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APRESENTAÇÃO 

 

Esta tese tem como foco principal a avaliação da influência de fatores ambientais e 

climáticos na dispersão do lobo-marinho-subantártico Arctocephalus tropicalis, a partir das 

colônias reprodutivas, tanto nas condições atuais quanto no cenário de mudanças futuras 

projetadas pelo Sexto Relatório (AR6) do Painel Intergovernamental sobre Mudanças 

Climáticas (IPCC, 2021) até o ano de 2100, além de suas relações com a distribuição da 

espécie. 

Esta tese está organizada em quatro capítulos. O primeiro consiste em uma introdução 

geral, elaborada segundo as normas da ABNT, na qual são apresentados os fundamentos 

teóricos, as justificativas e os objetivos do estudo. Os capítulos seguintes foram estruturados 

no formato de artigos científicos, redigidos em inglês. Ao final, apresentam-se um capítulo 

com as considerações finais da tese e os materiais suplementares referentes a cada artigo.  

Nesse contexto, o segundo capítulo, intitulado “Temporal trends of environmental 

variables in the Tristan da Cunha/Gough Islands: potential effects on sub-Antarctic fur seal 

movements”, encontra-se em revisão no periódico Journal of Marine Systems. Nesse capítulo 

é apresentada a modelagem das tendências temporais (anuais, mensais e sazonais) das 

anomalias nas variáveis ambientais e oceanográficas, e seus efeitos sobre as principais colônias 

reprodutivas de A. tropicalis, nas Ilhas Tristão da Cunha e Gough (TDC/Gough) no Oceano 

Atlântico Sul.  

O terceiro capítulo, intitulado “Predictive distribution and extra-limital occurrences of 

the sub-Antarctic fur seal: will global climate change affect this species?” está escrito 

conforme as normas do periódico Marine Mammal Science. Neste capítulo, foram compilados 

os registros extra-limite de A. tropicalis ao longo do litoral brasileiro entre 1992 e 2021, dando 

continuidade ao estudo de Oliveira et al. (2024), com a atualização dos padrões temporais 

mensais e anuais de ocorrência da espécie, anteriormente analisados no período de 1992 a 2013.  

Além disso, foram testadas associações entre novas variáveis ambientais e climáticas na região 

de TDC/Gough e os padrões de ocorrência de A. tropicalis na costa brasileira. Também foram 

gerados modelos de adequabilidade ambiental atual e futura para oito colônias reprodutivas 

globais da espécie. As projeções de adequabilidade consideraram cenários de mudanças 

climáticas com base nos modelos do AR6 do IPCC (2021) para os anos de 2050 e 2100. 
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RESUMO 

Conhecer a distribuição geográfica das espécies é essencial para compreender como os fatores 

ambientais influenciam os padrões de biodiversidade. A partir da determinação do conjunto de 

condições ambientais que afetam essa distribuição, é possível prever mudanças na abundância 

e na ocupação espacial das espécies. No entanto, as mudanças climáticas têm provocado 

alterações abruptas nas distribuições, tanto em ambientes terrestres quanto marinhos, 

representando uma ameaça crescente à biodiversidade. Predadores de topo, como o lobo-

marinho-subantártico (Arctocephalus tropicalis), são particularmente vulneráveis, pois 

dependem da abundância e localização de suas presas e da estabilidade de seus habitats 

reprodutivos, de alimentação e descanso. Este estudo tem como objetivo analisar, sob a 

perspectiva das mudanças climáticas, os fatores ambientais que afetam a distribuição de A. 

tropicalis, com ênfase nas suas principais colônias reprodutivas das Ilhas de Tristão da 

Cunha/Gough (TDC/Gough) e nas ocorrências extra limite da espécie ao longo da costa 

brasileira. Para tanto, foram avaliadas séries temporais (1982–2021) de variáveis 

oceanográficas na região de TDC/Gough, como temperatura da superfície do mar (TSM), 

deslocamentos das frentes oceânicas Subantártica (FSA) e Subtropical limite norte (FSTN) e 

concentração de clorofila-a (Clor-a), como um proxy de produtividade. As variáveis TSM, FSA 

e Clor-a apresentaram tendências anuais positivas significativas, enquanto a FSTN demonstrou 

tendência negativa, indicando um afastamento da FSA e um avanço da FSTN em direção às 

colônias. Essas alterações podem impactar negativamente as fêmeas lactantes, aumentando as 

distâncias de forrageamento e afetando o sucesso reprodutivo. Além disso, foram compilados 

e analisados 656 registros de A. tropicalis na costa brasileira entre 1992 e 2021, com 

predominância na região Sul (69%) e maior frequência nos meses de inverno austral (julho a 

setembro). Modelos de associação revelaram que variáveis como sazonalidade (seno e 

cosseno), profundidade da camada de mistura (PCM) e FSA estão fortemente correlacionadas 

aos padrões de ocorrência, com influência adicional de variáveis regionais como Clor-a e o 

Dipolo do Oceano Atlântico Sul (DOAS) nos registros da região Sul, e o Modo Anular do 

Hemisfério Sul (MAS) e o Dipolo Subtropical do Atlântico Sul (DSOAS) nas regiões Sudeste 

e Nordeste. Esses resultados reforçam a hipótese de que múltiplos fatores ambientais podem 

afetar as rotas de dispersão da espécie de forma diferenciada ao longo da costa brasileira. 

Modelos de adequabilidade de habitat indicaram que a distribuição potencial atual de A. 

tropicalis (valores > 0,7) está concentrada em torno de colônias subantárticas e subtropicais, 

mas também em áreas ainda não colonizadas atualmente, como Ilhas Malvinas/Falklands, Terra 
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do Fogo, sul do Chile, Ilhas Kerguelen, sul da Austrália, Tasmânia e Nova Zelândia. Projeções 

da distribuição de A. tropicalis para os anos de 2050 e 2100, baseadas nos cenários climáticos 

do AR6 (SSP1-2.6, SSP2-4.5 e SSP5-8.5), indicaram um deslocamento em direção as regiões 

subantárticas e polares e aumento das áreas com adequabilidade moderada (0,5–0,9). Contudo, 

também foi sugerida uma contração significativa das áreas de alta adequabilidade (>0,9) para 

a espécie, especialmente nas colônias atuais de TDC/Gough e Ilha Amsterdam. Os resultados 

sugerem que as colônias reprodutivas atuais de A. tropicalis se tornarão menos adequadas com 

o avanço do século, ao mesmo tempo em que novas áreas ao sul da distribuição atual poderão 

se tornar favoráveis, indicando uma possível expansão geográfica da espécie. Isso inclui a 

possibilidade de sobreposição com outras espécies de otariídeos e, consequentemente, de 

eventos de hibridização natural, como os já registrados entre A. tropicalis, A. gazella e A. 

forsteri na Ilha Macquarie. Por outro lado, a colonização de áreas costeiras do continente sul-

americano como novos sítios reprodutivos é improvável, devido à ausência de condições 

ecológicas adequadas. Fatores como a necessidade de ilhas remotas com substrato rochoso, 

prolongado período de lactação, zonas costeiras urbanizadas e sujeitas a distúrbios humanos, 

além de riscos de predação de filhotes por cães domésticos, limitam severamente o sucesso 

reprodutivo da espécie nessas regiões. Em conjunto, os resultados indicam que as mudanças 

climáticas poderão remodelar a distribuição de A. tropicalis, tanto pela alteração de suas áreas 

reprodutivas quanto pela ampliação da dispersão extra limite. 

Palavras-chave: Temperatura da superfície do mar, Frentes subantárticas e subtropicais, 

clorofila-a, ilha remota, modelos de distribuição de espécies, dispersão extra limite, 

distribuição nas colônias reprodutoras, Ilhas Tristão da Cunha/Gough, Cenários climáticos 

futuros, Modelo ensemble, Adequação ambiental 

 

ABSTRACT 

Understanding species’ geographic distribution is essential for comprehending how 

environmental factors influence biodiversity patterns. By identifying the set of environmental 

conditions that affect this distribution, it is possible to predict changes in species abundance 

and spatial occupancy. However, climate change has caused abrupt shifts in distributions in 

both terrestrial and marine environments, representing a growing threat to biodiversity. Top 

predators, such as the sub-Antarctic fur seal (Arctocephalus tropicalis), are particularly 

vulnerable, as they rely on the abundance and location of their prey and on the stability of their 

breeding, foraging, and resting habitats. This study aimed to analyze, from a climate change 
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perspective, the environmental factors that influence the distribution of A. tropicalis, with 

emphasis on its main breeding colonies on the Tristan da Cunha/Gough Islands (TDC/Gough) 

and on the species’ extra-limital occurrences along the Brazilian coast. To this end, time series 

(1982–2021) of oceanographic variables were evaluated in the TDC/Gough region, including 

sea surface temperature (SST), shifts in the Sub-Antarctic Front (SAF) and northern boundary 

of the Subtropical Front (STFN), and chlorophyll-a (Chl-a) concentration as a proxy for 

productivity. SST, SAF, and Chl-a showed significant positive annual trends, whereas STFN 

exhibited a negative trend, indicating a southward shift of the SAF and a northward expansion 

of the STFN toward the colonies. These changes may negatively impact lactating females by 

increasing foraging distances and reducing reproductive success. In addition, 656 records of A. 

tropicalis along the Brazilian coast between 1992 and 2021 were compiled and analyzed, with 

a predominance in the southern region (69%) and higher frequency during the austral winter 

months (July to September). Association models revealed that variables such as seasonality 

(sine and cosine), mixed layer depth (MLD), and SAF were strongly correlated with occurrence 

patterns. Regional variables such as Chl-a and the South Atlantic Ocean Dipole Index (SAODI) 

influenced records in the southern region, while the Southern Annular Mode (SAM) and the 

South Atlantic Subtropical Dipole Index (SASDI) affected records in the southeastern and 

northeastern regions. These results support the hypothesis that multiple environmental factors 

may differently influence the species’ dispersal routes along the Brazilian coast. Habitat 

suitability models indicated that the current potential distribution of A. tropicalis (suitability > 

0.7) is concentrated around subantarctic and subtropical colonies but also includes areas not 

currently colonized, such as the Falkland/Malvinas Islands, Tierra del Fuego, southern Chile, 

Kerguelen Islands, southern Australia, Tasmania, and New Zealand. Projections of A. 

tropicalis distribution for the years 2050 and 2100, based on AR6 climate scenarios (SSP1-2.6, 

SSP2-4.5, and SSP5-8.5), indicated a shift toward sub-Antarctic and polar regions and an 

increase in moderately suitable areas (0.5–0.9). However, a significant contraction in highly 

suitable areas (>0.9) was also projected, particularly in current breeding colonies such as 

TDC/Gough and Amsterdam Island. The results suggest that current breeding colonies of A. 

tropicalis may become less suitable as the century progresses, while new areas south of its 

current range may become favorable, indicating a possible geographic expansion of the species. 

This includes the potential overlap with other otariid species and, consequently, the occurrence 

of natural hybridization events, as already recorded between A. tropicalis, A. gazella, and A. 

forsteri on Macquarie Island. On the other hand, the colonization of South American coastal 

areas as new breeding sites is unlikely due to the lack of suitable ecological conditions. Factors 
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such as the need for remote islands with rocky substrates, a prolonged lactation period, 

urbanized coastal zones subject to human disturbance, and the risk of pup predation by 

domestic dogs severely limit the species’ reproductive success in these regions. Together, the 

results indicate that climate change may reshape the distribution of A. tropicalis, both by 

altering its breeding areas and by expanding its extra-limital dispersal. 

