized of only & single taxonomic group, or
not listing dates of first collection, or covering & shorter times pe-
ricd than this analbysis were not ncluded. &z the peographic scale
of different shadiss varisd, we compaled data at the scale of Lape
Marine Ecoswstem (Sherman, 1991; hittpimesde uriedu), but alzo
inchuded awaillable data for smaller marines scosystemes (2. Galapsgos
Izland= and Madeira &rchipelagzo) We escluded records from inland
or freshwater habitats but ncluded the Laurentian Great Lakes az a
large freshwater scosystem acoessible to plobal shipping (Papnucoo
et al., 2015).

At least one co-author with exbensive regional knowledes of
AMNS carefully reviewed and sdited each regional datasst for acou-
racy, checking scientific pear-revisvwed publications, reports, books
and personal wollections to confirme (2] yesr of first collection; (b}
current population status and; (o} potential pathwayis) of imroduc-
tion (a5 known upfo July 15, 2000; Tabls 1) R=cords wers compilesd
only for ANS collect=d from the natural snvironment while those
reported exclusively on or within patheays wers secluded |2z taxas
sampled durirg surveys of shaps™ ballast water and biofouling, tzu-
nami debris and other marne littes). Onby species considersd fulky
aguatic were courted, mcluding marine stenchelne, marine suryha-
line=, diadromous and freshwater survhaline speci=s, but excluding,
for example, shoreline plants and aquatic birds. Freshwater stencha-
linez ies were included for the Laurentian Great Lakes and Baltic

erature, =specizlly for aguatic srvrorments. Here, we bl=d
an extersive datasst of first records of detection of ANS to assess
pattermns of detection rate, richness, population status and transport
pathways during a 50-vear time pericd across 49 global ecosystems,
imnchuding merine and estuarine habitats sz well oz the freshwater
Laurentian Great Lakes. This syrthesis is intended to provide a base-
fin= of current knowledes, 3 bazeline lare=hy built on & multi-decade
and perhaps n some cases 3 certury or more, backlog of und=tected
irvasions, to identify and support pricritization of pathways and to
puides recommendations for policy and manazement in support of
biological conservation ohjectives.

2 | METHODS

We assembled an extersive dataset of prmary detection events of
AMNS = the first recorded collection of sach species in =ach region)
across plobal [primarily coastal merine, but slso estugrine and fresh-
water] aguatic ecosystems for the peniod 1955-2015 using online
ANS datsbazes as primary data sources, inchuding AgquaMNIZ [itp
warw corplu it fdatabase = findsw php/aguanis’), GLANSIS fhitps/
wanw. ger] noas roysanziss), Marine Bioseourity Porthole thitps=
wrenw.marinebicsecurity.orgnz’) and MEMESIS (hitpoVinvasions.
sisdu/memesiz’) In addition, we conducted 3 Fberaturs ssarch using
the Web of Soi=nce to locats publizhed datasets not availabls on-
lin=, using the search t=rms “nonindipencus” or "non-indip=nows”
or "nonnative” or “non-native” or "alien” AND “squatic” or "marine”

Sea but excluded from &l other estuarine and marine =cosystems as
bezing “inland” introdwctions. We alse excluded records for arypto-
genic species fwhose status as indipgenows or nom-indigenous & unre-
sobved) and taxa poory studied or othensze pressnting challenges
for taxonomic identification and sssessment of historical biogeo-
eraphic origin (=, furgi, protists, parasitic and free-fiving fatworms,
viruses and microbes) Soentific names of ANS wers standardized
according to the Integrat=d Taxonomic Information System (wean.
itis zowv] the World Register of Marine Specss fwrawwmarmespecies.
orgl or AlgseBase fwwwalzasbas= orgl, or more rece=nt lterature
when available.

We acknowledpe that the date of first collection is Boely to lag
be=hind the actual date of introduction and that we do not know for
meost of these species when the ntroduction coosrred nor when 2
reproducing population became =stablished. The majority of the re-
cords anabysed here resulfted from the onset of ANS nventories that
by and lerpe did mot commence worldwids wntil the kst decades of
the 20th cermtury, thus resulting in frst reports of species that may
hawve be=n pres=nt much sarker. For exampls, of the 141 AMNS spe-
cies reported from Haswaii betwesn 1965 and 2045, at least 101 may
hawve been present prior to Workd War |, and many could have ar-
rivesd in the 19th century; more than half of the remaining 40 species
likely arrived after WWII but prior to 1965 (). T. Cariton, 'Williames
Collepe—bystic Z=aport, personal communscation]. We thus tzke 2
conzervative approach and define the date of first recond as the dote
of detection, thus yielding & detection rate, rather than an ntrodwuction
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TABLE 1 Categories and definrtions of population status and patheays utilized n the anahysss

Population Status"

Escape= from

Relegse in matue

Trarsport

Trarsport [Stowaway]

Definition

Species has besn repeatedly collected and/or there is evidence of successful reproducton (found intwo
separate locafions or in teso collscticns in s=parate years inthe same location]

Reproducing populations appear to have exsted in a location for 2 length of Sime but appear to have
subssquenthy disd out

Species was ntroduced to & location, but there was no evidence of any prolonged survival or reproduction
Iresufficksnt dats to assizn to one of the aboves thres caterories

w

Irtercornect=d Watensays)
BasireGags
AguaoubursTaricutburs

Other Iinterrtional Release
Contaminant on Animals
Contaminant on Plants

Contaminated Bait
Parasites on Animals

Angling/Fishing Gear

Ballast Water

Hitchihilesrs on Plane

De=ripts
Species spregding to new resions along nfrastructurs such as canaks or other artificial
waterways Int=roonnescting previously unconnected water bodies, basirs and seas
Species that heove escaped from confinement or coertrolled situations n sither
fresheater or marine envirorments to produce food or other agricuttural type
prosducts including bicenerpy products

Species that have escaped from confinement and that were kept for pubbc dizplay,
public sducation or cons=nsation bresding programmes.

