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“Fomos nos alienando desse organismo de que somos parte, a terra, e passamos 
a pensar que ele é uma coisa e nós, outra: a terra e a humanidade” 

Ailton Krenak  
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RESUMO 

A toninha (Pontoporia blainvillei), um golfinho endêmico do Oceano Atlântico 

Sul Ocidental que habita águas costeiras com profundidades de até 50 m, 

classificada entre os cetáceos mais ameaçados da região em decorrência da 

captura incidental registrada ao longo de toda a sua área de distribuição. 

Entretanto, o desenvolvimento e expansão das zonas costeiras, também podem 

gerar possíveis impactos à espécie, como por exemplo a implementação de 

parques eólicos offshore. Esse estudo teve como objetivo avaliar os padrões de 

distribuição da toninha, por duas fontes de dados distintas, dados dependentes da 

pesca e independentes da pesca (i.e, monitoramentos aéreos), e predizer áreas de 

maior concentração da espécie no Rio Grande do Sul. Além disso, avaliamos os 

dados de predição de abundância da espécie sobrepostas a áreas de interesse para 

implementação de aerogeradores offshore em toda a costa do Rio Grande do Sul. 

Como os dados apresentam características espaço-temporais distintas, utilizamos 

duas metodologias diferentes para gerar mapas de predição da espécie em todo o 

Rio Grande do Sul para avaliar os padrões de distribuição. Ademais, testamos a 

convergência dos dados por meio de teste-t modificado. Os resultados indicaram 

que os dados não são convergentes em termos da magnitude de estimativas de 

abundância, porém, os métodos revelaram padrões espaciais consistentes. As 

maiores densidades foram associadas a áreas estuarinas, destacando-se a 

desembocadura da Barra de Imbé/Tramandaí, ao norte, e a região da Barra do Rio 

Grande e Farol do Albardão, ao sul. A sobreposição entre as áreas de maior 

densidade e as regiões pleiteadas para a instalação de parques eólicos offshore 

evidencia um potencial conflito espacial. Identificamos que a porção norte e a 

desembocadura da Barra de Rio Grande e ao Farol do Albardão foram 

consideradas áreas de risco alto, pela alta densidade da espécie sobreposta aos 

polígonos. Esses achados reforçam a importância da avaliação espacial prévia 

para subsidiar medidas de conservação e orientar o planejamento da instalação de 

parques eólicos offshore na costa do Rio Grande do Sul 

Palavras-chave: DSM, INLA, franciscana, distribuição espacial, eólicos offshore 
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ABSTRACT 

The franciscana dolphin (Pontoporia blainvillei), an endemic cetacean of the 

Southwestern Atlantic Ocean that inhabits coastal waters up to 50 m deep, is 

classified among the most threatened cetaceans in the region due to bycatch 

recorded throughout its distribution range. However, the development and 

expansion of coastal zones may also generate potential impacts on the species, 

such as the implementation of offshore wind farms. This study aimed to evaluate 

the distribution patterns of franciscana dolphins using two distinct data sources: 

fishery-dependent data (i.e. bycatch) and fishery-independent data (i.e. aerial 

surveys), and to predict areas of higher species concentration in Rio Grande do 

Sul (RS). Additionally, we assessed the predicted abundance of the species in 

relation to areas of interest for offshore wind farm implementation along the entire 

coast of RS. Because the datasets exhibit distinct spatio-temporal characteristics, 

we employed two different methodologies to generate species prediction maps 

across the state to evaluate distribution patterns. Moreover, we tested data 

convergence using a modified t-test. Results indicated that the datasets were not 

convergent in terms of the magnitude of abundance estimates; however, both 

methods revealed consistent spatial patterns, with prediction maps highlighting 

similar areas of higher species occurrence. The highest densities were associated 

with estuarine areas, notably the Mampituba River estuary in the north, and the 

Inlet of Rio Grande and Albardão Lighthouse regions in the south. The overlap 

between areas of higher density and regions proposed for offshore wind farm 

installation indicates a potential spatial conflict. These findings underscore the 

importance of prior spatial assessment to support conservation measures and 

guide the planning of offshore wind energy projects along the coast of RS. 

​

Keywords: DSM, INLA, franciscana dolphin, spatial distribution, offshore wind 

farms 

 
 

 

 

 

10 



11 

CAPÍTULO 1 

A expansão e intensificação das atividades antrópicas têm provocado 

mudanças ambientais significativas, impactando direta e indiretamente a 

biodiversidade em diferentes escalas, local e global, com espécies desaparecendo 

em taxas superiores ao registro fóssil (Halpern et al., 2008; Barnosky et al., 2011). 

Entre os cetáceos, os principais desafios para a conservação estão associados à 

degradação de seus habitats, especialmente pela sobre-exploração de presas (e.g., 

Cardoso & Haimovici, 2017) e pela alta mortalidade decorrente das capturas 

incidentais em pescarias (e.g. Secchi et al., 2021). Outros fatores de pressão 

incluem a poluição sonora, resultante da extração de óleo e gás e de prospecções 

sísmicas, que alteram a qualidade do habitat e interferem na comunicação desses 

animais, embora as relações de causa e efeito ainda sejam pouco compreendidas 

(Parente et al., 2006). Assim, espécies que habitam áreas restritas, em águas mais 

quentes e sob intensa atividade humana, estão particularmente mais suscetíveis ao 

risco de extinção (Chen et al., 2022). No Brasil, esse quadro é igualmente 

preocupante, refletindo-se tanto na biodiversidade de forma geral quanto na 

conservação de cetáceos, frente ao aumento das pressões antrópicas (Vercillo et 

al., 2023; Losada, 2024). 

O ecossistema marinho costeiro brasileiro é caracterizado pela elevada 

produtividade, especialmente no sul do país, onde ocorre a confluência das 

Correntes do Brasil e das Malvinas. Esse processo, aliado à ação de ventos 

costeiros e ao aporte de água doce proveniente do Rio da Prata e da Lagoa dos 

Patos, cria condições altamente favoráveis à produção primária (Moller et al., 

2008; Piola et al., 2008). A presença da Frente de Plataforma Subtropical, 

próxima à isóbata de 50 m, entre 32° e 36° de latitude, contribui ainda mais para a 

concentração de nutrientes, o que torna a região sul do Rio Grande do Sul como 

uma área de grande importância ecológica (Piola et al., 2000; Muelbert et al., 

2008). Essa elevada produtividade sustenta também uma das principais áreas de 

pesca do Brasil (Haimovici, 1997). Entretanto, a exploração intensa dos recursos 

pesqueiros exige medidas eficazes de manejo e conservação, a fim de evitar a 

sobrepesca (Haimovici & Cardoso, 2017), as capturas de espécies não-alvo, 

muitas delas ameaçadas (e.g. Prado et al., 2021, Secchi et al., 2021, Saüt et al., 

2024), e garantir a manutenção do equilíbrio ecológico. Além desse papel 
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estratégico para a biodiversidade e a pesca, o sul do Rio Grande do Sul também se 

destaca pelo potencial para geração de energia eólica offshore, medida favorecida 

por incentivos governamentais desde a Lei nº 10.438/2002. Em território nacional, 

o desenvolvimento de parques eólicos offshore já acontece, mesmo que de forma 

inexpressiva no Norte e Nordeste (Bugoni et al., 2022).  

Segundo o relatório Wind Energy do IPCC (Intergovernmental Panel on 

Climate Change, 2012), aerogeradores representam potencial de redução na 

emissão de gases estufa, o que incentiva avanços no seu desenvolvimento para 

produção de energia renovável (Kaldellis & Kapsali, 2015). Alguns países 

pretendem implementar os primeiros ou aumentar o número de áreas para 

implementação de aerogeradores offshore em todo o globo, incluindo o Brasil 

(Watson et al., 2024). Segundo o relatório do Banco Mundial, a região sul do 

Brasil possui características propícias à instalação de parques eólicos offshore, 

além de apresentar um amplo fundo marinho, tem velocidades de vento de 8 m/s, 

que conferem à área um potencial técnico expressivo de 660 gigawatts. 

Entretanto, eles ressaltam que a área está localizada quase que inteiramente dentro 

de uma área ecológica ou biológica Área Significativa (EBSA), o que carece de 

estratégias de mitigação de riscos para sua implementação. 

A implementação dos aerogeradores pode ter efeitos tanto positivos 

quanto negativos. Aerogeradores servem como espaço para assentamento de 

novas espécies, áreas de abrigo e alimentação para a biodiversidade no geral 

(Watson et al., 2024; Degraer et al., 2020), de forma que podem ter efeito  de 

áreas marinhas protegidas. Por outro lado, existem preocupações potenciais na 

construção, como perda de habitat, risco de colisão, efeitos do ruído produzido 

pelos aerogeradores, alteração do campo eletromagnético, introdução de espécies 

invasoras, além de impactos visuais (e.g. Bailey et al., 2014; Lloret et al., 2022; 

Teilmann and Carstensen, 2012).  

No caso dos mamíferos marinhos, a instalação, construção e operação dos 

aerogeradores acarreta impactos, uma vez que a poluição sonora produzida pode  

provocar alterações comportamentais e a fuga de habitats preferenciais (Teilmann 

& Carstensen, 2012). Além disso, o risco de emaranhamento com cabos 

condutores durante a fase de construção, pela megafauna, e no caso de mamíferos 

marinhos, das grandes baleias é preocupante para o grupo, além da mudança de 

campo magnético (Taormina et al., 2018; Watson et al., 2024). Na Dinamarca, por 
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exemplo, uma marcante diminuição na densidade de golfinhos-do-porto 

(Phocoena phocoena) ocorreu em um curto intervalo de tempo durante a 

instalação dos aerogeradores (Brandt et al., 2011). Efeitos substanciais à esta 

espécie foram observados durante o período de construção, quando observou-se 

uma redução na ecolocalização e ocupação da área onde os aerogeradores estavam 

sendo implementados, possivelmente devido ao ruído da construção (Carstensen 

et al., 2006). Além disso, considerando que os ruídos possam ser audíveis para 

golfinhos em até 80 km da fonte (Thomsen et al., 2006; Stone et al., 2017), 

estudos para definir medidas de mitigação tanto na instalação como após o 

funcionamento dos aerogeradores são necessários. Evidências de evasão de áreas 

preferenciais já foram registradas para golfinhos e focas, embora a intensidade 

dessa resposta varie entre espécies (Brandt et al., 2018). 

 A avaliação de potenciais impactos ao longo do processo de construção e 

funcionamento dos aerogeradores, assim como informações para o planejamento 

espacial dos empreendimentos, pode minimizar efeitos negativos sobre espécies 

que ocorrem nas áreas de interesse para implementação dessas estruturas 

(Bergström et al., 2014; Weiss et al., 2018).  

No Brasil, o avanço no desenvolvimento de obtenção de energias 

renováveis indica que várias localidades no país, com ventos relativamente 

intensos e constantes, têm potencial para a implementação de aerogeradores 

(Marques et al., 2012; Silva et al., 2022). O Rio Grande do Sul (RS) é o estado 

com maior número de áreas de interesse, com 31 polígonos (Figura 1) sendo 

pleiteados ao longo de toda a costa, especialmente sobre a plataforma continental 

interna e média. A implementação destes aerogeradores, sem uma análise prévia 

que identifique os polígonos com risco potencial aos mamíferos marinhos, ou 

seja, aqueles com maior intensidade (i.g. área e densidade) de sobreposição com 

as áreas de ocorrência da espécie podem ter um efeito sinérgico, indesejado, para 

espécies já ameaçadas por outros fatores antrópicos.  
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Figura 1: Mapa com a distribuição dos polígonos das áreas de interesse para 

implementação dos aerogeradores offshore no Rio Grande do Sul (Adap. MMA, 

2025) (Disponível em: 

https://www.gov.br/ibama/pt-br/assuntos/laf/consultas/mapas-de-projetos-em-lice

nciamento-complexos-eolicos-offshore). 