Keywords Sea surface temperature, Subantarctic and Subtropical fronts, Chlorophyll-a, 

Remote island, Species Distribution Models, Extra-limital dispersal, Distribution in breeding 

colonies, Tristan da Cunha/Gough Islands, Future climate scenarios, Ensemble model, 

Environmental suitability 
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CAPÍTULO 1 

INTRODUÇÃO 

 

A Modelagem de Distribuição de Espécies (MDE) prevê a distribuição geográfica de 1 

organismos a partir de seus registros e da interação entre fatores bióticos e abióticos, sendo 2 

amplamente usada em biogeografia e ecologia (GUISAN & ZIMMERMANN 2000). O 3 

conceito de nicho ecológico proposto por Hutchinson em 1957, se refere a um espaço 4 

multidimensional cujos eixos compõem as partes do ambiente de um organismo que 5 

influenciam seu potencial de sobreviver, desenvolver e reproduzir com sucesso, ou seja, sua 6 

aptidão. O nicho fundamental, é a região do espaço ambiental onde a aptidão é maior ou igual 7 

a um na ausência de concorrentes ou predadores (HUTCHINSON 1957 e 1978). O nicho 8 

realizado costuma ser uma região mais restrita do espaço ambiental obtido após contabilizar 9 

interações bióticas. Em teoria, se conhecermos as condições que determinam a distribuição de 10 

um organismo, podemos prever sua ocorrência e abundância (KEARNEY & PORTER 2004). 11 

Conhecer a distribuição geográfica das espécies é uma das questões mais fundamentais 12 

da ecologia geral, porque permite o entendimento de como parâmetros ambientais influenciam 13 

os padrões de biodiversidade. A história biogeográfica desses padrões, a estrutura da 14 

comunidade de estudo e os processos ecológicos capazes de criá-los são os mais importantes 15 

fatores para a compreensão de onde uma espécie se distribui e porque ela encontra-se naquele 16 

ambiente (WIENS & DONOGHUE 2004). Contudo, as mudanças climáticas podem resultar 17 

em mudanças na distribuição das espécies, tanto nos sistemas terrestres quanto marinhos, 18 

tornando-se uma das maiores ameaças à biodiversidade (HAZEN et al. 2013). 19 

As mudanças climáticas podem resultar de causas naturais, das atividades humanas 20 

através da emissão de gases de efeito de estufa, como o dióxido de carbono e metano, e de 21 

alterações no uso do solo (WHEELER E VON BRAUN 2013). Em 2021, o Sexto Relatório 22 

(AR6) do Painel Intergovernamental sobre Mudanças Climáticas (IPCC 2021), deixou claro 23 

alguns pontos-chave em relação às mudanças climáticas globais, no que tange as temperaturas 24 

globais e o aumento do nível do mar. Segundo modelos climáticos baseados em emissões de 25 

gases do efeito estufa com diferentes políticas climáticas, chamadas de Caminhos 26 

Socioeconômicos Compartilhados (do inglês Shared Socioeconomic Pathways (SSPs)), a 27 

temperatura da superfície global aumentará entre 2,1°C para cenários SSP2-4.5 e 5,7°C para 28 

SSP5-8.5, até 2100. Já a recente taxa de aumento do nível do mar quase triplicou em 29 

comparação com o período de 1901 a 1971, e de acordo com os mesmos modelos climáticos, 30 
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o nível do mar aumentará entre 0,44 m para cenários SSP2-4.5 e 1,01 m para SSP5-8.5 até 31 

2100, em comparação com níveis de 1995 a 2014 (IPCC 2021). Considerando um rápido 32 

derretimento das camadas de gelo globais, o que também foi observado em períodos de 33 

aquecimento global durante o Pleistoceno, é possível que o nível do mar suba mais de 6 m até 34 

o final do século (OVERPECK et al. 2006).  35 

Ilhas oceânicas remotas fornecem locais de reprodução para diversas espécies, 36 

incluindo predadores pelágicos, como pinípedes e aves marinhas, que precisam retornar à terra 37 

para se reproduzir e se dispersar pelas bacias oceânicas para buscar recursos marinhos 38 

(REQUENA et al. 2020). No Oceano Atlântico Sul, o Arquipélago de Tristão da Cunha (Fig. 39 

1), é um destes ambientes remotos. Este conjunto de quatro ilhas vulcânicas (Tristão da Cunha, 40 

Inaccessible, Nightingale e Gough) são colônias reprodutivas de duas espécies de pinípedes: o 41 

lobo-marinho-subantártico (Arctocephalus tropicalis) e o elefante-marinho-do-sul (Mirounga 42 

leonina), além de 25 espécies de aves marinhas e terrestres, das quais sete estão ameaçadas 43 

globalmente (RYAN 2008; DIAS et al. 2017, REQUENA et al 2020). Em relação às espécies 44 

de pinípedes, estima-se que cerca de 63% da produção global de filhotes do A. tropicalis (Fig. 45 

2) ocorra na Ilha Gough (BESTER et al. 2006; HOFMEYR 2015). Das aves marinhas, quatro 46 

são endêmicas das ilhas e estão listadas como globalmente ameaçadas: albatroz-de-Tristão 47 

Diomedea dabbenena (criticamente em Perigo - CR) (BIRDLIFE INTERNATIONAL 2022a), 48 

albatroz-de-nariz-amarelo-do-Atlântico (BIRDLIFE INTERNATIONAL 2022b) e petrel-do-49 

Atlântico Pterodroma incerta (Em Perigo - EN) (BIRDLIFE INTERNATIONAL 2022c) e 50 

petrel-de-óculos Procellaria conspicillata (Vulnerável - VU) (BIRDLIFE INTERNATIONAL 51 

2022d).  52 

 53 

Figura 1. Distribuição das colônias reprodutivas do lobo-marinho-subantártico Arctocephalus 54 

tropicalis (pontos vermelhos) e avistamentos extra limites relatados na literatura (áreas 55 

amarelas). 56 
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 57 

Figura 2. Macho adulto (esquerdo) e adulta fêmea (direita) de lobo-marinho-subantártico, 58 

Arctocephalus tropicalis. Fotos: Morten Jorgensen (macho) e Marthán N. Bester (fêmea). 59 

Jones et al. (2003) listaram três grandes ameaças à conservação aos sistemas marinhos 60 

e terrestres da Ilha Gough (40°19'29"S; 9°55'43"O). Primeiro, há ameaças decorrentes da 61 

disseminação de espécies exóticas pelo homem que os autores chamaram de alienígenas (alien 62 

species segundo o autor). Em segundo lugar, as ameaças decorrentes da exploração de recursos 63 

naturais fora da ilha, sob a forma de atividades de pesca e, em terceiro lugar, as mudanças 64 

climáticas. Com base em dados meteorológicos coletados na Ilha Gough, os autores 65 

identificaram um aumento significativo na temperatura de cerca de 0,6°C entre 1963 e o ano 66 

2000, mas nenhuma tendência clara no nível de precipitação. Harter et al. (2015), ao avaliarem 67 

os efeitos das mudanças climáticas nas plantas de 787 ilhas oceânicas do mundo, concluíram 68 

que as variações sazonais de temperatura afetarão principalmente as ilhas de latitudes mais 69 

altas, onde os aumentos projetados são maiores e mais intensos durante o inverno.  70 

De modo geral, estudos sobre tendências em variáveis climáticas e ambientais são 71 

conduzidos em escala global (KIM AND ORSI 2014; DUSTAN et al. 2018; VON 72 

SCHUCKMANN et al. 2019) ou no nível de grandes bacias oceânicas. No entanto, é essencial 73 

reconhecer que essas tendências podem variar significativamente em escalas menores, como 74 

em níveis regionais ou locais (FOX-KEMPER et al. 2021). Estudos climáticos associados com 75 

espécies de predadores de topo que se concentram nessas escalas menores geralmente abordam 76 

áreas continentais (OLIVEIRA et al. 2006 e 2009) ou grandes arquipélagos, ou conjuntos de 77 
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ilhas, como ocorre no caso do Oceano Índico (Fig. 1) (GEORGES et al. 2000; BOST et al. 78 

2015; KIRKMAN et al. 2016). Arquipélagos, como o de Tristão da Cunha, apresentam poucos 79 

estudos, no que se refere as tendências em variáveis climáticas e ambientais, com exceção de 80 

temperatura do ar e precipitação (JONES et al. 2003). Compreender os padrões temporais 81 

dessas tendências em escala regional ou local podem ajudar a explicar processos ecológicos, 82 

como mudanças na distribuição e abundância de espécies, além de fornecer subsídios para 83 

estratégias de conservação e manejo. No caso de arquipélagos remotos, como Tristão da Cunha, 84 

a escassez de estudos detalhados sobre variáveis climáticas e ambientais limita a compreensão 85 

dos impactos das mudanças climáticas nesses ecossistemas e na sua biodiversidade. A análise 86 

de tendências locais pode revelar padrões distintos daqueles observados em escalas globais ou 87 

em grandes bacias oceânicas, destacando a necessidade de abordagens mais específicas para 88 

avaliar a vulnerabilidade dessas regiões e das espécies que as habitam. 89 

As mudanças climáticas são potencialmente prejudiciais para predadores de topo, como 90 

os pinípedes, pois impactam a abundância e distribuição das espécies de presas e alteram as 91 

condições ambientais nas suas áreas de distribuição, seja para descanso, alimentação ou 92 

reprodução (LEARMONTH et al. 2006; KOVACS et al. 2012). Sendo assim, os pinípedes 93 

podem responder de diferentes maneiras às mudanças climáticas. Um exemplo é o declínio 94 

populacional dos lobos-marinhos-sul-americanos (A. australis) em 1997/1998 durante o evento 95 

El Niño mais forte da história no Peru. Oliveira et al. (2006 e 2009) descobriram que a 96 

diminuição desta população levou a gargalos genéticos, como resultado da mortalidade de 97 

cerca de 72% de lobos-marinhos por inanição, devido ao desaparecimento de sua principal 98 

presa na região, Engraulis ringens. Para as focas-monge-do-Havaí (Neomonachus 99 

schauinslandi), foi sugerido que essa espécie poderia perder locais de reprodução e descanso, 100 

devido à elevação do nível do mar no arquipélago havaiano (BAKER et al. 2016). Estudos 101 

sobre as mudanças de habitats (ganho e perda) do leão-marinho-da-Califórnia (Zalophus 102 

californianus) e do elefante-marinho-do-norte (Mirounga angustirostris) na costa do Pacífico 103 

Norte (Canadá e Estados Unidos), sugeriram que essas espécies teriam um pequeno ganho em 104 

seu habitat potencial, em função das projeções de mudanças climáticas de TSM, Chl-a e 105 

batimetria nos próximos 100 anos (HAZEN et al. 2013). Contudo, praticamente não existem 106 

informações sobre os efeitos das mudanças climáticas para o lobo-marinho-subantártico, A. 107 

tropicalis, uma espécie amplamente distribuída no hemisfério sul e com diversos registros em 108 

áreas extra limite (para uma revisão ver SOUSA-LIMA et al. 2022;). 109 

https://www.frontiersin.org/articles/10.3389/fmars.2017.00413/full?utm_source=FRN&utm_medium=EMAIL_IRIS&utm_campaign=EMI_XIA_190327_Milestones_Followers_article_page#B3
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Para A. tropicalis, as colônias reprodutivas estão amplamente distribuídas no hemisfério 110 

sul, principalmente nas ilhas subantárticas ao norte da Convergência Antártica, nos oceanos 111 

Atlântico e Índico (HOFMEYR 2015) (Fig. 1). Aproximadamente 99% dos lobos-marinhos-112 

subantárticos se reproduzem em três ilhas ou grupos de ilhas. Como mencionado anteriormente 113 

para a Ilha Gough, cerca de 63% da produção global de filhotes está nesta ilha (BESTER et al. 114 

2006), 25% encontram-se nas Ilhas Prince Edward (Ilha Marion e Ilha Prince Edward) 115 

(46°38'17"S; 37°56'42"E) (HOFMEYR et al. 2006; BESTER et al. 2009), 11% na Ilha de 116 

Amsterdam (37°52′S; 77°32′E) e sua vizinha Ilha Saint Paul (38°43′48″S; 77°31′20″E) 117 

(GUINET et al. 1994). A produção de filhotes em outros locais como, por exemplo, na Ilhas 118 