Species that have escaped from confinesd or combroll=d envircrments when= they
were commesrcially culharted for purposes other than sgueculture/manculture
Species that have i from cond t or coertrolled i vtz where they
were kept and/or fransported as live food or e bait

Species that have escaped from confinesd or combroll=d envircrments when= they
were introduced for decorative or crmamental ressons sxscluding commesncial
horticuthare

Species that s i condfi t o coebrolk EnErEs wihere they were
hpthmvizutm:wmhm
Species that have | i t o coant: TnErts where they wers

kept and/or bred for use in resssrch

Species relagmed into the: [zemi)retural snsirorement with the purposs of cortroling
the: population|s) of one or more oreanisTs

Species releysed into the [ze=milnetural evsirorment to control the: svvirorment or to
act 2 physical bamiers

Fchi and oiter squatic animals (e imvertebrates) relegsed irdo the (semijretor
ervircnment o provide sdditional or albsmative subsstencs ardsor commesmnial or
recrestional fishing opporbunities

Species relegmed into the nestural envirorment for nessons other than those covered in
any other relegse in netune pethaays

Species mbroduced unintentionally 2 contamnants on armals trarsportsd through
Frurman related sctivities = squacutture]

Species mbroduced unintentionally 25 contamnents on plants or plant products
transported through human releted acthvibes

Species introduced unintentionally @s contaminants in'of bait

Linintertional irtroduction of parasitic species fransported by 2 host animal or an
animal that acts a5 & vechor

Species nbroduced unintenticnally as shoy e it used by recrestional
anglers or commercialprofes sonal fishermen, induding aquaculture prar
Species that have besn introduced uninterSonally via the ballast tanks of ships and
boats, wathin ballast water, ballast s=diments or solid ballast materizls

Species nbroduced sz accidental stowaviays incor on shipping contamers and bulk
cago

Species that hove besn introduced unintenSonally by beng 2 hitchhlier inoor on
girplanes and other aircraft
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TABLE 1 (Continued]

Spacies that have been inbroduced unintentionally by being a hitdhhiker in or on ships,

boats or other watercraft but sscluding species transported in ballast tanks orvia

Species that have besn inbroduced unintenSionally by being & showeway inor on

packang materials sudh &= veooden pallets

Species that have besn inbroduced unintenSionally as biofoulng organizms on

urederviater surfaces of ships mchuding the hull and niche anees

Pathway=t Sub-pathway=" Dlescription
Hitchhillers on Ship
ship fouling
Orzanic packaging material
Ship Fouling
Unaided Rafting on Anthropogenic
De=briz
*Adapted fromFofonoff =t al. (201E).
¥ Adaprbed From Hanrowssr =2 2l (20r18).

rate Thiz date encompasses the relativeby few cases where 2 spacies
iz known to have besn mtentionally planted or releassd; sudh cases
are rar= after the 1960z, a5 there was rapid growth n ervironmental
avwaren=:s sbout the potentizl negative outcomes of deliberat= n-
trocductions. Distinguishing betwesn a date of detection and a date
of introduction iz critical We am phasize that thers showld be nio con-
fusion betwesn our use of detsction and the concept of the rate of
species discovery resulting from a given effort or type of sampling
{which in classical community diversity studies is ussd to establisha
probable species discovery asymgtote]

We chose the timeframe 1965-2015 with the assumption that
thers has besn increasing awareness and mons comprehsnsive
reporting since 1945, with time-lags presumably beang smaller
comparad to reports prior to 1965, In cases of multiple records
of the same AMS, the first record within =ach region was used.
The year of first coll=ction was typically recorded as a single vear,
but when only time ranges were provided (=g "2012-2015"), the
first wear of the range was taken as the eardiest possible date. For
a small number of reconds (<0.01%), the vear of first report {the
year of publication) was recorded when the date of collection was
niot provided. Population status was recorded for =ach introduced
species @ "=stablished” “=xtnct,” "failled” or "unknown™ follow-
ing definftions us=d by the NEMESIS datsbass [se= Table 1) which
account for uncertaanty associsted with limited s=arch effort. We
acknowledee that established populations are more [&=ly to be
ohserved and documented and thet, without repular surveillance
programmes, many detections are recorded only as single records
and the population status may be hizghly uncertain. Seven ANS
populations were successfully eradicated after detection—these
were labelled with the population status observed prior o =radi-
cation efforts.

We assigned pathways of infroduction using categones and
sub-caterories propossd as part of the Corvertion on Biological
Diwersity following guidance in Harrower =t al. (3018), with small
micdifications (Table 1) Ship fouling [rather than the more Bmited
“hall® foulng) includsd crzanisms attached or associated with any un-
derwater surfaces of ships [defined as a vessel of any type operating

Species that spresd to new regions attached to marine [ther and other anthropogenic
materials drifting in netural veebsr currents

in the sguatic ermvironment, including feed or floating platforms) n-
cluding the Full and niche areas (2. s=a chests, seawater inlets and
inlet prates, anchors and anchor chain) (a5 per M0, 2041). Ships'
ballast water also mcluded stowsways within ballast sediments as
wiell a5 sofid ballast materials used historically. We considered agua-
culture squipment as snglngFishirg squipment.