 

Em países da União Europeia (Diretiva 2014/89/EU), os quais já têm áreas 

com aerogeradores em operação, a redução de impactos ambientais e conflitos foi 

a definição de um Planejamento Espacial Marinho (PEM). Na qualidade de 

signatário da Conferência da ONU para os Oceanos de 2017, o Brasil, 

representado pela Comissão Interministerial para os Recursos do Mar (CIRM), 

comprometeu-se a implementar um PEM até 2030 (Bugoni et al., 2022). Junto a 

isso, dados precisos sobre a distribuição espaço-temporal de espécies de interesse, 

como por exemplo, espécies ameaçadas podem servir como medida de impacto 

(Watson et al., 2024). Visto que apesar de não se conseguir medir os efeitos a 

longo prazo da implementação, devido ao pouco tempo de funcionamento. É 
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possível que os impactos sobre populações de mamíferos marinhos, 

principalmente, das ameaçadas, se prolonguem a longo prazo a partir da 

implementação (Virgilli et al., 2024). Ainda, segundo o relatório do Banco 

Mundial (2024), as medidas de menor impacto para a construção de parques 

eólicos offshore no Brasil, são evitar áreas sensíveis a biodiversidade, redução de 

construção ou implementação em períodos específicos de reprodução de espécies 

sensível, além de práticas de gestão e utilizar tecnologias que minimizem os 

impactos sobre a biodiversidade.  

Dentre as espécies de mamíferos marinhos potencialmente vulneráveis à 

implementação de aerogeradores na região costeira do RS, destaca-se a toninha 

(Pontoporia blainvillei) (Gervais & D’Orbigny, 1844), espécie endêmica do 

Oceano Atlântico Sul Ocidental, é a única representante não-extinta da família 

Pontoporiidae. A toninha ocorre em regiões costeiras, até os 50 m de 

profundidade, entre Itaúnas, litoral do Espírito Santo (18º 25’S), Brasil, e o Golfo 

San Matías (~42ºS), Argentina (Crespo et al., 1998; Danilewicz et al. 2009). 

Atualmente, a espécie está classificada como “Vulnerável” pela União 

Internacional para Conservação da Natureza/IUCN (Zerbini et al., 2018) e como 

“Criticamente Ameaçada” pelo Instituto Chico Mendes de Biodiversidade 

(Portaria MMA nº 148/2022). Até o momento, o Plano de Ação Nacional (PAN) 

para a espécie não aborda os possíveis impactos da energia eólica sobre as 

populações de toninha. 

A distribuição da espécie foi dividida em quatro áreas de manejo 

(Franciscana Management Areas - FMAs), estabelecidas com base em dinâmica 

populacional, evidências genéticas e morfológicas que sugerem algum grau de 

independência demográfica: FMA I (Espírito Santo e Rio de Janeiro) e II (São 

Paulo, Paraná e Santa Catarina) no Brasil, III  compartilhada entre Brasil (Rio 

Grande do Sul)  e Uruguai e IV na Argentina (Secchi et al., 2003). Segundo esses 

autores, a delimitação das áreas não é imutável, todavia o conhecimento e 

delineamento dessas áreas é de extrema importância para tomada de decisão para 

ações de conservação, o que aumenta a chance de eficácia para as populações. A 

partir de  um maior número de amostras de diferentes abordagens moleculares, 

Cunha et al. (2014) recomendaram a  subdivisão da FMA I em FMA Ia (Espírito 

Santo) e Ib (norte do Rio de Janeiro). Recentemente, novas subdivisões foram 
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propostas para as FMA II e FMA IV (Nara et al., 2022), em como a descrição de 

uma nova subespécie Pontoporia blainvillei pukusi (Nara et al., 2024) . 

Para a FMA III, por outro lado, não há evidência de subdivisão, porém, 

sua extensão foi ampliada até o sul da ilha de Santa Catarina (Ott et al., 2002, 

Nara et al., 2022). Essa falta de estruturação se deve, em parte, às características 

geográficas e ambientais da plataforma interna e média desta região, com uma 

maior homogeneidade oceanográfica e ausência de grandes baías que poderiam 

promover algum grau de isolamento reprodutivo entre populações adjacentes. De 

fato, as toninhas das FMAs III e IV apresentam maiores taxas de migração de 

longo prazo e tamanhos populacionais efetivos que aquelas das FMAs I e II, mais 

ao norte (Nara et al., 2022). 

Esta distribuição restrita e a sobreposição com atividades antrópicas, 

especialmente com a pesca, tornam a espécie vulnerável e com alto risco de 

declínio populacional. A toninha é uma das espécies mais intensamente afetadas 

pela atividade antrópica do Oceano Atlântico Ocidental, tanto pela degradação do 

habitat quanto, principalmente, pela captura incidental em redes de pesca, que 

atualmente, são as principais ameaças à viabilidade da espécie (Secchi 2010; 

Secchi et al., 2021). No Rio Grande do Sul os altos níveis de captura incidental da 

toninha nas pescarias com redes de emalhe, em todas as estações do ano, desde a 

década de 1980, são insustentáveis para continuidade da espécie (Secchi, 1999, 

2006; Kinas 2002; Prado et al., 2013, 2021; Secchi et al., 1997, 2021, 2022).      

Apesar da captura incidental ocorrer ao longo de toda a plataforma 

continental, existem duas áreas com probabilidades relativamente altas de captura 

incidental, uma ao largo do Farol de Conceição (31º45’S) e outra na região 

próxima ao Farol do Albardão (33º12’S) (Prado et al., 2021). Há também indícios 

de uma variação sazonal nas capturas, com maiores probabilidades em regiões 

mais próxima da costa durante a safra de pesca da corvina, Micropogonias 

furnieri, durante a primavera/verão, talvez por agregação reprodutiva ou por 

maior disponibilidade de alimento, e mais homogênea durante o outono e inverno, 

na safra da pescada, Cynoscion guatucupa (Prado et al., 2021). A maior 

probabilidade de captura incidental em redes de emalhe, ao largo do Farol do 

Albardão, foi também observada para espécies ameaçadas de tubarões e arraias, 

demonstrando a importância do desta região a conservação de várias espécies da 

megafauna marinha (Saut et al., 2024). Apesar da implementação da INI 12/2012, 
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voltada ao ordenamento da pesca de emalhe no sudeste e sul do Brasil, com foco 

na  redução do impacto desta pescaria sobre espécies ameaçadas e sobre os 

estoques pesqueiros, há evidências de que essa medida não tem sido suficiente 

para reduzir a mortalidade de toninha (Prado et al., 2021). A mortalidade 

incidental da espécie permanece na mesma ordem de magnitude daquela anterior à 

implementação da norma (e.g. Secchi et al., 2021, 2022), em parte devido a 

insuficiência das medidas de redução do esforço, mas também devido à falta do 

seu cumprimento pela frota pesqueira (Claudino et al., in press). 

Desta forma as capturas incidentais da toninha continuam em níveis 

insustentáveis. Unindo isso, ao fato que a área de ocupação da espécie, é 

altamente sobreposta a áreas de interesse para implementação de aerogeradores 

offshore, avaliar os padrões de distribuição da espécie, contribui para medidas de 

mitigação para a implementação dos eólicos. Mesmo que os eólicos representam 

uma potencial ameaça, desconhecida para a espécie, devido ao alto ruído gerado 

em períodos de instalação e pós instalação, a área de exclusão de pesca para a 

construção dos eólicos, pode trazer benefícios para as populações da espécie, caso 

consigam se adaptar ao ruído gerado, claro que a implementação desses 

empreendimentos, pode gerar efeitos bottom-up/top-down para a espécie e a 

biodiversidade que ocupa a região. De qualquer forma, avaliar a distribuição da 

espécie é a principal medida de avaliação no período pré-instalação dos 

aerogeradores no Rio Grande do Sul. 

O sul do Rio Grande do Sul é uma região importante para a conservação 

da toninha, tanto pela alta densidade populacional da espécie como pelos altos 

níveis de captura incidental da espécie. Monitoramentos aéreos e de capturas 

incidentais no estado indicam que a espécie ocorre em maiores densidades em 

baixas profundidades de 10 a 35 m (Danilewicz et al., 2009; 2010), com duas 

áreas com probabilidades relativamente altas de captura incidental, uma próxima 

ao Farol do Albardão (33º12’S) e outra ao largo do Farol de Conceição (31º45’S) 

(Prado et al., 2021).  

Além disso, há uma variação sazonal em sua distribuição, estando mais 

próxima da costa durante o verão, talvez por agregação reprodutiva ou por maior 

disponibilidade de alimento, e mais homogênea durante o outono e inverno (Prado 

et al., 2021). Dada a falta de estudos sobre o possível impacto dos aerogeradores 

para a espécie e o elevado interesse na sua implementação, a utilização de 
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extensos bancos de dados torna-se fundamental para subsidiar tomadas de decisão 

que minimizem o potencial impacto destes empreendimentos sobre a toninha. A 

integração de dois bancos de dados provenientes de metodologias diferentes, com 

ampla envergadura temporal e espacial dos registros de toninhas ao longo de toda 

a costa do Rio Grande do Sul, permitirá validar, com duas fontes independentes de 

informação, os padrões de distribuição da espécie e avaliar a intensidade de 

sobreposição com os empreendimentos previstos na área de estudo. Os resultados 

poderão indicar, respectivamente, as épocas e locais mais apropriados para 

construção e implementação dos empreendimentos e, assim, contribuir para o 

planejamento espacial marinho na região, minimizando os riscos para a 

conservação da espécie. 

1.4 HIPÓTESES 

(1) haverá maior intensidade de sobreposição em áreas mais próximas à 

região dos faróis do Albardão e de Conceição, locais onde houve maior 

probabilidade de captura em rede de pesca (considerada aqui como proxi de maior 

abundância da espécie nestas áreas); (2) o verão será a estação com maior 

intensidade de sobreposição em áreas mais próximas à costa.  

 

1.5 OBJETIVOS 

 

Objetivo geral: Avaliar a intensidade de sobreposição espacial entre áreas de 

ocorrência de toninhas e aquelas de interesse para a implementação de 

aerogeradores na plataforma continental central e sul do Rio Grande do Sul e sua 

variação sazonal.  