Tristão da Cunha, Crozet e Macquarie, é apenas de algumas dezenas ou centenas em cada local 119 

(HOFMEYR 2015). 120 

Estudos sobre movimentos e migrações em pinípedes revelaram que a maior parte das 121 

espécies se dispersam pelos oceanos logo após o término do período reprodutivo ou após o 122 

período de muda do pelo (RIDGWAY & HARRISON 1981), sendo esse o período menos 123 

conhecido do ciclo e vida dos pinípedes. Segundo Hofmeyr (2015), A. tropicalis é a espécie 124 

com a maior capacidade de dispersão entre os otariídeos no Atlântico Sul, inclusive para a 125 

região tropical. Todas as ocorrências de A. tropicalis fora das ilhas nas proximidades da 126 

Convergência Antártica são consideradas extra limites e seus indivíduos são considerados 127 

vagantes ou errantes (SHAUGHNESSY AND ROSS 1980). Um organismo vagante é tido 128 

como um indivíduo encontrado fora da região tradicionalmente conhecida de ocupação de sua 129 

espécie, ou seja, é um fenômeno biológico no qual um indivíduo de uma determinada espécie 130 

é registrado fora de sua zona geográfica típica (Bester 2021). Registros extra limites de 131 

predadores marinhos podem ser devido a erros de navegação agindo independentemente devido 132 

a tempestades severas, ou condições oceânicas anômalas, ou em conjunto com outros fatores 133 

como idade (filhotes, yearlings) ou doenças (CARPENTER-KLING et al. 2017). Estudos 134 

baseados em monitoramentos de praias, indicaram que em determinados anos entre os meses 135 

de agosto e setembro, ocorre uma maior frequência de registros extra limite da espécie 136 

(SHAUGHNESSY & ROSS 1980; PINEDO 1990; OLIVEIRA 1999; BASTIDA & 137 

RODRIGUEZ 2003; MOURA et al. 2007; PRADO et al. 2016, OLIVEIRA et al. 2024).  138 

As colônias reprodutivas mais próximas do litoral brasileiro estão nas Ilhas Gough 139 

(40°19'29"S; 9°55'43"W) e Tristão da Cunha (37°6'58"S; 12°17'01"W), entre 4.200 km e 3.800 140 

km de distância, respectivamente (Fig. 1) (FERREIRA et al. 2008). Contudo, Ferreira et al. 141 

(2008) detectaram com o auxílio de marcadores moleculares mitocondriais que alguns 142 
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espécimes de A. tropicalis encontrados mortos no litoral do Rio Grande do Sul (RS) teriam 143 

múltiplas origens, sendo a grande maioria oriunda dsa Ilhas Gough e Tristão da Cunha. Os 144 

autores também registraram um único indivíduo oriundo das Ilhas Crozet (46°25′S, 51°45′E) 145 

no Oceano Índico Sul, distante cerca de 16.500 km da costa brasileira. 146 

Historicamente, as ocorrências de A. tropicalis na costa brasileira e demais áreas fora 147 

de seus limites conhecidos de distribuição foram atribuídas ao aumento populacional, devido à 148 

proteção desses animais após o término da caça das baleias, uma vez que os mesmos também 149 

eram caçados juntamente com os cetáceos na região antártica e subantártica (PINEDO 1990; 150 

HOFMEYR et al. 1997; SHAUGHNESSY et al. 2014). No entanto, o aumento populacional 151 

talvez não seja a única explicação para as flutuações na ocorrência dos espécimes erráticos no 152 

Brasil, e talvez para outras regiões de ocorrências extra limites. Oliveira (1999) detectou 153 

períodos com alta frequência de ocorrência de A. tropicalis para o litoral norte do RS e para 154 

outras partes da costa atlântica da América do Sul em anos específicos, entre 1982 e 1998, e 155 

sugeriu uma potencial influência de eventos oceanográficos na chegada desses animais na 156 

região. Por exemplo, Oliveira et al. (2001) propuseram que o aumento dos registros dos lobos 157 

antárticos (A, gazella) e subantárticos também poderia estar relacionado as anomalias nas 158 

correntes oceânicas devido a eventos oceanográficos e climáticos, como o El Niño Oscilação 159 

Sul (ENOS). 160 

Recentemente, Oliveira et al. (2024) descreveram a influência direta e indireta de 161 

variáveis oceanográficas e climáticas no padrão das ocorrências de A. tropicalis para o extremo 162 

sul do Brasil, a partir da análise de registros de indivíduos coletados no litoral do Rio Grande 163 

do Sul (RS) entre 1992 e 2013. Nesse estudo, os autores detectaram uma associação entre os 164 

padrões de variabilidade climática do Modo Anular do Hemisfério Sul (MAS) e Dipolo do 165 

Oceano Atlântico Sul (DOAS) e as ocorrências de A. tropicalis, além de uma associação 166 

significativa entre as ocorrências de A. tropicalis e a diminuição da concentração de clorófitas 167 

nas colônias reprodutivas nas Ilhas TDC/Gough. Contudo, outras possíveis variáveis não 168 

analisadas pelos autores do estudo, como a profundidade da camada de mistura, dinâmica das 169 

frentes Subantárticas e Subtropical, velocidade do vento, poderiam contribuir para a dispersão 170 

e ocorrências extra limite da espécie. Além disso, no estudo de Oliveira et al. (2024) foram 171 

discutidas as prováveis rotas de dispersão de A. tropicalis a partir de suas colônias reprodutivas 172 

no oceano Atlântico Sul até as áreas extra limite na América do Sul. Estudos prévios sugerem 173 

uma provável rota de dispersão da espécie em direção a costa Atlântica da América do Sul via 174 

Sistema Anticiclônico do Atlântico Sul (RODRIGUEZ et al. 1995; OLIVEIRA 1999; 175 
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FERREIRA et al. 2008, MILMANN et al. 2019, SOUSA-LIMA et al. 2022). Oliveira et al. 176 

(2024), também atribuíram a saída, o deslocamento e a ocorrência de A. tropicalis no litoral do 177 

RS aos deslocamentos das Frentes Subtropicais e Subantártica em direção ao sul e 178 

influenciados pelos modos climáticos, MAS, DOAS e Dipolo do Oceano Índico, ambos na fase 179 

positiva.  180 

Considerando que a variabilidade climática, juntamente com fatores ambientais, pode 181 

influenciar direta ou indiretamente a diversidade marinha, afetando a abundância e distribuição 182 

de espécies topo de cadeia, a modelagem dessas variáveis pode fornecer insights valiosos. Em 183 

teoria, essa abordagem permite identificar possíveis novas áreas de ocorrência, avaliar os 184 

impactos das mudanças climáticas na adequabilidade dos habitats reprodutivos e compreender 185 

a distribuição e a persistência dessas espécies. Além disso, esses modelos auxiliam na 186 

identificação de possíveis conflitos entre atividades humanas, como a pesca comercial, e 187 

predadores marinhos (HARWOOD 1992; WICKENS et al. 1992; TRITES et al. 1997).  188 

Mais especificamente para A. tropicalis, estes modelos poderiam ajudar a identificar a 189 

relação entre dispersão extra limite e questões sanitárias, uma vez que existem registros na 190 

Argentina de indivíduos erráticos da espécie portadores da bactéria da tuberculose 191 

Mycobacterium pinnipedii (BASTIDA et al. 2011). Adicionalmente, o Comitê Científico de 192 

Pesquisas Antárticas (do inglês Scientific Committee for Antarctic Research – SCAR) atento à 193 

ameaça das doenças contagiosas, não recomendou a reintrodução de espécies de pinípedes 194 

antárticas e subantárticas reabilitadas, a fim de se evitar a potencial dispersão de doenças com 195 

o retorno de indivíduos tratados para as colônias antárticas (BASTIDA et al. 1999; KERRY et 196 

al. 1999).  197 

Diante desse contexto, a compreensão das mudanças climáticas e suas implicações na 198 

distribuição de A. tropicalis em suas colônias reprodutivas, torna-se essencial para a 199 

conservação desta espécie. Embora estudos globais forneçam um panorama geral das 200 

tendências climáticas, análises em escalas regionais e locais são fundamentais para detectar 201 

padrões específicos e prever impactos diretos sobre os ecossistemas e suas espécies. Dessa 202 

forma, investigações detalhadas sobre variáveis ambientais e biológicas em ambientes insulares 203 

são cruciais para embasar estratégias de manejo e preservação diante dos desafios impostos 204 

pelas mudanças climáticas. 205 

 206 

OBJETIVOS 207 
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 208 

O presente estudo tem como principais objetivos:  209 

i) Descrever e atualizar as tendências climáticas temporais atuais (anuais, mensais e 210 

sazonais) de variáveis ambientais essenciais, como a temperatura da superfície do 211 

mar (TSM), a posição da Frente Subantártica (FSA), a Frente Subtropical Norte 212 

(FSTN) e a concentração de clorofila-a (Clor-a), como proxy de biomassa 213 

fitoplanctônica no Arquipélago TDC/Gough, no período de 1982 a 2021.  214 

ii) Continuar o estudo realizado por Oliveira et al. (2024) sobre  os padrões temporais 215 

(mensais e anuais) das ocorrências de A. tropicalis, expandindo a cobertura 216 

geográfica dos dados de ocorrência para todo o litoral brasileiro no período de 1992 217 

a 2021. 218 

iii) Gerar modelos de associação de novas variáveis ambientais e climáticas no 219 

arquipélago de TDC/Gough com os registros de indivíduos coletados ao longo da 220 

costa brasileira. 221 

iv) Gerar modelos de adequabilidade de habitat das colônias reprodutivas atuais de A. 222 

tropicalis e, em cenários de mudanças climáticas, previstos nos modelos do Sexto 223 

Relatório (AR6) do Painel Intergovernamental sobre Mudanças Climáticas (IPCC 224 

2021) nos períodos de 2050 e 2100. 225 

HIPÓTESES  226 

Considerando o entendimento atual sobre os efeitos das mudanças climáticas, podemos 227 

sugerir as seguintes hipóteses: 228 

Para objetivo i: Mudanças climáticas significativas ocorreram nas tendências de 229 

temperatura da superfície do mar (TSM), a posição da Frente Subantártica (FSA), a Frente 230 

Subtropical Norte (FSTN) e a concentração de clorofila-a (Clor-a), durante o período estudado 231 

nas ilhas TDC/Gough. Desta forma, espera-se um aumento na TSM, uma diminuição na Clor-232 

a, uma redução na distância da FSTN e um aumento na distância da FSA em relação ao 233 

TDC/Gough ao longo dos anos analisados. 234 

Para os objetivos ii e iii: Com base nos resultados e sugestões discutidos por Oliveira 235 

et al. (2024), espera-se que os registros de A. tropicalis sejam mais frequentes ao longo da costa 236 

brasileira nos meses de inverno e primavera austrais, principalmente na região Sul (RS, SC e 237 

PR), seguido dos estados das regiões Sudeste (SP, RJ e ES) e Nordeste (BA, SE, AL, PE e RN). 238 
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 Acredita-se que variáveis como o Modo Anular do Hemisfério Sul, Dipolo do Oceano 239 

Atlântico Sul, Dipolo Subtropical do Oceano Atlântico Sul, El Niño Oscilação Sul, 240 

produtividade representada pela aClor-a, aTSM, aFSA, aFSTN, profundidade da camada de 241 

mistura e velocidade do vento de superfície a 10 metros na colônia reprodutiva de TDC/Gough, 242 

estejam associadas aos registros extra limites de A. tropicalis ao longo da costa brasileira. No 243 

entanto, essas associações tendem a variar entre as regiões da costa (Sul, Sudeste e Nordeste), 244 

sugerindo que distintas variáveis ambientais podem influenciar as diferentes rotas de dispersão 245 

da espécie.  246 

Para o objetivo iv, espera-se que as áreas de reprodução atualmente adequadas para A. 247 

tropicalis se tornem menores, ou seja, uma contração nas regiões subtropicais ao norte das 248 

colônias, em resposta às mudanças climáticas projetadas pelos modelos do AR6. 249 