Pathway information was inibally tken from source onfine da-
tabases and published Ferature, i doted, and was then oritially
evalusted for completeness and standardization across regionsdats
sources bas=d on our cwn expertize and knowlede=. Many references
implicat= commercial shipping as a possibls mechanizm of introduc-
tion without spacific pathways. Therefore, we desipratesd
shipping pathways prmarly based on our own prior bologecal sur-
veys of ballast water and ship fouling combined with knowledge of life
history dharact=ristics of the species. Ballast water can be a possible
tranzport pathway for 2 wide variety of aquatic species, not only those
with pelagic life stages, as virbually any sessile organizm may be dasn
ingo ballsst tariks {or floodabl caren holds) on foating pieces of debriz,
wood chips, alges or s=agrass bearing & biofouling community of a&-
tached species. Whils this aspect of ballast-able biota s ransly shudied,
the potential for spedies associsted with fioating material to be talen
info ballast tanks was sugp=sted o= earby as the 1920 [Carttor, 19E5).
Comveersehy, ship fouling cam be 3 possible tramsport pathway not only
for encrusting or fouling species on a ships' main bull, but alzo for sed-
entary and mobile species amooated with more protected undensater
niches ar=as such as sea chests [Cowtts & Dodeshun, 20071 As a resul,
both ballast water and ship foulng were assipned as potential path-
wiays fior the majority of taxs, excepting purely pelazic free-swimming
taxa [such as shrimps, planktonic copspods and ctenophones) associ-
ated onby with ballaxt water. We standandized the it of ship-
ping pathways for related taxa across regions, typically at the keve of
Family or Order, exceps wher= there was no geographic comelaton be-
‘tween shipping activity ard the site of first collection (e whens path-
ways such as squacutbure wers more el A thers & uncertzinty
aszocizted with all pathreay assipriments, we talied eoods whers
document=d or direct svidence =xisted (=r species was obssreesd
within a pathway at the time of introduction to a particular location].
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When a single detection was linked to multiple possible path-
ways of introduction, we talli=d each pathway using an unwsighted
approach to identify the meximum rumbsr of detection events per
patheeay [as in Willisms et &l 20030 In this analysis, canals, such as
the Suez Canal, wers svaluated both as & pathway through which
AMNS may move naturally (L=, as speces with pelagic e stages)
and a5 a route used by ships. In cases where species have pelagic
behaviour and are possibly associated with shippang, they were as-
sipresd multiple patheays. Although unassisted pathesays, such as
wiater currents, can be an important patheeay for the movsment of
AMNS (see Disoussion), if the first report of an ANS within an =co-
system was considered solely due to natural spread from a nesgh-
bouring ecosystem |e.z. range =xpansion or range shift], it was
exchuded from this analyvsiz becauss uressisted movement was not
documented consist=ntly across regional datasets. Transport assoc-
ated with arthropogsnic debris, however, was included (considering
Carlton et al, 2017).

Diata were analysed at plobal and regional levels to explore
trends in the rate of detection, ANS richness, population status and
pathwsays of introduction. A ten-year moving sverags was used in
temporal plots to deorease variabiity soross vears due to inconsis-
tent s=arch effort (e Dizoussion].

FIGURE 1 Records of primary

N finmz of aguatic non-ndi
species (ANS) between 1965 and 2015
im each of 29 coastal marne, =stuarine
and freshwater scosystems. Panels (a)
and (b) show total numbesr of detections
and proportion of populations with
Comparabls data were not available for
regions in white, though AMNS may be
present, and are document=d from a
number of these regions

3 | RESULTS

31 | Global patterns

The bl=d comprehensive o [ 209 records
of primary detections of ANS (1242 unigue spedies belonging to
17 phyla} across 49 aquatic scosystems, incuding t=n =cosystems
found to have z=ro confirmed records during the period of study
[Figure 1: Tabl= 51). Considerng all repions combined, an anmusl
mean of 43 (+146 50 primary ANS detections ooourred. This trans-
lat=s to roughly one new detection every 8.4 days for this S50-year
era. The rate of detections was relatively stable during 1965-1995.
with a ten-year mean detection rate of about 32 AMS per year
[Fipure 23] After this time, the rate increase=d, reaching 51 primary
detections of AMS anrually by the yvear 2000 and peakang at roughby
& primary detections of ANS per year during 2005-2010. In the last
fiwe years, the rate of detection dedined marginalby, with about 59
primary detections per year.

A variety of AMS taxa were reported, with Arthropoda (o= 522,
23.6% of totall, Mollusca [p = 372, 16.9%) and Chordata (Pisces)
[n = 279 12.8%] being mozt freguent, followsd by Rhodophyiz
[n = 209, 95%] Annelida (0 = 200, ©1%], Chordata [Tunicata)
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FIGURE 2 Chronology of primary
* detection events of aquatic non-
ndipenous species |[ANS) aoross 49
coastal marine, =stuarine and freshwater
ecosystems during 1965-2015. Panel [a)
% & shows trends by population status, where

3t the dashed and dotted Enes d=note the:
t=n-year moving averages for the annual
number of detection events for total and
establizhed populations, respectiveby.
L Panel (b) shows trends in the number
of primary det=ction events of ANS by
" pathway, for the top six pathways (96% of
records)
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{n= 160, 72%], Bryozoa (n= 148, & 7%) and Cnidaria (n= 131, 5.9%)
(Tabl= 52). Ochrophyta (m = 57, 2.6%), Chlorophyta (m = 51, 2.3%)
ard Porifera (n = 28, 1.2%) were reported relatiesly nfrequesntly,
while Tracheophyta, Echnodermata, Ctenophora, Kamptozoa, other
Chordates (= Amphibia and Reptilia), Phoronida, Brachiopoda and
Charophyta were seldom reported (sach having fewer than 20 de-
tection sverts, cumulatively representing 2.4% of all recoeds).