Objetivos específicos: (1) identificar áreas de maior densidade de toninhas na 

plataforma interna e média nas regiões central e sul do Rio Grande do Sul a partir 

da integração de dados de levantamentos aéreos e de captura incidental; (2) 

avaliar o potencial de sobreposição espaço-temporal, e sua intensidade, entre áreas 

de ocorrência de toninhas com áreas de interesse para a implementação de 

aerogeradores  
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ABSTRACT 

The franciscana dolphin (Pontoporia blainvillei) is an endemic cetacean of the 

southwestern Atlantic Ocean and is recognized as one of the most threatened 

cetacean species in the region, primarily attributable to incidental capture in 

fisheries throughout its distributional range. Furthermore, anthropogenic 

development within coastal zones, including the establishment of offshore wind 

farms (OWFs), may present additional threats to the species. This study aimed at 

evaluating the distributional patterns of franciscana dolphins in Rio Grande do Sul 

State (RS), southern Brazil, utilizing two distinct data sources: fishery-dependent 

data (bycatch records) and fishery-independent data (aerial surveys), with the 

objective of predicting areas of elevated species concentration. We further 

assessed the predicted abundance of the species in relation to areas designated for 

OWF development along the entire RS coastline. Given the divergent 

spatio-temporal characteristics of the datasets, we employed two distinct 

methodological approaches to generate statewide species distribution prediction 

maps. Data convergence was examined using a modified t-test. Results indicated 

that the datasets did not converge with respect to abundance estimates; however, 

both methods identified congruent spatial patterns, delineating comparable areas 

of elevated species occurrence. The highest densities were observed in estuarine 

environments, particularly the Mampituba River estuary in the northern sector and 

areas proximate to the Rio Grande breakwaters and Albardão Lighthouse in the 

southern sector. The spatial overlap between areas of elevated density and 

proposed OWF sites suggests potential spatial conflict. These findings underscore 

the necessity for comprehensive spatial assessments to inform conservation 

strategies and guide the planning of offshore wind energy development along the 

inner continental shelf of southern Brazil. 

 
Keywords: DSM, INLA, offshore wind farm, spatial distribution, cetaceans 
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1. Introduction 

​ Historically, marine mammal populations worldwide have been adversely 

affected by anthropogenic activities (Reeves et al. 2003). For small cetaceans, 

including the franciscana dolphin (Pontoporia blainvillei), incidental capture in 

fishing gear remains the principal driver of population decline (e.g., Ávila et al. 

2018; Secchi et al. 2021). Fisheries interactions have precipitated substantial 

reductions in numerous cetacean populations across multiple spatial scales, 

particularly among species inhabiting coastal regions subjected to intensive 

human pressure. A prominent example is the vaquita (Phocoena sinus), endemic 

to the Gulf of California, which faces imminent extinction as a direct consequence 

of bycatch-induced mortality (Rojas-Bracho & Reeves 2013; Arreguín-Sánchez et 

al. 2025). However, habitat degradation has emerged as an additional and 

escalating concern for franciscana dolphin conservation. In recent years, the rapid 

proliferation of offshore wind farms (OWFs) has heightened awareness within the 

scientific community regarding the potential risks these structures may pose to 

marine mammals. While this technology represents a significant global 

advancement in climate change mitigation, the spatial overlap between areas 

exhibiting high energy production potential and critical habitats of coastal 

cetaceans introduces novel impact risks (Verfuss et al. 2016; Lüdeke 2017). The 

construction and operation of OWFs can substantially alter the acoustic 

environment, thereby modifying habitat utilization patterns and behavioral 

responses, thus representing an emerging and complex challenge for cetacean 

conservation (Carstensen 2006; Madsen et al. 2006; Teilmann & Carstensen 

2012).​  

​ In Denmark, for instance, a substantial decline in harbour porpoise 

(Phocoena phocoena) abundance was documented over a brief temporal period 

during wind turbine installation (Brandt et al. 2011). Furthermore, given that 

certain cetacean species (e.g., harbour porpoises) can detect underwater noise at 

distances extending up to 80 km from the source (Thomsen et al. 2006; Stone et 

al. 2017), research efforts aimed at defining mitigation measures during both the 

installation and operational phases of wind farms are imperative, although the 

long-term population-level effects remain poorly understood. Marine spatial 

planning, a process that guides the allocation and utilization of marine areas to 

balance development objectives with conservation imperatives, can help minimize 
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adverse impacts on species generated by OWF development and other maritime 

and coastal economic activities—for example, by avoiding critical habitats, 

migratory corridors, or important foraging and breeding areas for cetaceans 

(Bergström et al. 2014; Weiss et al. 2018). In Brazil, renewable energy 

development assessments indicate that several regions characterized by persistent, 

high-intensity wind regimes possess substantial potential for OWF 

implementation (Marques et al. 2012; Silva et al. 2022), particularly in Rio 

Grande do Sul State (RS), southern Brazil, where at least 31 sites have been 

designated for OWF construction (IBAMA 2019; 2022). Consequently, enhanced 

knowledge regarding the occurrence, distribution, and critical habitats of cetacean 

species in RS is essential to support environmentally responsible marine spatial 

planning and minimize potential conflicts between OWF development and 

biodiversity conservation objectives. 

Among the marine mammal species potentially vulnerable to OWF 

installation along the RS coast, the franciscana dolphin is of particular concern. 

This species may exhibit sensitivity to anthropogenic noise generated during both 

the construction and operational phases of these developments. The franciscana 

dolphin inhabits coastal waters at depths up to 50 metres (Danilewicz et al. 2009), 

rendering it susceptible to multiple anthropogenic activities, including OWF 

development. Although incidental capture remains the predominant threat 

throughout the species' distributional range, other anthropogenic impacts should 

not be underestimated, as they may act synergistically to further elevate the risk of 

population collapse (Secchi et al. 2021, 2022). The International Union for 

Conservation of Nature (IUCN) currently classifies the franciscana dolphin as 

"Vulnerable" (Zerbini et al. 2017), whereas the Brazilian government designates it 

as "Critically Endangered" through the Chico Mendes Institute for Biodiversity 

Conservation (Instituto Chico Mendes de Conservação da 

Biodiversidade—ICMBio) (Portaria MMA No. 148/2022). 

Based on population dynamics as well as genetic and morphological 

evidence, the species' distribution has been delineated into four Franciscana 

Management Areas (FMAs): FMA I (from Espírito Santo to northern Rio de 

Janeiro states); FMA II (from southern Rio de Janeiro to the central portion of 

Santa Catarina state); FMA III (from the central portion of Santa Catarina through 

the entire coast of RS state in Brazil and Uruguay); and FMA IV (Argentina) 

28 



29 

(Secchi et al. 2003; Cunha et al. 2014). Whilst new subdivisions have been 

proposed, FMA III currently remains unchanged (Nara et al. 2022). Data derived 

from aerial surveys and incidental capture records, accumulated over three 

decades of monitoring the gillnet fleet operating in RS, indicate that the 

franciscana is widely and continuously distributed throughout this region, 

extending from the coast to the 35 m isobath, with few records in deeper waters 

(Secchi et al. 1997; Danilewicz et al. 2009, 2010; Prado et al. 2013; Amaral et al. 

2018). Although incidental captures occur across the inner continental shelf, two 

areas exhibit a relatively higher probability of bycatch: one off Conceição 

Lighthouse (31°45'S) and another near Albardão Lighthouse (33°12'S) (Prado et 

al. 2021). There is also evidence of seasonal variation in bycatch patterns. During 

the spring/summer white croaker (Micropogonias furnieri) fishing season, the 

probability of bycatch is elevated in nearshore areas, possibly attributable to 

reproductive aggregations and increased prey availability. During the weakfish 

(Cynoscion guatucupa) fishing season in autumn/winter, the distribution is more 

widespread throughout the inner continental shelf (Prado et al. 2021). A higher 

probability of incidental capture in gillnets off Albardão Lighthouse has also been 

documented for threatened elasmobranch species, which underscores the 

importance of this region for the conservation of multiple marine megafauna 

species (Saüt et al. 2024). 

Consequently, understanding distributional patterns and their 

spatio-temporal variation is essential for developing public policies aimed at 

minimising or eliminating spatial overlap between highly impactful anthropogenic 

activities and areas where the franciscana exhibits elevated densities. Line transect 

surveys employing distance sampling constitute an important methodology for 

estimating franciscana abundance and may be corroborated for determining spatial 

and temporal distribution patterns (e.g., Secchi et al. 2001; Danilewicz et al. 2010; 

Sucunza et al. 2022). This approach is particularly valuable given the species' low 

detectability from vessels (Crespo et al. 2002; Sucunza et al. 2022) and the 

capacity of aerial surveys to encompass extensive areas within brief temporal 

periods (Hiby & Hammond 1989; Andriolo et al. 2010). However, owing to 

substantial associated costs, aerial surveys are typically temporally constrained 

and provide only instantaneous representations of species distribution within the 

study area. Conversely, bycatch data, when derived from spatially and temporally 
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representative fleet samples, enable more comprehensive distribution pattern 

mapping as well as estimation of incidental mortality rates and their effects on 

population viability (Secchi et al. 1997, 2021; Prado et al. 2021; Saüt et al. 2024). 

Integrating these two data sources can yield a more comprehensive understanding 

of species distribution patterns and facilitate assessment of whether the two 

methodological approaches converge on congruent spatial patterns. This 

integration may enhance the robustness of conclusions and consequently increase 

confidence in marine spatial planning decisions that incorporate biodiversity 

conservation requirements (UNESCO 2021). In the case of the franciscana, 

implementing OWFs without first analysing areas where spatial overlap could 

pose the greatest risk to the species' habitat may result in undesirable cumulative 

effects, exacerbating the already unsustainable impact of fisheries-induced 

mortality. 

Like other cetaceans, the franciscana exhibits substantial mobility, and its 

distribution is generally influenced by environmental features that determine 

favourable areas for vital activities such as foraging and reproduction (Redfern et 

al. 2006). Therefore, identifying areas of preferential distribution that persist 

temporally and quantifying the spatial overlap between these areas and zones 

targeted by either established activities (e.g., fisheries) or potentially impactful 

activities (e.g., the installation and operation of wind turbines) is essential for 

activity management that reconciles marine spatial planning with biodiversity 

conservation objectives (e.g., Kirby & Ward 2014; Pennino et al. 2017; Tetley et 

al. 2022; Virgilli et al. 2024; Morant et al. 2025). The integrated application of 

computational methods and statistical tools, such as correlative distribution 

models (Guisan & Thuiller 2005; Valavi et al. 2022), can enhance understanding 

of the ecological processes influencing species distribution (Redfern et al. 2006). 

These approaches enable the incorporation of spatio-temporal variables, thereby 

improving the precision of estimates and the quantification of ecologically 

important areas. The distribution of marine mammals has been the subject of 

extensive investigation owing to the ecological significance of this group and its 

vulnerability to anthropogenic activities (Melo-Merino et al. 2020; Martins et al. 

2024). Within this context, spatial distribution models fulfil a critical role in 

informing marine spatial planning decisions and in identifying and delineating 

priority conservation areas. 
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In this study, we applied distance sampling methods to estimate the spatial 

distribution of franciscana based on aerial survey data, and employed integrated 

nested Laplace approximations (INLA) to model its spatial patterns from bycatch 

data. Based on these estimates, three primary objectives were defined: (i) to 

evaluate the concordance between the predicted distribution maps and assess the 

suitability of bycatch data as a proxy for franciscana occurrence; (ii) to identify 

areas where the species occurs at elevated densities using both datasets; and (iii) 

to quantify the spatial overlap between areas of franciscana distribution and 

proposed offshore wind farm (OWF) sites. It is anticipated that this study will 

contribute to marine spatial planning in the region by informing strategies to 

mitigate the potential impacts of OWF development on franciscana populations. 