Simultaneamente, espera-se que essas áreas se expandam em direção às regiões subantárticas 250 

e polares, ou seja, em direção aos polos. 251 

 252 
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CAPÍTULO 2 416 

Temporal trends of environmental variables in the Tristan da Cunha/Gough Islands: 417 

potential effects on sub-Antarctic fur seal movements 418 

 419 

Submitted to the Journal of Marine Systems 420 

 421 

Abstract: Global climate change has occurred rapidly and significantly over the past century, 422 

and remote island groups are no exception. We analyzed temporal trends in sea surface 423 

temperature anomalies (aSST), distances from the Subantarctic Front (aSAF), the Subtropical 424 

Front North (aSTFN), and chlorophyll-a concentration anomalies (aChl-a) in the coast of 425 

Tristan da Cunha/Gough Islands (TDC/Gough) from 1982 to 2021. The variables aChl-a, aSST, 426 

and aSAF exhibited significant positive annual trends, while aSTFN showed a significant 427 

negative annual trend. Seasonal trends differed among the variables analyzed. The aChl-a 428 

showed significant negative trends in summer and positive trends in autumn and winter. The 429 

aSST demonstrated positive trends in all seasons except autumn. Meanwhile, the aSAF 430 

exhibited positive trends only in winter, whereas the aSTFN showed negative trends in summer 431 

and spring. The patterns revealed here provide evidence of changes and variations over the 40-432 

year period, consistent with numerous studies on trends and climate change. Variations in 433 

productivity, the increase in aSST, and the subsequent poleward shift of the SAF and STFN 434 

fronts may influence the distribution and abundance of top predator species inhabiting in 435 

TDC/Gough, such as the sub-Antarctic fur seal Arctocephalus tropicalis, pushing their prey to 436 

higher latitudes farther from breeding colonies. Therefore, the distances and durations of 437 

foraging trips for females involved in parental care could increase, and negatively impact their 438 

reproductive success and pup survival. As a result, the distribution of A. tropicalis may expand 439 

into new areas south of their breeding colonies, occupying or sharing regions inhabited by other 440 

otariid species, potentially favoring natural hybridization events. 441 

Keywords: Sea surface temperature, Subantarctic and Subtropical Fronts, chlorophyll-a, 442 

remote island, Arctocephalus tropicalis 443 

 444 

1. Introduction 445 

Global climate change has occurred rapidly and significantly over the last century in 446 

terrestrial and marine ecosystems, and this is equally true for the subtropical, subantarctic, and 447 
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polar regions of the Southern Ocean (IPCC 2021). Generally defined as the global ocean south 448 

of approximately 35°S, surrounding the Antarctic continent (Chapman et al. 2020), the 449 

Southern Ocean is experiencing substantial changes associated with anthropogenic climate 450 

change (Turner et al. 2014; Gutt et al. 2015). Constable et al. (2014), in their analysis of current 451 

and expected changes in physical habitats in response to climate change in this region, 452 

suggested that many of the observed changes in physical habitats are likely driven by winds, 453 

sea surface temperature (SST), and the shifting of oceanic fronts. 454 

Projections from CMIP6 models, presented in the IPCC’s Sixth Assessment Report in 455 

2021, indicate a continued global increase in SST, with rises of 0.88°C (range of 0.68°C to 456 

1.01°C) for the period 2011–2020 and 0.60°C (between 0.44°C and 0.74°C) between 1980 and 457 

2020, both relative to the 1850–1900 mean. For the future, these models project an increase in 458 

global mean SST, compared to the period from 1995 to 2014, ranging from 0.86°C (with an 459 

uncertainty range between 0.43°C and 1.47°C) in the most optimistic scenario (SSP1-2.6) and 460 

up to 2.89°C (from 2.01°C to 4.07°C) in the most pessimistic scenario (SSP5-8.5) for the period 461 

2081 to 2100 (Fox-Kemper et al. 2021). However, it is important to note that SST warming 462 

rates vary regionally (Fox-Kemper et al. 2021). For example, while some regions, such as the 463 

tropical Indian Ocean and the western Pacific Ocean, have experienced faster temperature 464 

increases since the 1950s, others, like the Southern Ocean, have warmed more slowly or even 465 

exhibited cooling trends. Specifically, in the Southern Ocean, it has been observed that SST 466 

warming since the 1950s has been slower than the global average, partly due to upwelling 467 

around Antarctica, which replenishes surface waters with deeper, pre-industrial water masses 468 

(Frölicher et al. 2015; Marshall et al. 2015; Armour et al. 2016). 469 

Historically, oceanic fronts were defined as the boundaries between two zones with 470 

distinct water mass properties and a particular temperature value (Chapman et al. 2020). Today, 471 

the concept of fronts is divided into two broad classes. Local definitions use geographic 472 

neighborhood criteria to identify fronts, such as SST gradients and sea surface height (SSH), 473 

as well as approaches based on statistical methods and the dissimilarity of hydrographic 474 

profiles (Moore et al. 2000; Hughes et al. 2001 and 2010; Kostianoy et al. 2004; Thompson et 475 

al. 2010 and 2012; Chapman 2014; Pauthenet et al. 2018; Jones et al. 2019; Chapman et al. 476 

2020). In contrast, global definitions identify a specific SST or SSH value a priori to determine 477 

fronts continuously across space (Sokolov and Rintoul 2007; Langlais et al. 2011). According 478 

to Chapman et al. (2020), for biological studies, fronts are typically defined based on SST 479 



30 

 

criteria (Kirkman et al. 2016), while physical oceanographic studies generally use SSH 480 

(Sokolov and Rintoul 2009a, and b). 481 

Traditionally, three main fronts are identified from north to south in the Southern 482 

Ocean: the Subantarctic Front (SAF), the Polar Front, and the Southern Front of the Antarctic 483 

Circumpolar Current (ACC). Occasionally, this classification is extended to include the 484 

Subtropical Front (STF) to the north. However, it is important to note that the dynamics of this 485 

latter front differ from the main ACC fronts, often leading to its exclusion from this 486 

classification (Chapman et al. 2020). 487 

Climate change simulations using low-resolution general circulation models show that 488 

the ACC shifts southward in response to a warmer climate and the poleward shift of westerly 489 

winds in the Southern Hemisphere (IPCC 2021). According to Graham et al. (2012), this 490 

suggests that fronts within the current, such as the SAF, would also shift southward. However, 491 

Chapman et al. (2020) illustrated climate change projections in the Antarctic Ocean using 492 

outputs from the GFDL-ESM2M climate model, forced by two greenhouse gas concentration 493 

scenarios (RCP4.5 and RCP8.5). In both cases, the temperature of the Antarctic Ocean was 494 

projected to increase substantially, resulting in a significant southward shift of the fronts by the 495 

year 2100. However, in both climate projections considered, there was little to no shift in the 496 

position of regions with high SSH gradients.  497 

In the marine ecosystem, phytoplankton forms the base of food webs and plays a crucial 498 

role in the ocean's biogeochemical cycles (Zhai et al. 2023). Marine productivity is influenced 499 

by seasonal factors such as temperature and the supply of trace elements, including iron, as 500 

well as oceanographic features like frontal systems, boundary currents, and eddies, which can 501 

enhance this productivity (Tynan 1998; Williams and Follows 1998; Abbott et al. 2000; Moore 502 

and Abbott 2000; Blain et al. 2001). This productivity can be estimated from signals of 503 

chlorophyll-a (Chl-a) fluorescence. However, the most comprehensive information available 504 

on the global distribution of biological productivity comes from ocean color data obtained via 505 

satellite (Henson et al. 2010). Since Chl-a explains a large portion of the variance in marine 506 

primary production and captures first-order changes in phytoplankton biomass, it is considered 507 

a reliable proxy for phytoplankton production and biomass (Huot et al. 2007; McClain 2009; 508 

Boyce et al. 2010; Zhai et al. 2023). Studies predict that global climate change will alter ocean 509 

biological productivity. Boyce et al. (2010) provided a series of data from 1899 to 2008 on 510 

long-term trends in Chl-a. They found declines in eight of ten oceanic regions and estimated a 511 

global average loss rate of 0.006 mg/m−3 year−1, representing 1% of the global average Chl-a 512 
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concentration per year. Physical factors, especially increasing SST and decreasing mixed layer 513 

depth, which reduce the average nutrient flux to the euphotic zone, have been suggested as 514 

explanatory mechanisms.  515 

While most research on climate change focuses on continental ecosystems, oceanic 516 

regions are also impacted by global climate changes (Harter et al. 2015). Remote oceanic 517 

islands provide breeding grounds for several species, including pelagic predators such as 518 

pinnipeds and seabirds, which need to return to land to reproduce and disperse across ocean 519 

basins to forage for marine resources (Requena et al. 2020). In the South Atlantic Ocean, the 520 

Tristan da Cunha/Gough Islands (TDC/Gough) is one such remote environment. This group of 521 

four volcanic islands serves as a breeding ground for colonies of two pinniped species (sub-522 

Antarctic fur seal, Arctocephalus tropicalis and southern elephant seal, Mirounga leonina) and 523 

25 species of marine and terrestrial birds, four of which are endemic and seven of which are 524 

globally threatened (Ryan 2008; Dias et al. 2017; Requena et al. 2020). Regarding the A. 525 

tropicalis, Gough Island hosts the largest breeding colony with approximately 66% of global 526 

pup production (Bester et al. 2006; Hofmeyr 2015). 527 

Jones et al. (2003) listed three major conservation threats to the marine and terrestrial 528 

systems of Gough Island. First, there are threats stemming from the human-mediated spread of 529 

alien species. Second, conservation threats arise from resource exploitation outside the island 530 

in the form of fishing activities. Third, there are threats from global climate change. Based on 531 

meteorological data collected on Gough Island, the authors identified a significant increase in 532 

air temperature of approximately 0.6°C between 1963 and 2000. Using models from the Hadley 533 

Centre for Climate Prediction and Research and projections of continued medium-range 534 

economic growth without greenhouse gas reductions, it is predicted that the Gough Island 535 

region will warm by an additional 1-3°C by 2100. In the worst-case scenarios, the UK Overseas 536 

Territories could warm by 5°C by 2100 (Sear et al. 2001). 537 

Wildlife populations are regulated by intrinsic factors (e.g., density-dependent) and 538 

extrinsic factors (e.g., environmental variation) (Oosthuizen et al. 2016; Wege et al. 2016). Fish 539 

and other marine predators, such as birds and mammals, demonstrate a preference for highly 540 

productive areas. However, the marine environment is dynamic, and large-scale changes, such 541 

as shifts in climatic regimes and climatic events, can impact environmental conditions, prey 542 

availability, and consequently, foraging patterns and reproductive success of predator species 543 

(Lea et al. 2006). Therefore, understanding the dynamics of environmental and oceanographic 544 

variables, such as Chl-a, SST, and ocean fronts, in groups of remote islands, such as 545 
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TDC/Gough, is crucial for comprehending their effects on the islands and their biodiversity, 546 

specially to their megafauna. 547 

In this context, the primary objective of this study is to describe and update the current 548 

temporal climate trends (annual, monthly, and seasonal) of essential environmental variables, 549 

such as sea surface temperature (SST), the position of the Subantarctic Front (SAF), the 550 

Subtropical Front North (STFN), and chlorophyll-a (Chl-a) concentration as a proxy for 551 

productivity in the TDC/Gough from 1982 to 2020. Based on the current understanding of the 552 

effects of climate change, we can hypothesize that significant changes have occurred in the 553 

trends of SST, STFN, SAF, and Chl-a during the study period in the TDC/Gough Archipelago. 554 

Specifically, an increase in SST, a decrease in Chl-a, a reduction in the distance to the STFN, 555 

and an increase in the distance to the SAF relative to TDC/Gough are expected over the years. 556 