Mozt ANS wers report=d a= having established (74 2%) or un-
known population status [190%}—few records e=xist for ANS with
failed (5.4%) or extinct (0. 5%) populations [Table 51)L Mozt ANS were
likely introduced as stowaways in ships' ballast water or biofouling,
althouprh direct evidence is tyvpically abssnt, particulardy for ballast
wiarber (direct evidence cited for 2271458 ship fouling vz 471595 bal-
last water racords, respectively]. The temporal trends for thess two
pathwarys were similar to or are largely responsible for the overall
pattern of detections through time [Figure b} Escape of aguacul-
ture/mariculture species follows a similar pattern, although much

|erevmr 0 magnitude, while the commidor patheay and escape of pet
agquarmum species seem to have inoreased in importsncefrate since
the late 1090=. Mearly one-third of ANS primary detections were
associated with a single pathway [32.7%), while most were associ-
ated with at l=ast two (52.65%) or three [14.1%) pathways. Movement
throuph connected watsrways/seas/basins (193 records] sktow-
awrarys in ballast warbsr (162 records) and sscape of squaculfuremani-
culture species (144 records) were the most mportant patheays for
smgle-pathway primary detection events. When two pathwanys were
possible, stowsrsay as ship foulng andfor in ballast water vers over-
whelmingly imphicated (91 5% of two-pathway ewents).

3.2 | Regional patterns

Pattemns of primary detection were vaniable across regions, as would
be= xpemcted duss to differsncss in pathway strength (s, ntroduction
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FIGURE 3 Temporaltrends in primary detections of aguatic nor-indipenous species across the top 12 ecosvstems studied. Trend nes
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strong pesk i detectiors between 1905 and 2015; (b} ecosvstems having an overall trend of increased rate of detections throush time; and
[c) moosystems having relatively stable deteaction rate through time. Note differences n scale of y-awes scross plots

effort] snvironmeental conditions, scosystem sioe, survey effort and
tawonomic expertise. The cumulative number of primary detection
events during the S0-year period ranped from zero to mors than
500 per =cosystem, with variable levels of population establishment
success aoross regions (Fipure 1, Table 51} Int=r-rerional temporal
trends varied with these patterns being typicak & distinct peak of
AMS primary detsctions n the 1095-3015 timeframe, an overall
trend (positive slope) of moreased detections through tame or a rela-
tively stable rate of detections (Fgure 31

A majority (75.6%) of the 1442 unigue ANS records wers re-
ported from a single =cosystem, while the 25 most reported ANS
wens reported from at least seven different scosystems (Tabde 2L
Regions having at least 10 primary detection records during the
study pericd sxhibited a diverse assemblaps of AN from at lesst
free phiyla, with any one phylum typically comprising no more than
3A0% of species within a location (=xceptions being Arthropods
and Pisp=s, which comprized 20%-50% of ANZ in some regions)
[Figur= 4_ Table 531
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TABLE 2 Listof the 25 most common aquatic non-indip=nous
species reported as new pramary debections across the studied
ecosystems during 1965-2015

Potential Pathways of
Spedies Mame Ecosystems  Imiroduction
Caprells mutics 13 BW, 5F, AFG
Botrylnides vinlocows 10 BW, 5F, AFG, EAM, TCA
Paigemon macradoctyius 10 EW, EAM, CTW
Shels dava 10 BW, 5F, EAM, ARG, TCA
Agarophyion ? BV, 5F, EAM, TCA
vermiculop hyllum
Grotelyupia terutury 7 EW, 5F, EAM, TCA, OPM
Mytilur palloprovincislic 9 EW, 5F, EAM
Amphibalanuz amphitrite B EW, 5F
Arstithamnione by | BV, 5F, TCA, UAD
spirographids
Cargings meenas | EW, 5F, AFG, TCB, ELF
Crarsastres giges B EAM, 5F
Duosysiphonia joponica B EW, 5F, AFG, TCA
Didemm vexilum | BV, 5F, EAM, ARG, TCA,
CIw
Muolgubs manhattensic B EW, 5F, EAM
Porocerceis sculpdn EW, 5F
Perudonoivelang B EW, 5F, EAM, TCA
pondbranchiata
Boccordis probasrides T EW, 5F, TCA
Grandisiereila joponica T EW, 5F, EAM
Diasumene [imeata 7 SF.EAM
Polemcrocorpa mmitersic T EW, 5F
Pokerera hedgpethi 7 W, 5F, TCA
Ruditopes philippinarum 7 EAM, RFW
Likem oustnafis T BW, 5F, TCA
Lindsris pinnatifida T BEW, 5F, TCA, EAM OPM
Waterspors ubtorgua by 7 EW, 5F
ComplEx

Maote: The rumber of studied ecosystems reporting the speces
piven, a5 well &= & cumulstive list of possible pathways of infroduction
| pathways may differ for the same spaces mbrodiuced to different
regions].