 

2. Materials and Methods 

2.1 Study Area 

​ The study area is situated on the inner and middle continental shelf of the 

RS coast—extending offshore to the 50 m isobath—between Mampituba River 

(29°26' S) and Chuí (33°56' S), on the Brazil-Uruguay border, encompassing 620 

km of coastline and a total area of 27,800.8 km² (Figure 1). The RS coastal zone is 

characterised by elevated productivity attributable to nutrient discharge from the 

Patos Lagoon and the Río de la Plata, as well as the influence of the subtropical 

convergence of the Brazil and Malvinas marine currents (Haimovici et al. 2007; 

Muelbert et al. 2008; Pérez & Sant'Anna 2015). These characteristics, in 

combination with oceanographic factors (Campos et al. 2000; Palma et al. 2009), 

enhance the region's biodiversity and the abundance of available fishery resources 

(Rossi-Wongtschowski et al. 2006; Palma et al. 2009; Pérez & Sant'Anna 2022), 

rendering the area particularly important for the fishing industry (Castello et al. 

2009). 

 

2.2.1 Fisheries-Independent Data (Aerial Surveys) 

​ Fishery-independent data were collected through aerial surveys conducted 

by the Group for the Study of Aquatic Mammals of Rio Grande do Sul (Grupo de 

Estudos de Mamíferos Aquáticos do Rio Grande do Sul—GEMARS) during 

summer campaigns (07, 08, 11, 12, 17, 23 and 24 of March  2014 and 20, 21, 25 

of February and 03, 04, 08, 12 and 14 of March 2021), between Mampituba River 
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and Chuí (Danilewicz et al. 2010; Sucunza et al. 2023) (Fig. 1a). These surveys 

were undertaken using the well established line-transect distance sampling 

methodology (Buckland et al. 2001). A total of 134 transects were completed 

during the two aerial surveys, covering 5,481.23 km within the study area (see 

Supplementary Figure S1). Sampling was conducted across a total area of 

28,754.44 km², systematically encompassing the RS coastline from the shoreline 

to the 50 m isobath. Four observers aboard an Aerocommander 500B aircraft 

operated at an average altitude of 150 metres (500 feet) and an average speed of 

170–200 kilometres per hour (90–110 knots). For each franciscana sighting, 

observers recorded the sighting angle, group size and abiotic information (e.g., 

water colour, turbidity and sea state according to the Beaufort scale). These 

observations were synchronised with GPS time data recorded during the flights, 

enabling georeferencing of the collected data. Information on time, sighting 

angles and group size was used to identify duplicate records from pairs of 

observers on each side of the aircraft. When duplicates were identified, only 

observations recorded by the observer positioned at the bubble window were 

retained. 

 

2.2.2 Fisheries-Dependent Data (Bycatch Records) 

Bycatch data represent species records derived from non-random sampling 

based on the geographical location of fishing vessels. These vessels target areas 

with higher fish abundance, which also include potential prey for the franciscana 

(Bassoi et al. 2020; Prado et al. 2021). However, the high number of observed 

fishing sets, both with and without bycatch, combined with the data's broad spatial 

and temporal coverage, is assumed to minimise any bias resulting from the fleet's 

selection of fishing grounds. The bycatch data were collected and provided by the 

Laboratório de Ecologia e Conservação da Megafauna Marinha 

(ECOMEGA/FURG) and cover the area from Mostardas Lighthouse (31°13′ S) to 

Chuí on the southern coast of Rio Grande do Sul. The data span the periods 

1999–2003, 2006–2009, 2013–2015, and 2018–2020 (Fig. 1b). 

During 1999–2003 and 2006–2009, the movements of 13 vessels from the 

commercial gillnet fleet were monitored. The vessels were selected based on the 

voluntary participation of their masters. Bycatch records were obtained from 

logbooks in which data collectors recorded the location of each fishing set, the 

32 



33 

target species, and the number of franciscanas incidentally caught across all 

seasons.  Data collected between 2013–2015 and 2018–2020 were obtained 

through onboard observers on vessels of the coastal gillnet fleet. For each set, 

observers recorded information on the length, height, and mesh size of the net, 

fishing time (the period the net remained in the water, from the beginning of the 

set to the end of retrieval), and the presence of incidentally caught franciscanas. 

Only records within the 50 m isobath were included in the analyses, as this 

represents the species' distribution limit. The metric of fishing effort used for the 

analyses was the length of the nets in kilometres. Unlike the aerial survey data, the 

bycatch data have extensive temporal coverage, as they were collected throughout 

the year.  

 

2.3 Analysis 

The distribution of franciscanas was estimated within a polygon defined 

by the coastline and the 50 m isobath, covering the entire coast of RS. This 

polygon was subdivided into a grid of 0.072° × 0.072° cells (approximately 8 × 8 

km). The density of franciscanas was estimated by considering the presence of 

dolphin groups within each grid cell and the probability of detecting a group in 

that cell. This resulted in maps showing the spatial distribution of density and 

abundance (Hedley & Buckland 2004). Additionally, boxplots of depth and 

distance from the coast were created using summer data from both sources to 

compare species occurrence. Seasons were classified as spring 

(October–December), summer (January–March), autumn (April–June), and winter 

(July–September). 

The spatial distribution of franciscana in summer was estimated using 

aerial survey data and Density Surface Modelling (DSM; Hedley & Buckland 

2004; Miller et al. 2022; package: dsm). To assess the spatial distribution of 

bycatch data, Bayesian spatial models with integrated nested Laplace 

approximations (INLA) were employed (Rue et al. 2009). The resulting maps 

were used to predict the distribution along the entire coast, which was then 

compared with the distribution obtained from aerial survey data for the summer 

months, as aerial surveys were only conducted during this season. Due to the 

overlap of records collected through different approaches across the area, two 
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distinct methodologies were applied to evaluate the potential concordance of the 

overlapping occurrences. 

To quantify the similarity between the summer-season maps, the predicted 

values from each model were projected onto the same spatial grid to ensure 

consistent spatial units. The significance of the association was then tested using 

the modified correlation t-test for spatial association from independent datasets 

(Clifford et al. 1989; Dutilleul et al. 2008), implemented with the SpatialPack 

package (Vallejos et al. 2020a, 2020b; function: modified.ttest). This test adjusts 

the degrees of freedom according to sample independence, enabling a robust 

evaluation of the linear relationship between spatial datasets. Thus, it was possible 

to determine whether the observed correlation between the predicted maps from 

both data sources reflects a genuine spatial pattern, as the method explicitly 

accounts for spatial dependency. As a similar pattern was observed between both 

datasets (see Results) during summer, the bycatch data were used as a proxy for 

franciscana distribution during the remaining seasons to estimate the spatial 

overlap between franciscana density and offshore wind farm (OWF) areas. In the 

following sections, we provide a detailed description of the spatial distribution 

patterns of franciscana occurrence based on aerial survey data and bycatch 

records, followed by an assessment of the overlap between franciscana density 

and proposed OWF areas. 

 

2.3.1 Detection Probability and Spatial Distribution Modelling of Density 

​ The detection probability was estimated using distance sampling methods, 

both with and without covariates. Only sea state (Beaufort scale) was considered 

as a covariate. The methods with covariates were Multiple Covariate Distance 

Sampling (MCDS; Marques & Buckland 2003) and Distance Sampling (DS; 

Buckland et al. 2001). The best model was selected based on mean detection 

probability values and visual assessment of the detection function (Buckland et al. 

2001). In addition, the models were evaluated for goodness of fit using the 

Cramér–von Mises test (where lower values indicate a better fit) and the Akaike 

Information Criterion (AIC). Due to observer bias in the data, the observations 

were truncated (truncation intervals: 0, 25, 50, 100, 150, 200, 250, and 300 m). 

The distribution was first estimated for grids where sampling occurred, based on 

the estimated detection probability (Buckland et al. 2001). Subsequently, a 
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generalised additive model (GAM; Wood 2006), in which individual counts per 

transect segment were modelled with a smooth function of spatial position (x, y), 

was used to predict the abundance distribution in unsampled grids during aerial 

surveys. Models incorporating negative binomial, quasi-Poisson (with depth 

included as an explanatory variable to account for overdispersion in the count 

data), and Tweedie (allowing greater flexibility and modelling dispersion as a 

power function of the mean) distributions were applied. Additionally, sampling 

effort per grid and detection probability were incorporated into the modelling 

process. Model parameters were estimated using Restricted Maximum Likelihood, 

which provides stable estimates of smoothing parameters and is particularly well 

suited to models with complex spatial correlation structures (Corbeil & Searle 

1976). Model penalisation was controlled using the penalty term (basis: TPRS – 

Thin Plate Regression Splines). Model performance and selection were evaluated 

based on explained deviance and the statistical significance of smoothed terms 

(p-values). Explained deviance represents the proportion of response variability 

explained by the model. The edf, F/Chi², p-value, and the K-index were used to 

assess the significance and adequacy of the smoothing functions. 

All analyses were performed using a set of functions from the Distance 

package (Thomas et al. 2010). Species abundance and density estimates were 

corrected using a factor of 4.76 according to Sucunza et al. (2020) to account for 

submerged groups and those not detected during monitoring (availability bias). 

 

2.3.2 Integrated Nested Laplace Approximations (INLA) 

​ Bycatch data were modelled using hierarchical Bayesian models fitted via 

Integrated Nested Laplace Approximations (INLA; Rue et al. 2009), aiming to 

identify areas with the highest probability of species capture, using the R-INLA 

package (Lindgren & Rue 2015). Prediction maps were generated from a raw 

mesh with 1,834 vertices, covering the entire study area using the SPDE method 

(Fig. 5). The mesh was replicated for each season. A grid mesh was used for the 

entire study area, but only cells with fishing effort (i.e. net length) were 

considered. The response variable was the number of franciscana dolphins caught. 

Covariates included seasonality and latitude. A zero-inflated Poisson model 

(Equation 1) was used due to the high frequency of zeros in the data, with a 

log-link function. Fishing effort was standardised by including an offset term in 
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the model, accounting for spatial variation in net deployment. For predictions, 

effort was fixed corresponding to the mean net length deployed, ensuring 

comparability between areas with fishing effort. Models were fitted both with and 

without the spatial component to evaluate its influence on model performance. 

 

 ​   ​ ​ ​ ​ ​ ​ (Equation 1) 

 
 

Where Yi represents the response variable (bycatch), βo​ is the intercept, n 

is the vector quantifying the effects of the predictors, xn​ is the set of explanatory 

covariates ( seasonality and latitude), Wi​ is the spatial effect, and the offset was 

used to account for variation in sampling effort. 

The effect of the continuous spatial component was modeled using the 

Stochastic Partial Differential Equation (SPDE) approach, with Matérn covariance 

function and an approximation of the Gaussian Markov Random Field (GMRF), 

which provides significant computational advantages (Lindgren et al. 2011; 

Lindgren et al. 2016). The triangular mesh was created using the 

inla.spde2.matern function (package: R-INLA). Spatiotemporal modeling was 

applied to generate prediction matrices for each season based on bycatch data. For 

each matrix, the posterior mean and the 2.5% and 97.5% quantiles of the marginal 

posterior distributions were estimated. These results were used to create raster 

maps representing areas with the highest bycatch abundance of the species. Model 

fit quality was assessed using the Deviance Information Criterion (DIC) and the 

Watanabe-Akaike Information Criterion (WAIC). 