As a secondary objective, this study also speculates on the potential impacts of these 557 

environmental changes on A. tropicalis, a top predator in the region.  558 

 559 

2. Material and methods 560 

This methodology of the this study, as presented below and in the following sections, 561 

describes the study area, the process of extracting variables, and the analyses used to achieve 562 

the proposed objective of describing and updating current temporal climate trends (year, 563 

month, and seasonal) of sea surface temperature (SST), Subantarctic (SAF) and Subtropical 564 

(STFN) oceanic front positioning and productivity, based on chlorophyll-a concentration (Chl-565 

a) in the Tristan da Cunha/Gough Islands (TDC/Gough). Although there are various approaches 566 

to analyse oceanic fronts and productivity, as discussed in the introduction, it is important to 567 

emphasize that, for the purposes of this study, we selected the methods that will be detailed 568 

below. 569 

2.1 Study area  570 

The TDC/Gough is a group of four volcanic islands located in the South Atlantic Ocean. 571 

Tristan da Cunha (37°6'58"S; 12°17'01"W) is situated in the warm-temperate part of the South 572 

Atlantic Subtropical Gyre, while Gough Island (40°19'29"S; 9°55'43"W) lies within the 573 

Subtropical Convergence Zone. The southern boundary of Gough Island is influenced by the 574 

Subantarctic Front, which marks the northern limit of the Antarctic Circumpolar Current and 575 

carries cold and highly productive waters (Requena et al. 2020) (Fig. 1A and 1B). 576 
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 577 

Figure 1. A) Map of the South Atlantic Ocean showing the average sea surface temperature 578 

(SST °C) for January 2011, highlighting the location of the Tristan da Cunha Island (black 579 

triangle) and Gough Island (black star). January 2011 was chosen to represent the figure, 580 

because this year was the warmest in our data series, and to represent the movement dynamics 581 

of the Subantarctic Front (SAF) and Subtropical Front North (STFN). The orange rectangle 582 

indicates the area from which SSTs were extracted to identify oceanic fronts. The 19°C 583 

isotherms (gold) represent the STFN, while the 8°C isotherms (purple) indicate the SAF. B) 584 

Detail of the orange rectangle in A, for August 2011, illustrating the variation in the dynamics 585 

of the STFN and SAF in different months. Distances were measured from the center of the 586 

Tristan da Cunha/Gough Islands (dotted blue line) to the mentioned isotherms. The solid blue 587 

line represents the grid used for the extraction of environmental and oceanographic variable 588 

values around the island. C) SST averages in the region of the Tristan da Cunha/Gough Islands 589 

in January 2011. D) Sea surface temperature anomalies (aSST) for January 2011. The same 590 

grids from C and D were used for chlorophyll-a extraction and the calculation of their 591 

respective anomalies.  592 
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2.2 Data analyzed 593 

The monthly averages of sea surface temperature (SST) (continuous orange and blue 594 

rectangles in Fig. 1A, B, and C) and chlorophyll-a (Chl-a) (continuous blue rectangle in Fig. 595 

1B and C) were obtained from the Copernicus Climate Change Service (C3S) platform 596 

(https://cds.climate.copernicus.eu/cdsapp#!/home). 597 

The mass concentration values of Chl-a per unit volume of near-surface water, in the 598 

period from 1998 to 2020, were obtained from the "Ocean color daily data from 1997 to present 599 

derived from satellite observations," version 5.0.1 (Jackson et al. 2022), with a regular latitude-600 

longitude grid of 0.042° x 0.042° (4 km x 4 km at the Equator). Chl-a serves as the primary 601 

photosynthetic pigment present in phytoplankton, forming the foundation of the marine food 602 

web and contributing to about half of global photosynthesis. The units for this parameter are 603 

milligrams per cubic meter (mg per m3) (Jackson et al. 2022). Optical remote sensing data, 604 

such as those obtained by satellites, often face issues of image incompleteness and quality 605 

related to cloud presence and solar glare, particularly during autumn and winter months 606 

(Sirjacobis et al. 2011). To mitigate these challenges, we applied a linear interpolation filter to 607 

fill in the missing Chl-a values, using the nearest neighbours in the time series as a reference. 608 

This approach aims to reduce the impacts of these limitations (Sirjacobis et al. 2011). 609 

Furthermore, Chl-a values were logarithmically transformed prior to the analyses, ensuring that 610 

the data distribution approached normality (Garcia and Garcia 2008). 611 

The combined values from multiple sensors for SST, adjusted to a standard depth of 20 612 

cm, were obtained for the period from 1982 to 2021 from the product "Sea surface temperature 613 

daily data from 1981 to present derived from satellite observations," version 2.1 (C3S 2023), 614 

with a horizontal resolution of 0.05° x 0.05° for level 4. SST is known to be a significant driver 615 

of global weather and climate patterns, besides playing important roles in the exchanges of 616 

energy, momentum, moisture and gases between the ocean and atmosphere. This knowledge is 617 

essential to understand and assess variability and long-term changes in the Earth’s climate (C3S 618 

2023). 619 

In order to calculate the distance from the center of the grid (dashed blue line in Fig. 1B) 620 

at the TDC/Gough to the Subantarctic Front (SAF) and the Subtropical Front North (STFN), 621 

the following procedures were performed: 622 

i) The ocean fronts were defined based on the SST isotherms. Kirkman et al. (2016) 623 

used the 8°C isotherm to define the SAF, following the approach of Durgadoo et al. 624 

(2010). Although Kostianoy et al. (2004) tracked the STFN using SST gradients, in 625 

https://cds.climate.copernicus.eu/cdsapp#!/home
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our study, we chose to use the approximate mean of SST gradients to identify the 626 

isotherm that best represented the STFN. This mean was approximately 19°C (as 627 

shown in Table 1 of Kostianoy et al. 2004), which led us to adopt this value for 628 

defining the STFN. 629 

ii) The monthly mean SST data were obtained as previously described from C3S 630 

(2023). The grid used for extracting the SST data (orange rectangle in Fig. 1A) to 631 

identify the isotherms corresponding to the ocean fronts was different from the grid 632 

used for the other variables, as the boundaries of the ocean fronts are located outside 633 

the smaller grid (continuous blue rectangle in Fig. 1B). 634 

iii) Each horizontal resolution of 0.05° x 0.05°, as described in C3S (2023), corresponds 635 

to an area of 5.5 km². Thus, the number of points between the central line of the 636 

grid (dashed blue line in Fig. 1B) and the temperature isotherm of the SAF (purple 637 

color in Fig. 1A and 1B), as well as the STFN (orange color in Fig. 1A and 1B), 638 

was multiplied by 5.5 km. As a result, two vectors were obtained for each month, 639 

one for the SAF and the other for the STFN, with the distance values from the center 640 

of the TDC/Gough Archipelago, each containing 132 grid points, corresponding to 641 

the number of longitude points.  642 

The anomalies were calculated for all the variables (Fig. 1C and 1D). It was performed the 643 

difference between the value for a specific month and year and the climatological mean 644 

(Equation 1) for the entire period of the respective variable (1998 to 2020 for Chl-a and 1982 645 

to 2021 for the other variables). The letter "a" was added to all the acronyms of the 646 

environmental and oceanographic variables to represent the anomaly from the analyzed 647 

variables (e.g. aChl-a, aSST, aSAF, and aSTFN) as illustrated by Equation 1. Finally, the 648 

monthly averages of each aChl-a grid, aSST (Fig. 1D), and the vectors were calculated to 649 

determine the monthly distances of the aSAF and aSTFN to the TDC/Gough Archipelago. 650 

aSST=SSTmonth - SST  Equation 1 651 

For the seasonal variables, we grouped the averages of January, February, and March 652 

as summer; April, May, and June as autumn; July, August, and September as winter; and 653 

October, November, and December as spring. All of these procedures described above were 654 

carried out using Python in Google Collaboratory or Google Collab (Bisong 2019).  655 

2.3 Temporal trend analyses 656 
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Regarding temporal patterns, annual, seasonal and month trends, analyses were 657 

conducted using the Generalized Additive Model (GAM) with the cubic spline function cs() 658 

from the gamlss package (Stasinopoulos et al. 2017) in R version 4.3.3 (R Core Team 2024). 659 

GAM provides a general framework for extending a standard linear model, allowing nonlinear 660 

functions of each variable, while maintaining additivity (James et al. 2013), and the cubic spline 661 

function fits the data smoothly and continuously (Stasinopoulos et al. 2017). Therefore, this 662 

method is a natural choice when the relationship between the response and predictor variables 663 

is complex and not easily modelled by linear functions (Prado et al. 2016). 664 

Five GAM models were built, one for each variable, with "y" representing the response 665 

variable (aChl-a, aSST, aSTFN, and aSAF).: 666 

Model 1: y = year + month 667 

Model 2: ysummer = year 668 

Model 3: yautumn = year 669 

Model 4: ywinter = year 670 

Model 5: yspring = year 671 

Model 1 covers the entire dataset, from January 1982 to December 2021, using "year" 672 

and "month" as predictor variables. Models 2 to 5 correspond to the seasons of the year, where 673 

"Ysummer" represents the response variables (aChl-a, aSST, aSTFN, and aSAF) for the 674 

summer season. The same applies to the other seasons. Since the months were grouped by 675 

season, the predictor variable "month" is not included, only "year". 676 

The gamlss package presents more than 100 probability distributions divided into three 677 

types, depending on the type of response variable (continuous, discrete, and mixed 678 

distributions). Since our response variables were continuous and had negative values, 28 679 

continuous probability distributions that accepted negative response variable values were 680 

tested. A description of each probability distribution can be found in the document "Package 681 

'gamlss.dist' - Distributions for Generalized Additive Models for Location Scale" 682 

(https://cran.r-project.org/web/packages/gamlss.dist/gamlss.dist.pdf). The choice of the model 683 

with the best distribution for each variable was made based on the comparison of Akaike 684 

Information Criterion (AIC) values (Mazerolle, 2006). The model with the lowest AIC value 685 

was selected as the most appropriate. However, one of the main prerequisites for the acceptance 686 

of a model in regression analyses, as is the case with GAM, is that the model's residuals follow 687 

a normal distribution (Trevor et al. 2009). After selecting the model with the best distribution 688 
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for each oceanographic and environmental variable, the Shapiro-Wilk test was performed to 689 

verify the normality of the residuals' distribution. This test assesses the null hypothesis that the 690 

data follow a normal distribution (Koh and Ahad 2020). Therefore, the choice of the ideal 691 

model for interpreting annual, monthly, and seasonal temporal trends was initially based on the 692 

lowest AIC value and, subsequently, on the evaluation of residuals' normality. 693 

The metrics used for interpreting GAM models included "coefficient estimates," 694 

indicating how much the trend for each time period (month and/or year) increased or decreased, 695 

a "p-value," which in this study was set at 0.01, and "R-squared (R2)," representing the 696 

proportion of data variability explained by the model. 697 

 698 

3. Results 699 

For the analyses of the total annual and monthly temporal trends (Model 1) and annual 700 

seasonal trends (Models 2 to 5) using Generalized Additive Models (GAM), the best models 701 

for each response variable were: chlorophyll-a concentration anomaly (aChl-a) from 1998 to 702 

2020, sea surface temperature anomaly (aSST), distance anomaly from the Subtropical Front 703 

North (aSTFN), and distance anomaly from the Subantarctic Front (aSAF) to the Tristan da 704 

Cunha/Gough Islands (TDC/Gough) from 1982 to 2021, see Table 1 for details. This table 705 

shows the respective probability distributions, the lowest values of the Akaike Information 706 

Criterion (AIC), p-values from the Shapiro-Wilk (SW) normality test for residual distribution, 707 

coefficient of determination (R²), estimated coefficients (α), and p-values from the GAM 708 

analysis. 709 

710 
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Table 1 Results of the annual and monthly temporal trend models (Model 1) and annual 711 

seasonal trend models (Models 2 to 5) for the variables: chlorophyll-a concentration 712 

anomaly (aChl-a) from 1998 to 2020, sea surface temperature anomaly (aSST), distance 713 

anomaly from the Subtropical Front North (aSTFN), and distance anomaly from the 714 