Abbreviations: ARG, Transport stowawsay i anging fishing pear;
BW. Transport stowaway in ballest water, sediments or solid ballast;
CI, Corridor through inferconmscted watenways; EAM, Escape from
aquacuiture'mariodture; BLF, Esmape of Bve foodTive bait; 0P,
Transport stowasway I oreanic padong matenals; RFW, Relsgse for
fishery in the wild: 5F, Transport stowassay in ship biofouling TCA,
Trangport contamirart on animals, TCE, Transport contaminant in beit;
VAL, Ungided rafting on arttropozsnic dsbriz.

Transport stowawary in ship fouling and ballast water tended to
b= the dominant pathways in mostr typically responsible for
at k=ast 405 of primary detection svents [Figure 51 Exceptions are
the corridor pathway (Suez Canal) in the Mediterranean Sea and
escape of aguaculture/marcubure species in the East China, South
China and Yellow Seas [Tabl= 53).

4 | DISCUSSION

Cwr analyses id=ntified 2209 primary defection events of 1442
unigue ANS ower the past 50 years which, slthouzh confoundesd
by time-lags between actual introduction and detection, likely =
an underestimate of the actual numiber of introductiors during ths
time period. it iz widely recopniized that ANS are frequenthy under-
reported due o Bmited s=arch =ffort, uncertzinty about historical
b#ogr=ceraphy and an insufficency of taxonomic expertse [Cartton
& Fowder, 2018; Ojavesr =t al | 3017), especially for smaller-bodied
organsms [Cartton, 2009; Lohan et al., 2020). Our study also does
naot consider secondary introsductions (spread] of AMNS nesithesr withan
an ecosystem nor betwesn ecosyvstems, which will further contrib-
uts to this undsrestimetion. Athoush owr dataset repressnts an s
tensive collection of pobal detection reconds, it includes only -73%
of the world’s larpe merine scosvstemes, with very Bmited coversze
of Africa, Central and South America ard Asia. Introductions of ANS
hawve undoubrtedly ocourmed n these ar=as; the cost of ANS surveys
can b= prohibitive i regions with limited resources and & dearth of
expertize across many taxa, which could =xplain why data wers not
accessible for this study.

Thes results of this study haghlight 3 possibls under-representa-
tion of taxa m global datasets of non-indizenous species: the 14432
unigue species necorded hers is more than ten-fold lowsr than the

ber of non-indi rs species (vascular plants, mammals, n-
sects, bards, molluscs and fishes) choeresd in terrestrial scosystesmes
(Sesbens et al, 2017) While land biodrwersity & vasthy higher than
both marine and aguatic diversity combired |Grosherg et al., 20132;
YVermey & Grosberg, 20100 and thus mors MIS would be propor-
tionally expected in terrestrial sy , the docy gon of the
direersity of Fvasions in marnes, sstuarine and freshwater hobitats
has simnificanthy lagged behind similar res=arch on land. For exam-
pl=, mytensive document ation of terrestrisl imasions inthe Hawsiien
Islands and the Galipagos lslands commenced decades before
the first investipetions of marne invasions in those archipelapos
(Cartton, & Eldridps, 2009 2015; Carlton =t al., 2019). We thus sus-
p=ct that we may be at the tip of an irvasion cebere in understand-
irgz the seals of ntroductions n coastal =nvironments (s=e also Byers
et al., 2015).

Cumulatively, ower the past 50 years, one ANS was reported
as a primary detsction within the =valuated scosystems every
B4 days on average), and the rate of detection eshibits changes
across years both within and across regions. Whils changes in the
rate of AMS primary detections through time may reflect the actual
introduction rate, this relationship is uncertzin and confounded by
varisble survey effort and species detectability (Hewitt, Campbell,
et al, 2004; Hewitt, Willing, et al, 200<4; Ruiz et al., 2000} The
rate of ANS primery detections sppearsd to increase in the 1990
and 2000z, possibly relasted to inoreas=d global trads {e.p Sardan
et al., 2019}, but it is also likely mAusnced by mcressing scientific,
povernme=nt and public awereness, ard ncreased funding for sur-
veys, monrtoring and other ts. For le, p=aks in de-
tection rate for Insular Pacfic-Hawaii, New Zealand and Southeast
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Australian Shelf comespond with dedicated scentific surveys sming
to documert ANS begirning in the 19905 {Carfton & Eldride=, 2009;
Hewitt, 2002; Hewitt, Campbell, =t . 2004) and in the 2000s (Ingls
& Segward, 7016 Comparatively, these areas recsive just & small
proportion of global shipping but sccount for much preater numbers
of recorded AMS than regons that are global centres for shipping
(e China, SE Asiz, Japan, NW Atlartic), sppearing to challenge pre-
diictions that irvasion hot spots should be strongly correlated with
micdemn shipping activity (Kabuza et al., 2000 Sardain =t &l 2019;
Seebens et al., 30146) In fact. for Hawsii {and for many of the ne-
gions reviewsd here], the majority of miroductions may have oo
curred long befors the first reports. Similarky, regions with apparent
increasing rate of primary detections since the 1990z (Patagonian
Shedf, Eact Brazil Shedf and Madeira Archipelago} are Boely reflective
of recent, dedicated resesrch [Canning-Clode =t al., 3003; Schevindt
et al, 2020; Teixeira & Cresd, 3020}