 

2.3.3 Proposed Areas for Offshore Wind Farm Construction 

Thus far, southern Brazil has 32 areas proposed for offshore wind farm 

implementation; 31 are in the state of RS, with 22.2% of polygons overlapping 

and covering 22,872 km² (MMA 2025) (Supplementary Figure 2S). To quantify 

the overlap between predicted franciscana dolphin density areas and the polygons 

proposed for OWF development, we performed an intersection between the 

species density prediction grid obtained for each season and the polygons. For 

each prediction–season–polygon intersection, the overlapping area A was 
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calculated and multiplied by the grid's prediction D, resulting in a partial overlap 

estimate for each polygon. The total overlap for each polygon i was obtained by 

summing all grids within the polygon (Equation 2). To assess seasonal impact, the 

total overlap Ij​ was calculated by summing the partial overlaps across all seasons 

sss (Equation 3), where sss denotes seasonality. 

 

 ​ ​ ​ ​ ​ ​ (Equation 2) 
 

​ ​ ​ ​ ​ ​ (Equation3)​  

Additionally, a potential risk index was proposed with three classes (low, 

medium, and high). Risk classes were determined using the terciles of the 

distribution as cut-off points. Values equal to or below the first tercile were 

classified as low risk, values between the first and second terciles as medium risk, 

and values above the second tercile as high risk. Maps of potential impacts were 

then generated using summer-season data from both aerial survey and bycatch 

sources, whilst for the other seasons, only bycatch records were used. All 

statistical analyses and visualisation were performed in R version 4.5.1 (R Core 

Team 2025). 

 

3. Results 

3.1 General results 

Seventy-nine groups of franciscana were recorded during the aerial 

surveys (Fig. 1a), totalling 173 individuals observed. Group size ranged from one 

to five individuals (mean = 2.13; SE = 1.09; SD = 1.01). Regarding bycatch (Fig. 

1b), the overall mean number of captures was 0.17 individuals per net set (SE = 

0.01; SD = 0.55; range = 0–11). Considering only sets with effective captures, 272 

events recorded a mean of 1.30 dolphins captured per set (SE = 0.05; SD = 0.88; 

range = 1–11). In total, 1,942 net sets were carried out across all years, of which 

383 occurred during the summer period (Table 1; Supplementary Tables 1S and 

2S). 
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We observed that franciscana records from both datasets showed a strong 

overlap in terms of median depth during summer, although aerial survey data 

exhibited greater variability (Fig. 2). However, when comparing 

distance-from-shore data, despite some overlap, bycatch records were more 

widely and evenly distributed across the monitored area (Fig. 2). 

3.2 Detection Probability and Spatial Distribution Modelling of Density 

The models with and without covariates (i.e. sea state) showed similar 

detection probability (p = 0.62 and p = 0.64, respectively). Although the model 

with covariates presented coefficients with high error and a low Cramér–von 

Mises test value (Table 2), the difference in AIC was small (ΔAIC = 0.52), 

indicating that the model without covariates is more parsimonious. Therefore, we 

used the detection probability from the model without covariates (Fig. 3) to 

estimate densities.  

Among the evaluated GAM models, those using a quasi-Poisson 

distribution explained the largest proportion of data variability, whereas negative 

binomial and Tweedie distributions showed poorer fit, even with significant 

spatial terms. Therefore, the quasi-Poisson model with only a spatial effect (depth 

was not significant) appears to be the most parsimonious, stable, and explanatory 

for the data analysed (Table 3). The relative abundance map of franciscanas based 

on the best-fitted GAM model (quasi-Poisson distribution without depth) is shown 

in Figure 4. This allowed identification of two areas of higher concentrations 

along the RS inner continental shelf: one to the north, between Peixe Lagoon and 

Imbé Inlet (ca 31° to 31.5°S), and one to the south, between Patos Lagoon mouth 

and Albardão Lighthouse (ca 32° to 33°S). 

 

3.3 INLA - Bycatch Data 

Fixed effects exhibited high uncertainty, and the covariates latitude and 

season did not significantly improve model fit. Uncertainty in the intercept 

suggests that variability is primarily explained by spatial effects. The spatial 

structure accounted for a substantial portion of the variation, with spatial 
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parameters indicating short-range autocorrelation (in km). Information criteria 

indicate moderate model complexity and good fit to the data (Table 4). 

Predictions for each season were generated for each georeferenced bycatch 

point. Predictions varied across the study area and seasons, reflecting the species' 

seasonal spatial distribution. They indicated a concentration of groups in the 

northern portion during winter and summer, with more pronounced hotspots in the 

southern part of the study area (Fig. 6). This region had limited sampling; 

however, due to model smoothing (SPDE), predictions were adjusted based on the 

spatial structure. Thus, values were also projected for areas with lower sampling 

effort, depending on proximity to regions with more records. From these 

predictions, it was possible to identify bycatch hotspots in the south, where fishing 

effort is high, particularly between Conceição and Albardão lighthouses. Overall, 

seasonal variations showed subtle changes according to the model's fixed effects. 

3.4 Correlation between Prediction Maps 

​ Using SpatialPack, we concluded that the datasets are not convergent. The 

Pearson correlation coefficient, adjusted for spatial autocorrelation, was −0.105, 

indicating a weak negative correlation between the datasets. However, this 

correlation was not statistically significant (F = 0.011; df = 1 and 45.56; p = 

0.476), suggesting no spatially significant association between the two datasets. 

3.5 Overlap of Franciscana Distribution with Proposed Areas for Offshore 

Wind Turbine Installation 

​ In summer, the season for which both aerial surveys and bycatch data are 

available to describe franciscana distribution, the greatest overlap between the 

species´ higher density areas and locations proposed for installation of offshore 

wind farms (OWF) occurred in polygons closest to the coast. For bycatch data, 

predicted overlap between locations proposed for OWF installation and areas of 

higher franciscana concentration was particularly high from the Mampituba River 

estuary to Peixe Lagoon, in the northern coast, and off Albardão Lighthouse, in 

the southern portion of the study area (Fig. 7A). Aerial survey data, on the other 

hand, indicated at least three locations with predicted high overlap between the 

OWF polygons and areas of higher franciscana density. These areas corroborate 

the pattern observed in bycatch data for the northern coast, but show a more 
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pronounced overlap in an area adjacent to Peixe Lagoon. In the southern portion 

of the coast, the greatest overlap with areas of higher species density occurred 

near the Patos Lagoon estuary and in adjacent areas further south.  

Based on bycatch data, we evaluated temporal overlap during the other 

seasons. Autumn (Fig. 8C) and spring (Fig. 8B) showed similar areas of overlap, 

corroborating the pattern observed in summer data. However, during these 

seasons, the northern portion exhibited greater overlap with the polygon proposed 

for areas shallower than 20 m. Additionally, this pattern was more pronounced in 

the northern portion. During the winter period, it is possible to note that the 

pattern follows previous predictions, with higher densities along the northern 

coast of the state and moderate densities on the south coast near Conceição 

Lighthouse (Fig. 8A). 

Overall, when evaluating the species' distribution based on the 

combination of all data across years, it was possible to identify areas of higher 

potential overlap. The northern portion of the coast, a region near Conceição 

Lighthouse, the adjacency of the Patos Lagoon estuary, and off Albardão 

Lighthouse are locations of high overlap between higher franciscana density and  

areas of interest of the OWFs, which can be treated as sensitive zones for 

implementation of OWFs (Fig. 9).  

 

4. Discussion 

This study aimed to evaluate the spatial distribution patterns of the 

franciscana dolphin (Pontoporia blainvillei) using independent data sources, 

bycatch and aerial surveys, in the Franciscana Management Area (FMA) III off 

the Rio Grande do Sul state coast. The relative density prediction maps generated 

from the aerial survey and bycatch datasets, and the t-test evaluation that 

incorporates spatial autocorrelation, revealed low convergence between the two 

datasets. The differences in outcomes between the two approaches may be related 

to various factors, including differences in the temporal coverage of the datasets 

and potential variations in the distribution of the species across different temporal 

scales. The franciscana's distribution is likely directly associated with that of its 

prey, which is more sensitive to changes in environmental parameters (e.g. 

temperature and salinity) (Gómez & Cassini 2015; Amaral et al. 2018). Therefore, 
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small variations in environmental characteristics over time can influence prey 

distribution and, consequently, the distribution of franciscanas. This dynamic may 

result in temporal variations in occurrence patterns at short- (hours, days), meso- 

(weeks, months), and long-term (years, decades) scales. 

The bycatch data cover a wide temporal range, including multiple 

sampling events across seasons and years (1999–2003, 2006–2009, and 

2018–2020) but were concentrated in the central and southern portions of the 

study area. In contrast, although aerial surveys showed homogeneous effort 

distribution across the study area, they were conducted over only a few days 

during two summers (2014 and 2021). Since temporal variations in environmental 

parameters affecting prey and franciscana distribution are smaller over the time 

frame covered by aerial surveys than over longer intervals, it is expected that the 

bycatch data will capture greater variation in franciscana distribution patterns. 

Nevertheless, despite the limitations of each dataset and their lack of congruence, 

they are complementary. Integrating these independent datasets enabled a more 

robust assessment of spatial distribution patterns and a more reliable identification 

of areas of preferred use over a wider time frame. The characteristics and 

limitations of each data source are detailed below. 

4.1 Aerial Surveys​

​ Among the alternatives for estimating cetacean density and abundance, 

aerial surveys using distance sampling along line transects are widely employed, 

as they allow broad spatial coverage in a short period of time (Hammond et al. 

2021). This approach has been effectively used to estimate the abundance of the 

franciscana dolphin in all FMAs (e.g. Zerbini et al. 2022). In this study, we used 

data from aerial surveys to assess the species' distribution along the entire coast of 

RS during summer. The highest concentrations were observed closer to the coast, 

up to the 20 m isobath, with two notable areas: one to the north, between Peixe 

Lagoon and Imbé Inlet (ca 31° to 31.5°S), and one to the south, between Patos 

Lagoon mouth and Albardão Lighthouse (ca 32° to 33°S). The southern portion is 

particularly important, as the discharge of continental waters from Patos Lagoon 

and the La Plata River enhances nutrient input and biological productivity in the 

area (Seeliger et al. 1997; Campos et al. 2008), making it an important site for 

reproduction and the development of bottom-dwelling sciaenid fish that are 
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relevant prey for franciscana (e.g. Bassoi et al. 2020). During summer, sciaenid 

fish concentrate in shallower waters (Haimovici et al. 2005, 2016), which may 

lead to the more coastal franciscana distribution observed in this and other studies 

(e.g. Prado et al. 2021). 

4.2 Bycatch 

​ Franciscana bycatch occurred throughout the year along the coast of RS, 

demonstrating its wide distribution across the study area. This wide 

spatiotemporal mortality pattern is well documented in this area (Secchi et al. 

1997, 2021; Ferreira et al. 2010; Prado et al. 2013, 2021). In all seasons, higher 

predicted intensities of bycatch were observed in the central-northern sector of the 

study area. It should be noted, however, that sampling effort was much lower in 

this region, and the observed pattern might have resulted from smoothing in the 

SPDE estimates, which account for spatial dependence and project higher values 

in regions near areas of greater occurrence (Lindgren et al. 2011). 