Subantarctic Front (aSAF) to the Tristan da Cunha/Gough Islands from 1982 to 2021. 715 

All variables were obtained from the Tristan da Cunha/Gough Islands. Akaike 716 

Information Criterion (AIC), p-value of the Shapiro-Wilk test (SW), and Coefficient of 717 

Determination (R²) values for the model are provided. Significant variables with a 718 

threshold of p < 0.01 are in bold, along with their respective estimated coefficients (α). 719 

Model Probability 

distribution 

AIC SW 

 

R2 Estimated 

coefficient 

(α) 

p-value 

 

aChl-a       

Year SN2 – Skew Normal 

type 2 

-723.18 0.906

8 

0.05

3 

0.00170 0.00283 

Month     -0.00030 0.77933 

Summe

r 

GU – Gumbel -166.81 0.814

5 

0.05

3 

-0.00058 0.00717 

Autum

n 

SEP3 – Skew 

Exponential Power type 

3  

-226.71 0.073

8 

0.34

5 

0.00173 <2e-16 

Winter SN2 – Skew Normal 

type 2 

-202.65 0.663

0 

0.44

3 

0.00750 0.00001 

Spring NO – Normal -179.17 0.672

5 

0.19

1 

-0.00013 0.903 

aSST       

Year SEP2 – Skew 

Exponential  

724.68 0.329

7 

0.12

9 

0.01194 0.00001 

Month Power type 2    0.00028 0.96 

Summe

r 

NO – Normal 248.18 0.955

0 

0.18

9 

0.02454 0.00001 
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Autum

n 

SEP3 – Skew 

Exponential Power type 

3 

169.68 0.627

2 

0.19

4 

-0.01251 <2e-16 

Winter LO – Logistic 87.818 0.454

7 

0.21

8 

0.00840 <2e-16 

Spring NO – Normal 173.85 0.628

9 

0.16

4 

0.01616 0.00001 

aSAF  

SHASH – Sinh-Arcsinh 

     

Year 4764.2

0 

0.814 0.21

4 

0.5245 0.00733 

Month    2.4947 0.00001 

Summe

r 

RG – Reverse Gumbel 1299.2

0 

0.827

5 

0.07

9 

0.4334 0.219 

Autum

n 

RG – Reverse Gumbel 1216.9

4 

0.732

1 

0.15

4 

0.4380 0.0924 

Winter LO – Logistic 1040.2

9 

0.657

3 

0.32

1 

0.5413 0.00006 

Spring NET – Normal 

Exponential t 

1140.5

4 

0.663

3 

0.28

2 

0.6798 0.0109 

aSTFN  

SEP4 – Skew 

Exponential Power type 

4 

     

Year 5616.8

0 

0.915

6 

0.06

7 

-1.6731 <2e-16 

Month    -1.2251 0.275 

      

Summe

r 

SN2 – Skew Normal 

type 2 

1369.7

5 

0.965

3 

0.17

5 

-2.18572 <2e-16 

Autum

n 

NO – Normal 1370.4

2 

0.997

4 

0.11

3 

-1.2222 0.0277 

Winter SEP1 – Skew 

Exponential Power type 

1 

1423.1

8 

0.479

1 

0.06

6 

-1.2276 0.0522 
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Spring SEP3 – Skew 

Exponential Power type 

3 

1439.2

5 

0.736 0.04

4 

-1.5299 0.00159 

 720 

3.1 Chlorophyll-a concentration anomalies - aChl-a 721 

The GAM analysis of model 1 for the response variable aChl-a revealed a positive trend 722 

over the years and a negative trend over the months (Fig. 2A and B, Table 1). The trend for the 723 

year variable was statistically significant (αyear = 0.0017; pyear < 0.01), while for the month 724 

variable, the trend was not significant (αmonth = -0.0003; pmonth = 0.779). Both variables 725 

explained approximately 5% of the total variability in aChl-a (R²model = 0.053) (Table 1). These 726 

results indicate that, on average, aChl-a increased by 0.002 mg per m³ per year. 727 

 728 

 Figure 2. Graphs generated from the analyses of the five Generalized Additive Models (GAM) 729 

showing annual, monthly, and seasonal temporal trends in the time series of chlorophyll-a 730 

concentration anomalies (aChl-a) in mg per m³ in the Tristan da Cunha/Gough Islands from 731 

1998 to 2020. A) Annual trend and B) monthly trend for all observations over the 276 months 732 

of the study. Seasonal annual trends for C) Summer, D) Autumn, E) Winter, and F) Spring. 733 

The dark green line represents the GAM trend, and the green shaded area represents the values 734 

within the 95% confidence intervals. 735 

Among the years analyzed, 2000 and 2009 presented the lowest (-0.0626 ± 0.066 mg 736 

per m³; n = 12) and highest (0.0556 ± 0.060 mg per m³; n = 12) mean values of aChl-a in the 737 

TDC/Gough Archipelago, respectively (Supplementary Table T1). Our monthly results 738 
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showed that the austral winter month (July = -0.0063 ± 0.076 mg per m³; n = 40) presented the 739 

lowest value of aChl-a, while the spring month (November = 0.0024 ± 0.066 mg per m³; n = 740 

40) exhibited the highest aChl-a in the study area (Supplementary Table T2). In January 2008, 741 

the lowest negative mean of aChl-a recorded in the time series was observed (-0.192 mg per 742 

m³; n = 1), while in July 2009, the highest positive mean (0.1757 mg per m³; n = 1) was recorded 743 

in the study area (Supplementary Table T3).  744 

When dividing our aChl-a time series into seasons (Models 2 to 5), the GAM analyses 745 

indicated significantly positive annual trends for chlorophyll-a concentration in the autumn and 746 

winter seasons, while the summer season showed a significantly negative trend (pyear < 0.01). 747 

Spring showed a negative trend, but without statistical significance for the studied period. The 748 

year variable explained approximately 44.3%, 34.5%, 19.1%, and 5.3% of the total variability 749 

in aChl-a in the winter, autumn, spring, and summer seasons, respectively. The seasonal trend 750 

results showed that aChl-a increased by approximately 0.007 mg per m³ per year in winter and 751 

0.001 mg per m³ per year in autumn, while it decreased by approximately 0.0005 mg per m³ 752 

per year in summer and 0.0001 mg per m³ per year in spring (Table 1, Fig. 2C to F). 753 

The summer of 2008 had the lowest annual mean of negative aChl-a (-0.133 ± 0.062 754 

mg per m³; n = 3), while 2010 had the highest annual mean of positive aChl-a (0.082 ± 0.075 755 

mg per m³; n = 3) in the study area (Supplementary Table T4). In autumn, the years 2000 and 756 

2010 had the lowest (-0.119 ± 0.031 mg per m³; n = 3) and highest (0.0702 ± 0.029 mg per m³; 757 

n = 3) records of negative and positive annual means of aChl-a, respectively (Supplementary 758 

Table T5). In winter, 2000 had the lowest negative annual mean of aChl-a (-0.109 ± 0.009 mg 759 

per m³; n = 3), while 2009 had the highest positive annual mean of aChl-a (0.119 ± 0.055 mg 760 

per m³; n = 3) (Supplementary Table T6). In spring, 2012 had the lowest negative mean of 761 

aChl-a (-0.102 ± 0.083 mg per m³; n = 3), while 2019 had the highest positive mean (0.095 ± 762 

0.064 mg per m³; n = 3) in the TDC/Gough (Supplementary Table T7). 763 

3.2 Sea Surface Temperature anomalies  764 

 The GAM analysis of Model 1 for the response variable aSST revealed positive trends 765 

over the years and months (Fig. 3A and B, Table 1). The trend for the year variable was 766 

statistically significant (αyear = 0.0119; pyear < 0.01), while for the month variable, the trend was 767 

not significant (αmonth = 0.00028; pmonth = 0.96). Both variables explained approximately 12.9% 768 

of the total variability in aSST (R²model = 0.129) (Table 1). These results indicated that, on 769 

average, aSST increased by 0.012°C per year. The year 1992 showed the highest annual mean 770 

negative aSST (-0.83 ± 0.90°C; n = 12), while 2011 recorded the highest annual mean positive 771 
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aSST (0.54 ± 0.42°C; n = 12) in the study region (Supplementary Table T1). Our monthly 772 

results demonstrated that the months of May (-0.00075 ± 0.52°C; n = 40), August (-0.00075 ± 773 

0.35°C; n = 40), and September (-0.00075 ± 0.37°C; n = 40) exhibited the lowest values of 774 

aSST. The months of April (0.00075 ± 0.63°C; n = 40) and July (0.00075 ± 0.40°C; n = 40) 775 

showed the highest values of aSST in the study area (Supplementary Table T2). March 1992 776 

recorded the lowest monthly mean negative aSST (-2.1°C; n = 1) throughout the time series, 777 

while March 2018 presented the highest monthly mean positive aSST (1.68°C; n = 1) in the 778 

TDC/Gough (Supplementary Table T3). 779 

 780 

Figure 3. Graphs generated from the analyses of the five Generalized Additive Models (GAM) 781 

showing annual, monthly, and seasonal temporal trends in the time series of sea surface 782 

temperature anomalies (aSST) in °C in the Tristan da Cunha/Gough Islands from 1982 to 2021. 783 

A) Annual trend and B) monthly trend for all observations over the 480 months of the study. 784 

Seasonal annual trends for C) Summer, D) Autumn, E) Winter, and F) Spring. The dark red 785 

line represents the GAM trend, and the red shaded area represents the values within the 95% 786 

confidence intervals. 787 

 When segmenting our aSST time series by season (models 2 to 5), the GAM analyses 788 

revealed significant annual trends (pano < 0.01) in all seasons. Except for autumn, which showed 789 

a negative annual trend, the other seasons exhibited positive annual trends. The variable year 790 

explained about 21.8%, 19.4%, 18.9%, and 16.4% of the total variability in aSST for the winter, 791 

autumn, summer, and spring seasons, respectively, with temperature increases of 0.02°C per 792 
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year in summer, 0.008°C per year in winter, and 0.02°C per year in spring. Autumn showed a 793 

decrease of 0.01°C per year (Table 1, Fig. 3C to F). 794 

For summer, 1992 showed the highest annual mean negative aSST (-1.78 ± 0.47°C; n 795 

= 72), while 2018 recorded the highest annual mean positive aSST (1.24 ± 0.38°C; n = 3) in 796 

the study region (Supplementary Table T4). In autumn, the years 1992 and 1982 recorded the 797 

lowest (-1.31 ± 0.43°C; n = 3) and highest (0.79 ± 0.66°C; n = 3) negative and positive aSST 798 

means, respectively (Supplementary Table T5). In winter, the year 2001 showed the lowest 799 

annual mean negative aSST (-0.92 ± 0.14°C; n = 3), while 1990 had the highest annual mean 800 

positive aSST (0.62 ± 0.05°C; n = 3) (Supplementary Table T6). In spring, 1985 recorded the 801 

lowest negative aSST mean (-1.03 ± 0.13°C; n = 3), and 2021 showed the highest positive 802 

mean (0.89 ± 0.37°C; n = 3) in the TDC/Gough (Supplementary Table T7). 803 

3.3 Values of the anomalies of the distances from the Subtropical Front North (aSTFN) to 804 

Tristan da Cunha/Gough Islands 805 

 The GAM analysis for model 1, related to the aSTFN variable, showed negative trends 806 

for both predictor variables, year, and month (Fig. 4A and B, Table 1). The trend for the 807 

variable year was statistically significant (α_year = -1.6731; pyear < 0.01), while the trend for 808 

the variable month was not significant (αmonth = -1.2251; pmonth = 0.275). The variables year 809 

and month explained approximately 6.7% of the total variability in the response variable 810 

aSTFN (R²model = 0.067) (Table 1). These results indicate that aSTFN decreased by 811 

approximately 1.67 km per year. Throughout the aSTFN time series, the year 2013 presented 812 

the most negative annual average aSTFN (-88.5 ± 65.0 km; n = 12), while 1996 had the most 813 

positive annual average aSTFN (109.1 ± 48.2 km; n = 12) in the study area (Supplementary 814 