The apparert decline in primary detections of ANS snce 2005
in many regions may comespond with preventative measures imple-
miented to reduce biolorical mtroductions, such as requanrsments to
manag= ships' ballast water [=r. Hayes et al., 2009}, and to diman-
ish the risks szzociated with the imt=ntional introduction and trans-
fer of aguatic organizms via sguaculture and fisheries (=g Cook
et al., 200B; Hewstt et al., 2008) However, given uncertamty due
to incorsistent and often nsufficient search effort leading to time-
lags between introduction and first collection, any nferences about
AMS introduction rate based on collection dates must be made cu-
ticushy and, ideslly, consider multiple lines of sviderncs [s=e Costello
& Solow, 3003}, For mmmple, Bailey et al. (2011) inferred that a de-
clining rate of AMS detections in the Great Lakes could be due to
manag=me=nt efforts e new ballast-tank Flushing repulations) onby
after reviewing direct cause-and-affect studies of the managsment
technigus and =valusting compliance rat=s by the shipping indus-
try. Even after such detailed analysis, the relative contribution of
manag=ment versus search effort is not clear. Sesbens et al (2017)
found samilar declines in records of recent detections of terrestrial
tawa and fishes consistent with a dedine in deliberate introductions
due to increasing awarsnsss of impacts of biological introductions,
but also cautioned that data collscted after the yvesr 2000 may be
incomplsts due to tme-laps. We thersfore sugpest thet futurs zs-
sessments should consider long-t=rm averapes and associated levels
of search effort to svaluste ivvasion dynamics of ANS.

Mozt regions do not have repular suresillance programmes with
consestent kong-term funding or are pursuing eneraliized surveys
to penerate baseline irvertories rather than tarpeted =arly detec-
tion of AMS5 In the absencs of standardized, tarpeted and repeated
miethods for surveillancs, the true dat= of ntroduction could be
years or even decades earber than the date of farst detection (=g
Galil, 2008; Hewitt, Campbell_ =2 al., 2004; Zenetos et al., 2019 One
example of time-lags within these data is the collection and report-
ing of four beach-dwelling isopods from Hawaii bebween the 1970
and 1790z (Halophiloscia couchii (Kinahan, 1855], Litborophioscia cul-
ebrae [H. F. Moore, 1801), Porcellic lomefiatus [Budds-Lund, 1885)
and Armadillonisows eflipticus (Harger, 1675]), thought to have been

irroduwced in sofid ballast materials swch as rock and sand (Carkton &
Eldridee. 2009, as solid ballast was phased owt of uss in the 16005
(Mational Research Council, 1996), these mopods may have besn in-
troduced one hundred vears (or more] prior to thewr published col-
lesction date.

Where surveillance is desizned specifically to detect tarpeted
taxa and & implemented regularty, ANS can be detected ot relativehy
small population sizes, reducing time-lags betwe=n introduction and
detection (Hayes =t al, J019) More often, ANS are collected as "by-
catch” during non-surveillance resesrch activities (Ruiz et ol 2000).
Additional lags then ooour because time = reguired to detect, pos-
ety identify and report new speces onde collect=d in 2 sample
[Arzurro =t al, 2044 Stanisawozyvk =t al, 2008} A lack of taxo-
nomic expertise can causs sipnificant delays i reporting, partiou-
larty i ndividuals are first misidentified as native species (Campbell
et al, 2007 Carlton, 2009; Mieni, 1992 Furthermore, without
standardiz=d and tarpeted surysillancs programmes in place, many
years may pass before 2 new ANS is collected because introduced
populations ar= likely to be rare (both in spatial coverapes and abun-
dance) unéil several penerations contribute to population prowth
and spread [Azzurro et al, 20168; Harvey et al, 2009). Smilary, it s
difficult o ascertain the population status [esteblished, failed or e
timct) without repeated surveys in the location of introduction, and
many irtrodwctions are likely to ocour unnoticed i populations fail or
o extinct within a short time-scale. The high proportion of records
with uninown populstion status (19.9%) zind low number of *filed”
populations [5.4%) in this study ndicate & need to better desipn or
impl=ment surveillance programmes with repeated measures.

Plost detection events in this dataset ar= compris=d of
Arthropoda, Mollusca and Pisces. The reposting of certain taxa
[such a= Annelida, Rhodophyta, Bryozoa, Cnidaria and Tunicata) n
onby & subset of the studied ecosystems may reflect differsnt ac-
tive pathways (anthropozenic tramsport mechanisms and source
regions of AN and speces adaptations to different recipient con-
ditions [Cardeccia =t al., 2015). However, it is Bkely that the pattem
is also heawily influenc=d by the availabifity of taxpnmomic special-
ists focusing on thess sroups and the different sampling methods
used scross studies Imterestingly, Echinodermata comprize onby
12 AMS report=d in six of the 49 estuarines ard marine scosystemes
studied. Given that this phylum is globally well studied, abundant
and widely distributed {e.g Lebrato et al, 2000), it i unlikely that
the loww number of echinod=rm invasions can be attributed solehy
to the proup’s prevalence or to lack of tsxonomic expertize up-
pesting other factors also influencs the frequency of ANS reports.
Further, many experts argue that the biogecgraphy and taxonomy
of microscopic speci=s in the Chlorophyta and Ochrophyia are
o poorly understood that new reports of these tzxs should be
considersd crypiopenic (sensu Carftor, 1996 zee alzo De Clerck
etal., 2017; Gomez, D008, DI19) with few sxceptions whers forersic
assesoment clearty demorstrates introduction of ANS (= Boldh &
Hallegraeff, 1990 Hallegraeff =t al, 1985).