Although seasonality was not a significant variable in predicting 

spatiotemporal variation in franciscana bycatch, predictive distribution maps 

identified areas of higher bycatch with some evident seasonal patterns. During 

spring and autumn the species' distribution showed a more homogeneous 

distribution pattern. The area between Conceição and Albardão lighthouses seems 

to represent a species bycatch hotspot (see also Prado et al., 2021), especially in 

areas under the influence of the Patos Lagoon outflow and during spring.  The 

franciscana's birth peak occurs during this season (Danilewicz et al. 2003), which 

may reinforce the importance of this area for the species. Albardão Lighthouse 

and the area under influence of the Patos Lagoon outflow are also bycatch 

hotspots for endangered sharks and rays (Saüt et al. 2024). This area is also 

especially important for fisheries and exhibits high fishing effort (Haimovici et al. 

2007), making it even more relevant for species conservation (Prado et al. 2021; 

Saüt et al. 2024).  In winter, the highest concentration of bycatch occurred at 

greater depths, as observed in previous studies (e.g. Secchi et al. 1997; Prado et al. 

2013, 2021). During this period, the gillnet fleet operates over a wider area of the 

continental shelf, including the mid- and outer shelf, targeting striped weakfish 

(Cynoscion guatucupa), the franciscana´s preferred prey (Bassoi et al. 2020). 

During summer, bycatch peaks occurred in locations similar to those in winter, 
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although concentrated further south and closer to the coast, indicating variation in 

the species' distribution pattern. This demonstrates the importance of bycatch data 

for detecting temporal variations in areas of higher franciscana concentration and 

also reinforces the need for aerial surveys at different times of the year to assess 

the effect of seasonal changes on distribution and abundance. 

We also emphasise the need for a more robust assessment in the northern 

region, which could demonstrate whether the areas of higher density in that 

portion of the study area indeed represent greater aggregation of the species or are 

methodological artefacts of spatial smoothing. Such a robust assessment is 

necessary given the importance of this information to support marine spatial 

planning, hence the species conservation. 

 

4.3 Comparison of Species Distribution Maps 

The low spatial convergence between the distribution patterns derived 

from the two data sources may reflect the methodological differences applied, 

both in data collection and in the statistical treatment employed here. This 

discrepancy can be attributed to multiple factors, including spatial and temporal 

variations in data collection. Aerial survey data were collected along predefined 

linear transects over only a few days during two summers, thus representing a 

momentary snapshot of the species' distribution in this season. In contrast, bycatch 

records are linked to fishing grounds, which cover the entire inner and mid 

continental shelf. Furthermore, these records have broad temporal coverage, 

spanning many days across all seasons (except during the inter-fishing season 

period, which lasts approximately one month in autumn) and were obtained over 

multiple years.  

Another important point is that for bycatch data, the INLA/SPDE method 

was applied to incorporate explicit spatial dependence using the Matérn Gaussian 

field (Lindgren et al. 2011), with Gaussian Markov random fields (GMRF) (Rue 

& Held 2005). The model also allowed for accounting for fishing net effort and 

predicting species distribution in areas with low capture rates. Furthermore, whilst 

INLA/SPDE emphasises spatiotemporal patterns accumulated from large-scale 

records collected over multiple years, the DSM models used in this study were 

built from distance sampling, with the detection function estimated from 
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observations made during summer aerial surveys. These distinct approaches, both 

in handling spatial structure and in the way input data were collected, may 

therefore explain the low convergence between the spatial distribution patterns of 

the species. Thus, both methodologies provide independent estimates of the 

species' presence in its natural habitat.  

For both datasets, higher densities were predicted closer to coast, at depths 

less than 25m and in areas associated with freshwater discharge, such as estuarine 

mouths, particularly the Patos Lagoon estuary. Although these areas emerge as of 

critical importance for the species and corroborate previous studies (e.g. 

Danilewicz et al. 2009; Amaral et al. 2018; Prado et al. 2021), in a finer scale the 

data were not fully convergent, which reinforces the need to use these 

methodologies as complementary to identify areas of higher density of the 

species. The independent assessment of each data source makes these approaches 

complementary in highlighting fine scale and seasonal variation of species 

distribution patterns that are relevant for marine spatial planning as discussed 

below.  

4.4 Areas Proposed for Offshore Wind Farm Installation​

​ The results of this study show that the polygons proposed for OWF 

installation overlap with important areas for franciscana along nearly the entire 

coast of Rio Grande do Sul state (RS). Although there is interest in installing 

OWFs along the entire Brazilian coast, RS concentrates the largest number of 

proposed areas. Since technology for constructing fixed monopile-type wind 

turbines in waters deeper than 60 m is currently limited (Bennun et al. 2021; 

Lemos et al. 2023), all proposed areas fall within the species' preferred habitat 

(Danilewicz et al. 2009, Amaral et al. 2018), up to the 50 m isobath, with the 

highest concentration of polygons being claimed to be installed between 20 and 

50 m. Some seasonal variation on the potential overlap was observed. Areas 

associated with the estuaries of the Mampituba River and the Imbé inlet, in the 

northern region, and areas adjacent to the Patos Lagoon estuary and off Albardão 

Lighthouse, in the southern region, showed a high degree of overlap with the 

polygons of interest for OWF installation. Similar patterns were observed during 

autumn and spring, with higher overlap occurring in the area between the 

Mampituba River estuary and Peixe Lagoon, to the north, and near the Patos 
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Lagoon mouth in the south. During winter, on the other hand, the species shows 

lower overlap with the areas of interest for OWF implementation.  

​ By combining the predictions for all data, we highlight that the areas of 

highest franciscana density, and consequently the greatest potential risk to the 

species, are located in the northern part of the state. In the southern region, sites 

southward of Conceição Lighthouse and in the adjacencies of the Patos Lagoon 

estuary also show great overlap between areas of franciscana high density and the 

polygons of interest for OWFs. The latter also contains the largest number of 

proposed polygons. This area is also important for demersal fish species 

(Haimovici et al. 1996, 2017), for some vulnerable sharks and rays (Saüt et al. 

2024) and for Lahille's bottlenose dolphin (Tursiops truncatus gephyreus) (Di 

Tullio et al. 2015), an endangered subspecies (Fruet et al. 2025). Since the 

implementation of OWFs in RS may impact multiple species and their prey that 

preferentially use this area during specific life stages or throughout their entire life 

cycle, full consideration of potential harm to vulnerable species should be given 

prior the installation of OWFs. Even if implementation occurs in areas of 

predicted lower overlap, hence potentially lower impact, monitoring of variation 

in the concentration of franciscana and its prey over time and space is highly 

recommended.   

It is important to note, however, that this present study evaluates the 

overlap between species' higher density and OWF areas of interest, assuming that 

higher potential overlap represents increased risk for franciscana. To investigate 

potential risks to the species, however, it is essential considering, for example, its 

tolerance to noise. Franciscana emits high-frequency sounds above 120 kHz for 

communication or echolocation (e.g. Paitach et al. 2022). Therefore, the noise 

generated by OWFs during their operational phase is typically below that 

frequency and unlikely to directly affect the species. Nevertheless, 

turbine-generated noise may affect abundance and distribution of franciscanas’  

main prey causing short- and long-term impacts on the species (and its ecosystem) 

as observed for other cetaceans (e.g. Huang et al. 2022). Demersal fish, for 

instance, may undergo temporary changes in their distribution during certain 

phases of OWF construction, although such effects have not been clearly 

evidenced (Mooney et al. 2020; van Berkel et al. 2020). During and after wind 

farm implementation, physiological impacts such as hearing loss and behavioural 
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changes may occur, and in extreme cases, these effects can lead to mortality 

(Thomsen et al. 2006; Wright et al. 2020).  It is known, however, that during the 

installation phase the underwater noise displace harbour porpoise from their 

preferred habitat in the Baltic (e.g. Brandt et al. 2018). During the installation 

phase of OWFs, the temporary yet intense increase in underwater noise levels 

may lead franciscana to avoid construction areas. Our results showed that, during 

winter, overlap between areas of franciscana higher density and polygons of 

interest for OWF implementation was lower. Therefore, the installation phase in 

this season is likely to pose a lower impact to franciscana in many areas.  

​ Another important aspect to be considered with the implementation of 

OWFs is the exclusion of fishing and other maritime activities in their 

surroundings (IBAMA 2020). Since bycatch in gillnets represents the main 

immediate threat to franciscana (Secchi et al. 2021), the displacement of the 

fishing fleet away from areas of highest species density could represent a 

favourable scenario for its conservation, provided that the long-term impacts of 

noise pollution are lower than those caused by fisheries mortality or by the 

combined effects of noise pollution and bycatch in alternative fishing grounds. 

Moreover, the implementation of OWFs, due to their underwater noise, may 

trigger a redistribution of the species and its prey, leading to changes in the 

structure and functioning of the regional ecosystem (Lindeboom et al. 2011; 

Bergström et al. 2014; Gill et al. 2020; Halouani et al. 2020; Watson et al. 2024). 

There is still limited knowledge about the potential long-term risks of OWFs for 

biodiversity in general (Harris et al. 2025). Although it is not yet possible to 

assess the magnitude of these potential impacts, it is essential, as in other regions 

(e.g. Bergström et al. 2014) that marine spatial planning considers the importance 

of the area for franciscana and other species in the licensing process for the 

installation of OWFs in southern Brazil. In this context, at least two scenarios can 

be expected: populations of the species may benefit from fishing exclusion zones 

provided that turbine noise does not affect franciscana and its prey, or, conversely, 

they may suffer negative direct impacts from long-term noise or, indirectly, 

through changes in biodiversity patterns, including redistribution of prey, due to 

the influence of the physical structure and its noise and on local ecosystem.  To 

reduce these uncertainties, it is imperative to carry out regular population 
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monitoring to assess the effects of OWF installation on the species (e.g.  Teilmann 

& Carstensen 2012).  

Although it is not yet possible to precisely determine the short- and 

long-term effects of OWFs on franciscana populations, the prior assessment of the 

species' areas of occurrence and its overlap with areas of interest to implement 

OWFs performed in this study can subsidise marine spatial planning. Areas of 

theoretical higher risk to fransciscana, that is, those of greatest overlap between 

areas of higher density of the species and of claimed OWFs polygons should be 

part of the decision-making process. Furthermore, in case the OWFs are 

implemented, a continuous monitoring of species occurrence and distribution it is 

strongly recommended during both the installation and post-installation periods, 

especially during the first two years after implementation (e.g. Diederichs et al. 

2008; Thompson et al. 2010). In that case, using the methodologies applied in the 

present study or through alternative, less costly and safer approaches, such as 

acoustic porpoise detectors (T-PODs) placed inside the wind farm area and in 

control locations to assess franciscana echolocation activity as a proxy of its 

presence are among the possibilities. This approach was successfully applied to 

assess the post-implementation effect of OWFs on harbour porpoises in the Baltic 

sea  (e.g.  Teilmann & Carstensen 2012).  

This is the first study to assess the overlap between franciscana high 

density areas and   polygons proposed for OWF installation. The results provide 

information that can be relevant for the marine spatial planning and for the 

decision-making process to designate areas for the construction and 

implementation of OWFs in southern Brazil that reconcile coastal development 

with biodiversity conservation. 
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Table 1: Summary of fishing hauls carried out along the coast of Rio Grande do 

Sul state, Brazil, during the temporal intervals of 1999 to 2003, 2006 to 2009, and 

2018 to 2020. The number of hauls and descriptive statistics (mean, standard 

deviation, standard error, and range) are presented for overall hauls, summer 

hauls, and summer hauls in which franciscana (Pontoporia blainvillei) were 

captured. 