Table T1). Monthly results showed that August (0.0008 ± 92.8 km; n = 40) recorded the highest 815 

aSTFN values up to the center of the TDC/Gough Archipelago. The month of October (-0.001 816 

± 95.4 km; n = 40) recorded the lowest aSTFN values up to the study area (Supplementary 817 

Table T2). August 2016 registered the highest negative average aSTFN (-207.2 km; n = 1) 818 

throughout the time series, whereas November 2011 (267.1 km; n = 1) recorded the highest 819 

positive average aSTFN in the TDC/Gough (Supplementary Table T3). 820 
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 821 

Figure 4. Graphs generated from the analyses of the five Generalized Additive Models (GAM) 822 

showing annual, monthly, and seasonal temporal trends in the time series of anomalies of the 823 

distances from the Subtropical Front North (aSTFN) in km to Tristan da Cunha/Gough Islands 824 

from 1982 to 2021. A) Annual trend and B) monthly trend for all observations over the 480 825 

months of the study. Seasonal annual trends for C) Summer, D) Autumn, E) Winter, and F) 826 

Spring. The dark orange line represents the GAM trend, and the orange shaded area represents 827 

the values within the 95% confidence intervals. 828 

 When dividing the aSTFN time series by season (Equations 2 to 5), the GAM models 829 

revealed negative annual trends for aSTFN across all seasons. Spring and summer exhibited 830 

statistically significant annual trends (pyear < 0.01), while trends in the autumn and winter 831 

seasons were not significant (Table 1; Fig. 4C-F). For aSTFN, the year variable explained 832 

approximately 17.5% (summer), 11.3% (autumn), 6.6% (winter), and 4.4% (spring) of the total 833 

variability, with aSTFN decreasing by 2.2 km per year in summer, 1.5 km in spring, 1.2 km in 834 

autumn, and 1.2 km in winter (Table 1). In the summer season, the year 2018 had the highest 835 

annual negative mean of aSTFN (-124.7 ± 40.4 km; n = 3), while 1992 had the highest annual 836 

positive mean of aSTFN (208.0 ± 55.9 km; n = 3) in the study region (Supplementary Table 837 

T4). In autumn, the years 2012 and 1992 set the records for the lowest (-100.4 ± 20.0 km; n = 838 

3) and highest (141.3 ± 89.2 km; n = 3) negative and positive aSTFN means, respectively 839 

(Supplementary Table T5). In winter, 2016 presented the lowest annual negative aSTFN mean 840 

(-173.0 ± 51.2 km; n = 3), while 1996 had the highest annual positive aSTFN mean (142.3 ± 841 

1.4 km; n = 3) (Supplementary Table T6). In spring, the year 2013 had the lowest negative 842 
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aSTFN mean (-124.8 ± 11.1 km; n = 3), while 1985 had the highest positive mean (124.7 ± 843 

77.1 km; n = 3) in the TDC/Gough (Supplementary Table T7). 844 

3.4 Values of the anomalies of the distances from the Subantarctic Front (aSAF) to Tristan da 845 

Cunha/Gough Islands 846 

For the aSAF variable, the GAM analysis for model 1, were statistically significant, 847 

with positive trends for both year and month (Fig. 5A and B, Table 1). The model explained 848 

approximately 21.4% of the total variability in aSAF (αyear = 0.5245; pyear < 0.01; αmonth = 849 

2.4947; pmonth < 0.01; R²model = 0.214) (Table 1). These results demonstrated that aSAF 850 

increased by approximately 0.52 km per year and 2.49 km per month.  851 

 852 

Figure 5. Graphs generated from the analyses of the five Generalized Additive Models (GAM) 853 

showing annual, monthly, and seasonal temporal trends in the time series of anomalies of the 854 

distances from the Subantarctic Front (aSAF) in km to Tristan da Cunha/Gough from 1982 to 855 

2021. A) Annual trend and B) monthly trend for all observations over the 480 months of the 856 

study. Seasonal annual trends for C) Summer, D) Autumn, E) Winter, and F) Spring. The dark 857 

purple line represents the GAM trend, and the purple shaded area represents the values within 858 

the 95% confidence intervals. 859 

Regarding the aSAF variable, the year 1998 had the highest annual negative mean aSAF 860 

(-43.0 ± 22.9 km; n = 12), while 2011 recorded the highest annual positive mean aSAF (79.3 861 

± 69.3 km; n = 12) within the study region (Supplementary Table T1). Monthly results showed 862 

that January (0.0010 ± 54.7 km; n = 40) presented the highest aSAF values and the center of 863 

the TDC/Gough Archipelago. The months of April (-0.0005 ± 52.6 km; n = 40), August (-864 
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0.0005 ± 19.6 km; n = 40), and December (-0.0005 ± 48.7 km; n = 40) presented the lowest 865 

aSAF values up to the study area (Supplementary Table T2). March 2003 exhibited the highest 866 

negative aSAF mean (-105.3 km; n = 1) recorded over the time series, while January 2011 867 

(227.4 km; n = 1) recorded the highest positive aSAF mean at TDC/Gough (Supplementary 868 

Table T3). 869 

 When dividing the aSAF time series by season (Equations 2 to 5), the GAM models 870 

revealed positive annual trends across all seasons. Winter was the only season with a 871 

statistically significant trend (pyear < 0.01), while trends in the other seasons were not significant 872 

(Table 1, Fig. 5C-F). Regarding the aSAF variable, the independent variable year explained 873 

approximately 32.1% (winter), 28.2% (spring), 15.4% (autumn), and 7.9% (summer) of the 874 

total variability, with aSAF increasing by 0.7 km per year in spring, 0.5 km in winter, 0.4 km 875 

in autumn, and 0.4 km in summer (Table 1). In summer, the year 2003 had the highest annual 876 

negative mean of aSAF (-94.2 ± 17.3 km; n = 3), while 2011 had the highest annual positive 877 

mean of aSAF (178.4 ± 44.1 km; n = 3) in the study region (Supplementary Table T4). In 878 

autumn, the years 1998 and 2009 set the records for the lowest (-66.9 ± 12.6 km; n = 3) and 879 

highest (85.7 ± 16.2 km; n = 3) negative and positive aSAF means, respectively 880 

(Supplementary Table T5). In winter, the year 1998 presented the lowest annual negative mean 881 

of aSAF (-40.4 ± 20.8 km; n = 3), and 2011 had the highest annual positive mean of aSAF 882 

(42.4 ± 9.4 km; n = 3) (Supplementary Table T6). In spring, the year 1999 had the lowest 883 

negative aSAF mean (-46.4 ± 21.6 km; n = 3), and 2010 had the highest positive mean (81.7 ± 884 

96.1 km; n = 3) in the TDC/Gough (Supplementary Table T7). 885 

 886 

4. Discussion 887 

In this study, we investigated the annual, monthly, and seasonal trends of four 888 

environmental variables in a remote island system in the South Atlantic Ocean, covering the 889 

period from 1982 to 2021. Our results revealed significant changes in the temporal trends of 890 

sea surface temperature anomalies (aSST), the anomalies in the distances of the Subantarctic 891 

Front (aSAF) and the Subtropical Front North (aSTFN) to the Tristan da Cunha/Gough 892 

(TDC/Gough), as well as anomalies in chlorophyll-a concentration (aChl-a), supporting our 893 

initial hypothesis of significant climate change over the last 40 years. 894 

Regarding the annual temporal trends, the variables aChl-a and aSST exhibited 895 

significant positive trends, indicating a consistent increase in their anomalies over the years. 896 
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Seasonally, aSST was the only variable to display statistically significant annual trends in all 897 

seasons. Negative trends were observed in autumn, while the other seasons (summer, winter, 898 

and spring) showed positive trends. The variable aChl-a exhibited statistically significant 899 

trends in three seasons: positive in autumn and winter and negative in summer.  900 

For the variable aChl-a, the global trend over the past two decades has been insignificant 901 

across large areas of the global ocean (von Schuckmann et al. 2019). However, Chl-a 902 

concentration rates can vary on temporal (annual and decadal) and spatial (regional) scales 903 

(Boyce et al. 2010; Signorini et al. 2015; Dustan et al. 2018; von Schuckmann et al. 2019). 904 

Boyce et al. (2010) provided a dataset covering the period from 1899 to 2008 that documented 905 

long-term trends in aChl-a. They observed declines in eight of the ten oceanic regions and 906 

estimated a global average rate of aChl-a loss of 0.006 mg per m³ per year, representing a 1% 907 

annual decrease in global mean Chl-a concentration. The South Atlantic and Southern Oceans 908 

were among the regions experiencing aChl-a decline. Signorini et al. (2015) analyzed the trend 909 

of aChl-a in five subtropical gyres using two algorithms: the standard algorithm (STD), used 910 

since 1997 at the start of the SeaWiFS mission, and a recently developed algorithm called 911 

Ocean Color Index (OCI). The authors found a significant reduction trend of Chl-a in the South 912 

Atlantic Gyre (-0.0018 mg per m³ per decade). Physical factors, especially increasing SST and 913 

reduced mixed-layer depth, which lower average nutrient fluxes to the euphotic zone, have 914 

been suggested as explanatory mechanisms (Boyce et al. 2010; Signorini et al. 2015).  915 

Dustan et al. (2018), when analyzing global time series of SST and Chl-a to identify 916 

patterns of annual and long-term trends and covariations between the two variables, did not 917 

detect substantial decadal trends in Chl-a for the TDC/Gough region. However, they identified 918 

areas of strong annual Chl-a trend variations located in transition zones between subtropical 919 

and subpolar gyres in the Southern Hemisphere, particularly along the northern boundary of 920 

the Subtropical Front (see Dustan et al. (2018) figures 2a for decadal trends and 2c for annual 921 

trends). The authors attributed these spatial Chl-a variations to the alignment of a positive 922 

Southern Annular Mode (SAM) with La Niña events, where eddy kinetic energy significantly 923 

increases along the Subtropical Front, potentially stimulating coccolithophore blooms during 924 

the austral summer (Balch et al. 2011; Langlais et al. 2015). Our results indicated that the 925 

lowest and highest aChl-a concentrations occurred predominantly in years marked by the 926 

alignment of positive SAM phases with La Niña events, specifically in 2000, 2008, 2009, 2010, 927 

and 2012, reinforcing the influence of this climatic configuration on Chl-a concentrations in 928 

the TDC/Gough (Supplementary Table T1; Supplementary Table T3). 929 
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Findings related to aSST are consistent with projections from the IPCC Sixth 930 

Assessment Report, which indicate a continued global increase in SST, although variations on 931 

temporal and spatial scales also occurred (Fox-Kemper et al. 2021). In contrast to observed 932 

Chl-a trends, Dustan et al. (2018) noted positive decadal SST trends for the TDC/Gough region 933 

and low variations in annual trends (see figures 1a and 1c in Dustan et al. (2018)). According 934 

to Sallée et al. (2018), the upper 1,000 meters of the Southern Ocean, within and north of the 935 

Antarctic Circumpolar Current, are warming rapidly, at a rate of 0.1° to 0.2°C per decade, while 936 

subpolar regions south of this area showed no warming or exhibited slight cooling. Analyses 937 

by Auger et al. (2021), conducted between Hobart and Dumont D’Urville on the southern coast 938 

of Australia, also highlight regional variations in SST warming rates in the Southern Ocean, 939 

with some areas warming faster than others. The authors identified an increase of 0.4° to 0.8°C 940 

per decade within the Antarctic Circumpolar Current and in subtropical and subantarctic 941 

waters. In contrast, in the southernmost region, a cooling trend of 0.1° to 0.3°C per decade was 942 

observed, extending from the surface to approximately 200 meters depth. 943 

The highest and lowest aSST temperatures predominantly occurred in years associated 944 

with intense and prolonged El Niño (1982, 1990, and 1992) and La Niña (2011, 2018, and 945 