Thee true rate of recent introductions (since 1965) is undoubtedhy
much pregter than documented here for many smell-bodisd taxa.
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More specifically, the magnitudes of crzgansm transfer (both in abun-
dancs and speciss richiness] is imeersely proportional to body sz,
vyt relagively few AMS are recopnized for fungl protists, parasitic
and fres-living flateorms, viruses and microbes, Bkeby reflecting hizh
uncertainty intaxonomic identification and geopraphic origin [Lohan
et al, 2020} The investipation of lesser-studied and cryptog=nac
o will b 2 fruitful avenus of future ressarch, particulardy as mo-
l=cular tools, referance datsbazes and mus=wm collections sdvance
[ Darbng et &l 2017, noting that both cormventional and molsc-
ular biological surveys are depende=nt on taxonomic sxpertise—a
skill set rapidly dimmizhing without dedicated funding and trainang
programmes [Bik, 2017; Coleman, 2015 Costelle =tal., 2000; Kim &
Bryrme=, 3006).

Arzeszment of the patiways of introduction of ANS is fundamesn-
tal for biological irmvasion risk assessments and for prioritizing man-
az=ment, monitoring and suresillance sctivities (Barry ot al, 2008;
Exzsl =t al, 2015). For many norm-ndipenous species, mons than one
imtroeduction pathresay s possible based on human activities ococurming
im or ne=ar the locality of first collectior hence, the assipnment of the
responsible pathway is uncertain [Djavesr =t al, 2015}, Az o result,
mary studi=s report only “commesrcial shippirg” as the mechanizm
of mtroduction, without differentiating betwesn the various path-
ways associated with this activity (=g ballast water and bicfoulng
of undersater surfaces] making it difficult to guantify mtroduction
likelhood and evaluate the =fficacy of pathway-based manag=ment
actions. Our study ako indicates that commercial shpping activi-
tims zre ofte=n nferred 2 the responsible patheay(s) of mtroduction
without drect evidence inor critical ination of aht=mate possi-
bilities). Res=arch =xamining commonly neglected or understudisd
pathways, such as the aguarium and bait trades, Int=met commence
and anthropogpenic ine litter {e.x Campbell =t al, 2017, Carlton
etal P07 Chan ot al . 20020; Fowler etal . 2015; Lerda et all | 2004y,
could lead to new insights and priorities for manszement of ANS.
It is wital that future work transparently corsider uncertaintizs in
pathway assipnments, describe the level of confidence and critically
evaluates all possible pathwways [Exsl et al., 2015; Oiaveer et al., 200810

Mational repulations reguiring ballast water fo be exchange=d

mid-ocean, thersby purging coastal species for presumably less
harmful oceanic species and reducing visbility of remaining coastal
species via asmotic shodk, have been implement=d mn multple loca-
tions around the world since the early 19905 (Bailey, 2015) While
there iz evidenoe that ballast water =xchange has effectively re-
duced ballast-mediated introductions to the Laurentian Great Lakes
where there is 2 high level of enforcement [Bailey =t al, 2001),
there is preater uncertaingy about the degree of protection offered
o coastal marine poris (=g Casas-Monroy et al, 2015; Scriven
et al, 2015} and bocations ladkng performance measures. For some
marine ports, thers hewve besn trade-driven compensatory changss
in the total ballast water and organizm delivery {Camey =t al., 2007),
and bicfoulng remaires a largeby unmanaped source of ANS [Williams
et al, 20131 K is notable that the declining trend in detections as-
sociated with ship fouling ooours after the entry-intoforce of the
Intemational Comvention on the Control of Harmful Anti-Fouling

Systems on Shaps {IMO, 2001) m 2008 which barmed the use of the
anti-fouling compound tributyitin [TET). This ban rais=d concerms
that n the sbo=nce of effective replacements for TBT, mtroduc-
tions via ship fouling would escalate (Drake= & Ledes, 3007 Faasse
& Lizthart, 2007; Lewis =t al., 2004 howsver, thers is no evidence
of this m owr study. Further research is nesded o dis=ntangle the
rizk associated with ballast water wersus biofouling and to evalusts i
international messwres (IMO, 2004, 2011) intended to curtail intro-
ductions by these pathways sre sffective or if additions] measurss
are ne=ded (ICES, 2019)

When spedes are mitroduced and become estzblished na new
p=ographic region, they often spread beyond the instial site of in-
vasion, expanding the area occupied and increasing the potential
magnitude of mpacts (Parker =t al, 1999). Such secondary spread
beyornd the initial site of mntroduction results from & combanation
of natural processes (= sctive swimming, passive Bl transport
or drifting) and human-mediated dispersal mechansms (=g, recme-
ational vessek, aguaculture, fishing and restoration). Although ex-
cluded from this study dws to & ok of consistent data across studied
regions, secondary spread is kniown to be a wery mportant compo-
miert of irvasion dvnamics, at multipls scales within and among ad-
Jacent soosystems. For example, the lapaness wirewsed, Sarpazsum
muticum {Yendo) Fensholt, = believed to hawe been introduced ini-
tially to the coasts of northem France through oyster sguacubure
activities and to have subsequently spread via drifting plants to the
Engzlish south coast and the Metherlands. & has now spread to most
coastal courtries in Eurcps, likely throuph a combination of netural
dispersal, ships' ballast water or biofouling and ovster aguaculure
activities (Gollasch =t al., 2009).