Period Total Hauls 
Hauls with 

catches 
Mean 

(ind./haul) SE SD Range 

Overall (all 
hauls) 1942 272 1.3 0.05 0.88 1–11 

Summer (all 
hauls) 383 45 0.15 0.02 0.49 0–4 

Summer 
(with 

catches) 45 45 1.31 0.1 0.7 1–4 
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Figure 1. a) Distribution map of franciscana (Pontoporia blainvillei) records from 

aerial surveys conducted in 2014 and 2021, and b) Distribution map of bycatch 

records during the temporal intervals of 1999 to 2003, 2006 to 2009, 2013 to 2015 

and 2018 to 2020 along the coast of Rio Grande do Sul state, Brazil. 

  
 
Figure 2. Boxplots showing the distribution of franciscana (Pontoporia 

blainvillei) occurrences for aerial survey and bycatch records as a function of 

depth and distance from the coast during the summer along the coast of Rio 

Grande do Sul state, Brazil. 

Table 2: Summary of models showing mean detection probability (p) estimated 

with and without covariates (i.e. sea state), along with the corresponding AIC and 

Cramer-von Mises test values. 
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 p (mean) SE CV AIC 
Cramer-von 
Mises test (p)

Without 
covariates 0.64 0.07 0.11 291.4 0.140 

With 
(covariate) 0.62 0.08 0.13 291.9 0.007 

 

 

  
Figure 3: Detection probability curve as a function of distance (m) obtained from 

the model without covariate (i.e. sea state). 

 

Table 3: Summary of all tested GAM models. Intercept ( 0​) represents the value β

on the logarithmic scale. Deviance explained indicates the proportion of response 

variability explained by the model. Term refers to the smoothed variable in the 

GAM; edf (effective degrees of freedom) are the degrees of freedom of the 

smoothing term; F/Chi² tests whether the smoothed term is significant (F: 

quasi-Poisson/Tweedie; Chi²: negative binomial); p-value represents the 

significance of the spatial effect; K-index is a diagnostic of GAM smoothing, with 

values closer to 1 indicating better fit. 

Model Family 
Intercept 

(β₀) 

Deviance 
explained 

(%) Term edf F/Chi² p-value k-index 

dsm.xy Quasi-Pois -16.804 17.9 s(x,y) 20.15 1.64 0.022* 0.91 
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son 

dsm.xy.de
pth 

Quasi-Pois
son -16.889 20.0 s(x,y) 20.721 1.497 0.063 0.91 

 
 s(depth) 3.172 1.124 0.377 0.92 

dsm.est.x
y 

Quasi-Pois
son -16.807 19.5 s(x,y) 20.86 1.857 0.007 **  

dsm.xy.nb 
Negative 
Binomial -16.610 9.64 s(x,y) 4.724 15.05 0.022 *  

dsm.xy.tw
eedie Tweedie -16.594 10.5 s(x,y) 6.291 2.576 0.007 ** 0.77 

 
Figure 4: Predicted relative abundance maps of the franciscana (Pontoporia 

blainvillei) along the coast of Rio Grande do Sul state, Brazil, based on density 

surface models (DSM) using only spatial smoothing. 

 

Table 4: Output of the INLA (Integrated Nested Laplace Approximation) model. 

Fixed parameters (intercept, latitude, and season) and spatial parameters 

(components of the spatial autocorrelation structure) are presented with their 
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posterior means, standard deviations (SD), and 95% credible intervals (CI 95%). 

DIC and WAIC values are provided to assess model fit. 

Parameter Mean SD IC 95% 

Intercepto ( 0) β 1.53 10.67 -18.73, 23.42 

Latitude 0.36 0.32 -0.25, 1.02 

Season -0.01 0.23 -0.48, 0.44 

Spatial parameters 

1 θ -4.36 0.50 -5.36, -3.40 

2 θ 2.83 0.45 1.97, 3.74 

Information criteria 

DIC 1791 

 WAIC 1811 

  
Figure 5: Triangulation mesh used to compute indexed Gaussian fields for the 

Stochastic Partial Differential Equation (SPDE) approach in the study area. The 

red points represent the fishing net locations within the area. 
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Figure 6: Spatio-temporal prediction maps of the bycatch occurrence of the 

franciscana (Pontoporia blainvillei), adjusted for sampling effort (length of 

fishing nets) as an explanatory variable using the INLA approach, for each season 

of the year. 
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Figure 7: a) Map of overlap for the summer prediction based on bycatch data. b) 

Map of overlap for the summer prediction based on aerial survey data. 
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Figure 8: a) Map of overlap for the winter prediction based on bycatch data. b) 

Map of overlap for the spring prediction based on bycatch data. c) Map of overlap 

for the autumn prediction based on bycatch data 

 

Figure 9: Map of overlap using data from aerial surveys and incidental captures 

across all seasons of the year.  
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CONCLUSÕES 

Nesse estudo avaliamos relações espaciais entre duas fontes de dados 

georreferenciados, e concluímos que esses dados apresentam pouca similaridade e 

convergência. Todavia, ambas as fontes de dados são de muita valia para avaliar 

os padrões de distribuição da toninha, especialmente quando usados de forma 

complementar. Apesar dos dados não serem convergentes, nossos resultados 

evidenciam que locais de maior densidade da espécie no Rio Grande do Sul estão 

entre o farol da Conceição e Albardão, evidenciando as adjacências da 

desembocadura da Lagoa dos Patos como área estratégica para conservação da 

espécie. Ressalta-se a importância da continuidade de monitoramentos da toninha 

para determinar o padrão de distribuição e estimar a abundância com sobrevoos 

em outras estações do ano, especialmente no inverno, bem como para avaliar os 

eventuais efeitos dos aerogeradores sobre o padrão observado. Ressaltamos aqui a 

importância da realização de monitoramentos aéreos, após pelo menos dois anos 

após a implementação dos eólicos offshore para avaliar a distribuição da espécie. 

Estes estudos são fundamentais para subsidiar, de forma adaptativa, medidas de 

mitigação dos empreendimentos sobre a espécie. Recomenda-se a inclusão de 

covariáveis ambientais que possam explicar os padrões de distribuição da espécie 

e reforçar a importância dessas áreas.  

Apesar dos polígonos ainda não terem sido concedidos para os 

empreendimentos, é fundamental considerar as áreas de maior densidade da 

espécie, que se sobrepõem com as áreas pleiteadas para a implementação dos 

aerogeradores offshore, como locais prioritários para um ordenamento espacial 

marinho. Dentre estes locais, destaca-se a porção norte do estado, e no sul áreas 

adjacentes a desembocadura da barra da Lagoa dos Patos e a frente do Farol do 

Albardão, onde houve grande sobreposição entre áreas com maior sobreposição 

com alta densidade de toninhas e áreas pleiteadas por empreendimentos parques 

eólicos offshore. Ressaltamos que, a continuidade de estudos de distribuição, 

aliados a uma perspectiva interdisciplinar de avaliação de riscos, será decisiva 

para orientar medidas de mitigação eficazes e garantir que a expansão da energia 

renovável na região ocorra de forma ordenada e fundamentada em dados 

científicos para minimizar danos às populações da espécie e de outras espécies 
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marinhas já ameaçadas por outras atividades antrópicas, especialmente num 

cenário de incertezas climáticas. 

 

 

APÊNDICE 1 

Supplementary 

 

Figure 1S: Map of linear transects conducted to survey franciscana dolphins 

(Pontoporia blainvillei) along the coast of Rio Grande do Sul, Brazil. Transects 

were systematically arranged between the shoreline and the 50-m isobath, with an 

approximate spacing of 8 km. A total of 134 transects were surveyed across two 

campaigns (70 in 2014 and 64 in 2021) 

 

Figure S2. Map showing the distribution of polygons representing areas of interest 

for offshore wind farm implementation in Rio Grande do Sul (Adapted from 

MMA, 2025). 
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Source:https://www.gov.br/ibama/pt-br/assuntos/laf/consultas/mapas-de-projetos-

em-licenciamento-complexos-eolicos-offshore 

Table 1S: Seasonal summary of fishing hauls and franciscana incidental catches. 

Overall (all hauls) 
Period Hauls Mean Se Sd 
Autumn 261 0.126 0.02 0.42 
Spring 750 0.235 0.02 0.70 
Summer 383 0.154 0.15 0.48 
Winter 579 0.147 0.14 0.40 
Catches 
Autumn 27 1.22 0.12 0.64 
Spring 124 1.41 0.10 1.14 
Summer 45 1.31 0.10 0.70 
Winter 76 1.11 0.04 0.39 

 

 

 

Tabela 2S: Seasonal and annual summary of fishing hauls and franciscana 
incidental catches 

Year Period Total hauls 
Mean 

(ind./haul) SE SD Max catches 
1999 Spring 132 0.36 0.1 1.14 11 
1999 Summer 2 0 0 0 0 
1999 Winter 11 0.18 0.12 0.4 1 
2000 Autumn 3 0 0 0 0 
2000 Spring 66 0.18 0.06 0.46 2 
2000 Summer 24 0.5 0.23 1.14 4 
2000 Winter 11 0.45 0.28 0.93 3 
2001 Autumn 18 0.06 0.06 0.24 1 
2001 Spring 39 0.05 0.04 0.22 1 
2001 Summer 27 0.26 0.14 0.71 3 
2001 Winter 12 0.08 0.08 0.29 1 
2002 Autumn 22 0.27 0.12 0.55 2 
2002 Spring 62 0.58 0.14 1.11 5 
2002 Summer 4 0.5 0.5 1 2 
2002 Winter 66 0.27 0.06 0.51 2 
2003 Autumn 37 0.14 0.07 0.42 2 
2003 Spring 123 0.11 0.04 0.39 3 
2003 Summer 19 0.42 0.14 0.61 2 
2003 Winter 61 0.13 0.04 0.34 1 
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2006 Autumn 13 0.31 0.13 0.48 1 
2006 Spring 68 0.5 0.09 0.76 4 
2006 Summer 2 1 1 1.41 2 
2006 Winter 48 0.25 0.07 0.48 2 
2007 Autumn 14 0.14 0.1 0.36 1 
2007 Spring 53 0.13 0.05 0.34 1 
2007 Summer 26 0.38 0.11 0.57 2 
2007 Winter 46 0.13 0.05 0.34 1 
2008 Autumn 48 0.12 0.06 0.39 2 
2008 Spring 67 0.09 0.04 0.34 2 
2008 Summer 22 0 0 0 0 
2008 Winter 92 0.09 0.03 0.32 2 
2009 Autumn 25 0 0 0 0 
2009 Spring 28 0.14 0.08 0.45 2 
2009 Summer 91 0.09 0.03 0.28 1 
2009 Winter 46 0.15 0.06 0.42 2 
2013 Autumn 3 0 0 0 0 
2013 Winter 51 0.1 0.06 0.46 3 
2014 Autumn 31 0.19 0.13 0.75 4 
2014 Spring 41 0.07 0.04 0.26 1 
2014 Summer 15 0.07 0.07 0.26 1 
2014 Winter 47 0.04 0.03 0.2 1 
2015 Summer 70 0.03 0.02 0.17 1 
2015 Winter 11 0 0 0 0 
2018 Autumn 20 0.1 0.07 0.31 1 
2018 Spring 47 0.13 0.05 0.34 1 
2018 Winter 63 0.14 0.04 0.35 1 
2019 Autumn 27 0.04 0.04 0.19 1 
2019 Spring 24 0.17 0.08 0.38 1 
2019 Summer 32 0.16 0.07 0.37 1 
2019 Winter 10 0.2 0.13 0.42 1 
2020 Summer 49 0.04 0.03 0.2 1 

CÓDIGOS R 

#~~~~~~~~~~~~~~~~ 
#   Modelagem INLA 
#~~~~~~~~~~~~~~~~ 
## By Júlia Ribeiro & Marie-Christine Rufener 
## 02/10/2025 
## juliarbr95@gmail.com 
 
#~~~~~~~~~~~~~~~~ 
# Load libraries 
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#~~~~~~~~~~~~~~~~ 
library(INLA) 
library(ggplot2) 
library(sf) 
library(raster) 
library(terra) 
library(sp) 
library(akima) 
 
 
#~~~~~~~~~~~~~~~~~~~ 
# Set standard CRS 
#~~~~~~~~~~~~~~~~~~~ 
EPSG <- 4326 
 
## Decode 'season' for numeric category 
fEf <- fEf %>% 
  mutate(season = as.numeric(case_when( 
    season == "summer" ~ 1, 
    season == "autumn" ~ 2, 
    season == "winter" ~ 3, 
    season == "spring" ~ 4 
  ))) 
 
#~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
# Running a SDM in INLA 
#~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 
#  Building the mesh 
#~~~~~~~~~~~~~~~~~~~~~~~~~ 
max.edge = diff(range(coords[,1]))/(3*5) 
bound.outer = diff(range(coords[,1]))/5 
 
mesh <- inla.mesh.2d(loc = coords, 
                     max.edge = c(0.2,1.5)*max.edge, 
                     cutoff = max.edge/4, 
                     offset=c(max.edge, bound.outer)) 
 
plot(mesh) 
points(coords[,1], coords[,2], col="red", pch=19, cex = .1) 
 
# Estimation matrix 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
df <- df[order(df$season),] # sort the data frame of seasons in ascending order. 
groups <- df$season - min(df$season) + 1  
Aest <- inla.spde.make.A(mesh = mesh, loc = coords, group = groups) # spatial 
effect for each season 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
# Based only on data points 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
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#Aest <- inla.spde.make.A(mesh = mesh, loc = coords) 
dim(Aest)  
 
# 2.1.5) Prediction matrix 
mcoords <- data.frame(Long = mesh$loc[,1], Lat = mesh$loc[,2]) #get mesh 
coords 
mesh.points = st_as_sf(mcoords, coords = c("Long", "Lat"), crs = EPSG) #set 
coords as spatial object 
 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
### Replicate prediction matrices by length(time) 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
dp <- unique(df$season) %>% 
  purrr::map_dfr(~ data.frame(Long = mcoords$Long, 
                              Lat = mcoords$Lat, 
                              Season = .x)) 
head(dp);tail(dp) 
dim(dp) 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
### Set-up prediction matrix 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
Apred_mesh = inla.spde.make.A(mesh = mesh,  
                              loc = as.matrix(dp[,1:2]), 
                              group = dp[, 3]) 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
# Setting-up the SPDE model 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
spde <- inla.spde2.matern(mesh = mesh, alpha = 2) #alpha = smoothness 
parameter; default value is used 
#~~~~~~~~~~~~~~~~~~~ 
# Data and prediction stacks 
#~~~~~~~~~~~~~~~~~~~ 
timesn <- length(unique(df$season)) 
indexs <- inla.spde.make.index("spatial", spde$n.spde, n.group = timesn) #Get 
index of the mesh vertices 
mesh$n*4 #multiply by 4 (season) 
stk.est <- inla.stack(data = list(y = df$frncsc_), 
                      A = list(Aest, 1), 
                      effects = list(spatial = indexs, #same as 1:spde$n.spde 
                                     list(data.frame(b0 = 1, 
                                                     lat = df$lat, 
                                                     effort = df$nt_lngth_m, 
                                                     season = df$season 
                                     ))), 
                      tag = "est") 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
# Prediction stack 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
dfp <- unique(df$season) %>% 
  purrr::map_dfr(~ data.frame(Long = mcoords$Long, 
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                              Lat = mcoords$Lat, 
                              effort = mean(df$nt_lngth_m), 
                              Season = .x)) 
stk.pred <- inla.stack(data = list(y = NA), #Set response variable to NA - this is 
what we want to predict!!! 
                       A = list(Apred_mesh, 1), 
                       effects = list(spatial = indexs,  
                                      list(data.frame(b0 = 1, 
                                                      lat = dfp$Lat, #Get covariate values from raster 
files!! 
                                                      effort = dfp$effort, 
                                                      season = 1))), 
                       tag = "pred") 
#~~~~~~~~~~~~~~~~~~~~~~~~~ 
# Merge both stacks 
#~~~~~~~~~~~~~~~~~~~~~~~~~ 
stk.full <- inla.stack(stk.est, stk.pred) 
#~~~~~~~~~~~~~~~~~~~~~~~~~ 
# Go for the models 
#~~~~~~~~~~~~~~~~~~~~~~~~~ 
m0 <- y ~ 0 + b0 + lat + season + offset(log(effort)) + f(spatial, model = spde, 
group = spatial.group, control.group = list(model="ar1")) 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
## Model 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
res <- inla(m0, 
            family = "zeroinflatedpoisson0", 
            data = inla.stack.data(stk.full), 
            control.predictor = list(compute = TRUE,  
                                     link = 1, 
                                     A = inla.stack.A(stk.full)), 
            control.fixed = list(expand.factor.strategy='inla'),  
            control.compute = list(return.marginals.predictor = F, 
                                   dic = TRUE, waic=TRUE, cpo=TRUE)) 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
#   Modelagem DSM 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
## By Júlia Ribeiro  
## 02/10/2025 
##adapt 
@https://distancesampling.org/dsm/articles/lines_gomex/mexico-analysis.html 
 
 
## libraries 
library(dsm) 
library(ggplot2) 
library(sf) 
library(knitr) 
library(distill) 
#library(rgdal) nao tem mais ese pacote disponível 

73 



74 

library(tmaptools) 
library(plyr) 
library(tweedie) 
library(dplyr) 
library(sf) 
library(Distance) 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
## Model ds 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
detfc.hr.null <- ds(distdata, max(distdata$distance), key="hr", adjustment=NULL) 
summary(detfc.hr.null) 
plot(detfc.hr.null, showpoints=FALSE, pl.den=0, lwd=0.5) 
gof_ds(detfc.hr.null) 
 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
# Model ds beaufort 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
detfc.hr.beau<-ds(distdata, max(distdata$distance), formula=~as.factor(beaufort), 
                  key="hr", adjustment=NULL) 
summary(detfc.hr.beau) 
plot(detfc.hr.beau, showpoints=FALSE, pl.den=0, lwd=0.5) 
gof_ds(detfc.hr.beau) 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
# Model GAM  
##~~~~~~~~~~~~~~~~~~~~~~~~ 
dsm.xy <- dsm(count~s(x,y), detfc.hr.null, segdata, obsdata, method="REML") 
summary(dsm.xy) 
 
vis.gam(dsm.xy, plot.type="contour", view=c("x","y"), asp=1, type="response", 
contour.col="black", n.grid=100) 
 
dsm.xy.depth <- dsm(count~s(x,y,k=30) + s(depth,k=5), detfc.hr.null, segdata, 
obsdata, method="REML")  
summary(dsm.xy.depth) 
 
plot(dsm.xy.depth, select=2, col="blue") 
names(dsm.xy.depth) 
 
draw(dsm.xy.depth, select = "s(depth)") 
 
plot(dsm.xy.depth, pages = 1, scheme = 2) 
dsm.est.xy <- dsm(abundance.est~s(x,y), detfc.hr.beau, segdata, obsdata, 
method="REML") 
summary(dsm.est.xy) 
 
vis.gam(dsm.est.xy, plot.type="contour", view=c("x","y"), asp=1, 
type="response", zlim=c(0, 10), contour.col="black", n.grid=100) 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
# nb 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
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dsm.xy.nb <- dsm(count~s(x,y), detfc.hr.null, segdata, obsdata, family=nb(), 
method="REML") 
summary(dsm.xy.nb) 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
# tweedie 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
dsm.xy.tweedie <- dsm(count~s(x,y), detfc.hr.null, segdata, obsdata, family=tw(), 
method="REML") 
summary(dsm.xy.tweedie) 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
## Check model 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
gam.check(dsm.xy) 
gam.check(dsm.xy.depth) 
gam.check(dsm.xy.tweedie) 
rqgam_check(dsm.xy.tweedie) 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
## Make a data.frame to print out 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
mod_results <- data.frame( 
  "Model name" = c("`dsm.xy`", "`dsm.xy.depth`", "`dsm.xy.tweedie`", 
"`dsm.xy.nb`", "`dsm.est.xy`"), 
  "Description" = c( 
    "Bivariate smooth of location, quasipoisson", 
    "Bivariate smooth of location, smooth of depth, quasipoisson", 
    "Bivariate smooth of location, smooth of depth, Tweedie", 
    "Bivariate smooth of location, smooth of depth, nb", 
    "Bivariate smooth of location, smooth of depth, Tweedie, Beaufort covariate in 
detection function" 
  ), 
  "Deviance explained" = c( 
    unlist(lapply( 
      list(dsm.xy, dsm.xy.depth, dsm.xy.tweedie, dsm.xy.nb, dsm.est.xy), 
      function(x) { paste0(round(summary(x)$dev.expl * 100, 2), "%") } 
    )) 
  ) 
) 
 
kable(mod_results, col.names = c("Model name", "Description", "Deviance 
explained")) 
 
 
 
 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
## Predictions 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
dsm.xy.pred <- predict(dsm.xy, preddata, preddata$area) 
prediction_grid <- st_make_grid(area.sf.proj, cellsize = c(8000,8000)) 
prediction_grid_sf <- st_sf(geometry = prediction_grid) 
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sum(dsm.xy.pred) * 4.76 ## correction factor 
 

#~~~~~~~~~~~~~~~~ 
#   Modelagem SpatialPack 
#~~~~~~~~~~~~~~~~ 
## By Júlia Ribeiro  
## 02/10/2025 
##adapt: Vallejos, R., Osorio, F., & Bevilacqua, M. (2020). Spatial relationships 
between two georeferenced variables. Springer. https://doi. org/10, 1007, 978-3. 
Cap. 2, pag 27. 
 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
## Libraries 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
library(SpatialPack) 
library(sf) 
library(dplyr) 
library(mapview) 
 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
# Prediction of incidental catches 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
rad.Ac <- sqrt(grid_sp$pred_inla / pi) # size correction 
symbols(xpos , ypos , circles = rad.Ac , inches = 0.25, 
           bg = "gray", xlab = "", ylab = "") 
 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
# Prediction of aerial surveys 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
rad.As <- sqrt(grid_sp$pred_dsm / pi) # size correction 
symbols(xpos , ypos , circles = rad.As , inches = 0.25, 
           bg = "gray", xlab = "", ylab = "") 
 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
## R code to compute the modified t- test 
##~~~~~~~~~~~~~~~~~~~~~~~~ 
coords <- grid_sp[c("long", "lat")] 
x <- grid_sp$pred_inla 
y <- grid_sp$pred_dsm 
 
murray.test <- modified.ttest(x, y, coords) 
murray.test # output for the modified t- test 
summary(murray.test)  
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