A recently published study on the Baltic Sea indicates that sec-
omndary spread of ANS from the adjacent Morth S=a is responsible
for arcurnd 50% of introeductions when both natural dspersal and
humar-medisted pathwways are considered (Ojaveesr =2 al, 20070
In a previous analbysis of 257 ANGS established in Califomia, 57% of
these species were known from multiple bays along the coast with
soame oocurting &l the way to Alaska, surpesting secondary spread
attributed pramarily to shipping (ballast water andfor ship fouling)
and aguaculture [Ruiz =t al, 2011] Thers i= mounting =vidsnos that
global warming has =nabled AN to =xpand into regions where pre-
vioushy they were not able fo survive and reproduce: (Cannang-Clode
& Carttomn, 2017; Occhipinti-Ambrogi. 2007, Walther et al, 200
Given the mpressive rates of dispersal of ANS, it is likely that the un-
added pathrvay is significanthy underestimated [Hulme =t al 3008L
Thiis stresses the need for regional cooperation, as uneided spresd iz
an important pathway o prasp both from a management perspective
and m terms of fundamental invasion scology (Faulkner e al., 2020
Schwindt & Bortolus, 2017).

This study mdicates that introductions of ANS hawve oo
curred at an alarming rate on 2 global scale for the past 50 years
Coordinated acticns are urgenthy nesded o prewent new mmtroduc-
tions and further spread of ANS, one of the top divers of biod-
versity change [IPEES, 201%: IUCH, 2047} While thers have besn
sigrificant advances ower the past 30 wvears in policies to reduce
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ballast water-medated mvasions, including those by the Intermational
Maritime Orpanization and repulations in several nations (=g
Government of Canada, 20068; U5, Coast Guard, 1995], thes= are
still being implemented, and ship fouling is lrzely unrezulated but
gaming imcre=as=d attention [mg. Department of Apriculure and
Water Resources, 2010 Ceorpiades =t al., 2020 Ulman =t al., 2019).
Further repional actions, such as thos= to address introductions via
the= Suez Canal, will hawe substantizl benefits for the Mediterranean
Sea and acrosz assodated plohal trade networks (Galil =t 2l . 2017).

Despite the pood imtentions of the CBD to evaluate non-indig-
enous speces a5 a key indicator and recent efforts o establish a
miechanizm for reporting (Pagad et al, J00E), this i still at an early
stape for aguatic and marine species, and symthetic mventories of
ANS and azsociated mwvasion pathways are still very limited, inhib-
iting prioritization and confrol sctivities n sguatic =mvronmesngs.
While numerpus policies and stratepies have bsen put n place that
aim to reduce the introeduction and spread of non-indip=nous species
as corcervation messures, the coverage is piscemeal, taxonomically
bizsesd and focused only on a subset of pathways—mplementation
ard enforcement is ofte=n lacking [zee Ojevesr &t al., 20AE) and n-
termational tresti=s may be n conflict [Campbell =t al., 2009). For
example, the CBD and the World Trade Organization’s General
Apresment on Tariffs and Trade 1994 (GATT) apply the precaution-
ary approach from different contexts, with the GATT able to uti-
liz= “patewary” provisions [Campbell et 2, 2009 The end result =
that Sanitary and Phytosanitary Messurss may be cancellsd out by
thes World Trade Orpanization if trade = blodeed &s & result of ANS.
The Intergovernmental Sci=nce-Policy Platfoem on Biodiversity
arnd Ecosyst=m Servicss recently reporied that, based on past and
ongoing rapid declines in bicdiversity, poals for conserving nature
and achieving sustamabiity cannot be met withouwt urg=nt and con-
certed efforts fostering trarsformative chanpe to reduce drivers
of bicdiversity loz= (IPBES, 2019). In our view, this reguires robust
ard refiable Inventories of ANS introductions and thesr introduc-
tion patheays, needed to both evaluate performance of manage-
me=nt mezazures and sccelerate the rate of adaptive manap=ment to
achi=ve desired outcomes.

Studies such as thiz one, bazed on netional andfor regional n-
vertories of non-indip=nous species, are only reliable f local =xperts
can maintain and contirually update lists considering new records,
range expansions and evolving knowledee of nomenclaturs, popu-
lation status and responsible pathways (Manchind et al,, 3015). k=
wital to contirue and to =xpand research and survey efforts across
marine, estusrne snd large freshwater scosystems to better inform
beoth regional and global policy dewe) activ-
ities, swch as the European Water Framework Directive (Cardoso &
Free, 200B] Irventories of ANS freguently suffer from a number of
uncertainties in species identification [Exoromic uncertainty] and
inferred pathways of imtroduction, mconsistent or urieven s=arch =f-
fort (l=ading to low spatial, temporal and taxonomic resolution], poor
documentation of data and knowledes and insdequate bazeline n-
formation (Mardhini & Cardeccia, 2047; McGeoch etal, 2017). These
are all oritical paps that impair our shility to fully understand nyvasion

vt and mar

dvnamics, their drivers and performance of policies and management
actions. Addressing thess maps reguires standardiz=d and repeatesd
mieasures for detection, in order to Improve the core data quality and
inferemices that can be drawn (2. Fuiz & Hewitz, 2002 While this
ne=ed iz well recognized and several res=arch proups have sought to
advance this withan thesir region, it is also the case that: (a} somewhat
different methods and approsches are used among rezions and (b}
such efforts are usually short-term and limit=d by funding available
to amn individual researcher or zroup.

We call for standardized, tarpeted and repeated methods across
regions in order to improve the guality of globalscale comparizons
and sustain core messures over longer time-soales, Future studies
should mclude key human activities/pressure trends over time
he=lping to nterpret the temporal dynamics of new imtroductions.
wiill be Fundamental to Fill in exsting nowledes gaps given that n-
vasion dats representing broad regions of the world’s oo=ans are not
yet readily available and to maintan knowledps pipslines for adap-
tive management. We hope that the bassline provided hers will be
updated in the future a= pathway manazement is mplemented and,
id=ally, becomes avidence of associated positive chanpes [fewer n-
troductions of ANS)L
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