2021) events or during transitions from La Niña to El Niño (1985 and 2001) (Supplementary 946 

Table T1). However, of the 96 months corresponding to these years, 58 were associated with 947 

La Niña events (Supplementary Table T3). ENSO signals propagate to regions far from the 948 

tropical Pacific through atmospheric and oceanic connections (Klein et al. 1999). In the South 949 

Atlantic Ocean, particularly north of the TDC/Gough Archipelago, temperature anomalies in 950 

the upper ocean layer associated with ENSO are primarily caused by atmospheric forces 951 

(Colberg et al. 2004). Oosthuizen et al. (2016), investigating the correlation between the 952 

Southern Oscillation Index (SOI) and SST on Gough Island using data from January 1982 to 953 

December 2014 (n = 396 months), identified that negative SOI anomalies (indicative of El 954 

Niño) precede cooler SSTs in the region with a lag of approximately three months, although 955 

the correlation was low (r = 0.20). This cooling can be explained by the strengthening of 956 

westerly winds at mid-latitudes during the onset of El Niño events, which intensify Ekman heat 957 

transport northward, resulting in cooling at mid-latitudes with a lag of about three months 958 

(Colberg et al. 2004). 959 

Regarding SAM, five of the years mentioned above showed annual averages indicating 960 

a positive SAM phase (1982, 1985, 2001, 2018, and 2021), while three years indicated a 961 

negative SAM phase (1990, 1992, and 2011) (Supplementary Table T1). However, considering 962 
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the total number of months evaluated (n = 96), 55 months were associated with a positive SAM 963 

phase. Additionally, 36 months exhibited an alignment of La Niña with positive SAM, 964 

compared to 22 months of La Niña combined with negative SAM. For configurations involving 965 

El Niño, 19 months were recorded for both El Niño with positive SAM and El Niño with 966 

negative SAM (Supplementary Table T3). Hu et al. (2024), analyzing historical observations 967 

and CMIP6 simulations, demonstrated that seasonal SST responses of the Southern Ocean to 968 

SAM variations differ throughout the year. According to the authors, during a positive SAM, 969 

the mean SST of the Southern Ocean experiences significant cooling, primarily in the austral 970 

spring and summer, while responses in the austral autumn and winter are insignificant. This 971 

cooling can be explained by the intensification of Ekman transport, which shifts cooler waters 972 

from higher latitudes toward the equator, combined with Ekman pumping that brings colder, 973 

deeper waters to the surface (Tian et al. 2024). These processes may explain our findings, which 974 

demonstrate the predominant influence of positive SAM during years with both lower and 975 

higher aSST, reinforcing the role of SAM, as well as La Niña, in driving thermal variations in 976 

the Southern Ocean and our study area. However, we are not ruling out the importance of El 977 

Nino events, especially the most intense ones. 978 

Regarding oceanic fronts, the aSAF variable exhibited significantly positive annual 979 

trends, while the aSTFN showed a significantly negative annual trend. In terms of monthly 980 

trends, the aSAF stood out as the only variable with statistically significant positive trends in 981 

all months. These results indicate that the aSAF follows a predictable pattern, characterized by 982 

a regular and consistent monthly cycle over the years. The aSAF variable exhibited positive 983 

trends in all seasons, although this trend was statistically significant only in winter. Conversely, 984 

the aSTFN displayed negative trends across all seasons, with statistical significance in summer 985 

and spring. These findings suggest that both frontal systems are shifting southward, resulting 986 

in an increase and a decrease in their distances from the TDC/Gough Archipelago, respectively. 987 

When inferring the temporal variability of the fronts within the Antarctic Circumpolar 988 

Current (ACC), Kim and Orsi (2014) observed statistically significant poleward shifts of the 989 

Polar Front (PF) and SAF, with an estimated total of 28 km for the PF and 30 km for the SAF. 990 

Other studies have indicated that the main fronts within the ACC have shifted southward by 991 

approximately 0.5-1.5° (about 60 km on average) over a period of roughly 15 years (Sallée et 992 

al. 2008; Sokolov and Rintoul 2009a; Billany et al. 2010). These southward movements may 993 

be related to rising temperatures in the water masses north of and within the ACC, as well as 994 

possible changes in heat transport due to the southward shift of large-scale meridional 995 
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circulation. This excess heat accumulates in the surface and relatively shallow layers, up to 996 

1,000 meters deep, north of and within the ACC, and is redistributed to other areas within the 997 

ACC, including mode and intermediate waters, as discussed by Frölicher et al. (2015), Armor 998 

et al. (2016), Morrison et al. (2016), and Sallée et al. (2018). Graham et al. (2012), using a CO2 999 

quadrupling simulation, postulated that simulated equatorward shifts of the ACC result from 1000 

the expansion of a subpolar or subtropical gyre, caused by enhanced northward Ekman 1001 

transport due to intensified westerly winds. The authors also suggested that the STF gradually 1002 

shifts southward, even over prominent topographic ridges, as it responds more strongly to wind 1003 

displacement due to its intensified surface presence. In contrast, the fronts within the ACC are 1004 

more barotropic and, therefore, more sensitive to the underlying topography. 1005 

Studies have also observed that the position of ACC fronts are sensitive to changes in 1006 

atmospheric forcing due to large-scale climate models like ENSO and SAM, but with strong 1007 

regional differences. Our results also indicated that the largest and smallest variations in aSAF 1008 

and aSTFN predominantly occurred in years (1996, 1998, 2011, and 2013) and months 1009 

associated with the La Niña phenomenon, with a slight predominance of months with SAM in 1010 

the positive phase (n = 29) compared to 19 months with SAM in the negative phase 1011 

(Supplementary Table T1; Supplementary Table T3). Kim and Orsi (2014) identified 1012 

substantial southward shifts of the PF and SAF during specific years, such as 1997/98, a period 1013 

marked by one of the most intense El Niño events ever recorded (Santoso et al. 2017), as well 1014 

as in 2003, 2005, 2007, and 2010. Sallée et al. (2008) found that during positive SAM events, 1015 

the response in the Indian Ocean is a poleward frontal movement, while in the Pacific, the 1016 

movement is equatorward. In the Indo-Pacific oceanic region, fronts are intensified without a 1017 

distinct meridional shift. The authors argued that southward frontal shifts are expected within 1018 

convergence regions, such as the Atlantic-Indian sector, during positive SAM periods. Sallée 1019 

et al. (2008) observed that the meridional positioning of the ACC was more strongly linked to 1020 

ENSO than to SAM on timescales longer than a year, particularly in the Pacific-Atlantic sector 1021 

dominated by ENSO (Yuan, 2004; Lee et al. 2010). 1022 

Regarding the significant changes observed in the anomalies of the variables, as a 1023 

whole, it was not possible to conclusively attribute them to climate change. Conceptually, 1024 

climate change involves significant variations in the statistical distribution of climatic 1025 

parameters over a relatively long period, typically exceeding 30 years (Bonacci et al. 2020). 1026 

Furthermore, to positively attribute the trends of this study to climate change, it is necessary to 1027 

demonstrate that a 10-year record is capable of capturing a real trend rather than just natural 1028 
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interannual or decadal variability. In other words, we will observe an effect of climate change 1029 

on a variable when the signal driven by climate change exceeds natural variability, i.e., exceeds 1030 

the standard deviation of the control run for at least a decade (each annual mean value within 1031 

a decade should meet this criterion) (Henson et al. 2010). As an example, Henson et al. (2010), 1032 

investigated whether the trends in primary productivity and chlorophyll-a observed in the first 1033 

10 years of the satellite record (1997-2007) reflected climate change. The authors concluded 1034 

that the dataset was not long enough to unequivocally detect a global warming trend and 1035 

suggested that a time series of approximately 40 years of primary productivity and chlorophyll-1036 

a would be needed to distinguish a climate change signal. 1037 

Numerous studies have demonstrated that the effects of climate change on marine 1038 

biodiversity are already evident on scales ranging from local to global (e.g., Poloczanska et al. 1039 

2013; IPCC 2021; Worm and Lotze, 2021). For species reliant on favourable climatic and 1040 

environmental conditions in the TDC/Gough Archipelago, these changes could result in 1041 

significant alterations to their distribution patterns, behavior, and reproductive success. Marine 1042 

species that utilize the TDC/Gough as feeding, resting, or breeding grounds (Bester et al. 2006; 1043 

Ryan 2008; Hofmeyr 2015; Dias et al. 2017; Requena et al. 2020) are particularly vulnerable, 1044 

as resource availability and optimal habitat conditions may be directly impacted by changes in 1045 

frontal systems, temperatures, and primary productivity (Constable et al. 2014). These 1046 

alterations could trigger cascading effects across food webs, impacting organisms from 1047 

planktonic species to apex predators. Additionally, shifts in the positions of oceanic fronts, 1048 

such as the SAF and STFN, could alter the foraging areas of these species, challenging their 1049 

ability to adapt to rapidly changing climatic conditions (Bost et al. 2015). 1050 

We can only speculate that one species that could be impacted by these changes is the 1051 

sub-Antarctic fur seal A. tropicalis, whose reproductive and foraging range is limited by the 1052 

SAF and STFN (Georges et al. 2000; Beauplet et al. 2004; Kirkman et al. 2016). Furthermore, 1053 

climate change may influence the prey species of A. tropicalis, such as myctophid fish and 1054 

cephalopods (Bester and Laycock 1985; Klages and Bester 1998; Robinson et al. 2002; 1055 

Beauplet et al. 2004; Oliveira et al. 2008; Makhado et al. 2013; Bester et al. 2020; Bester et al. 1056 

2021; Machado et al. 2021; de Lima et al. 2024), and consequently, their foraging movements 1057 

and extra-limital dispersal (Hofmeyr et al. 2015; Oliveira et al. 2024). Increases in SST and the 1058 

subsequent poleward shifts of the SAF and STFN could reduce local productivity and influence 1059 

the distribution and abundance of A. tropicalis prey. These changes may cause A. tropicalis 1060 

females, particularly those caring for offspring, to forage farther from breeding colonies or 1061 
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spend more time at sea searching for prey, especially during their first post-partum trip. Longer 1062 

foraging trips would have a particularly adverse impact on pups left in breeding colonies, 1063 

awaiting their mothers for nursing, potentially resulting in significantly lower-than-ideal 1064 

weights (Georges and Guinet 2000). For males, after the reproductive and moulting periods, 1065 

they might disperse to more distant areas in search of food and/or resting grounds. In this 1066 

context, A. tropicalis could expand into new areas further south of the TDC/Gough breeding 1067 

colonies. One particularly favorable region for this species could be the Falkland/Malvinas 1068 

Islands, which, according to niche modelling studies, would serve as potential suitable areas 1069 

for A. tropicalis prey species under climate change scenarios (Xavier et al. 2015; Freer et al. 1070 

2019). Consequently, A. tropicalis might potentially occupy or share habitat with another 1071 

otariid species (Thompson et al. 2005; Fabiani et al. 2006; Arthur et al. 2017; Baylis et al. 1072 

2019), thereby facilitating hybridization events, as has occasionally occurred with A. gazella 1073 

and the New Zealand fur seal A. forsteri (Lancaster et al. 2006; 2007a; 2007b, and 2010; 1074 

Schaurich et al. 2012). However, as we mentioned before, it is just a speculation, and therefore, 1075 

continuous monitoring of these and other environmental variables is essential to understanding 1076 

the magnitude of ongoing changes and their ecological implications. Moreover, future studies 1077 

should prioritize integrated investigations that correlate regional climate trends with specific 1078 

ecological responses, enabling the formulation of more effective strategies for the conservation 1079 

and sustainable management of ecosystems associated with the TDC/Gough Archipelago. 1080 

  1081 

5. Conclusion 1082 

We identified significant temporal trends in environmental variables for the Tristan da 1083 

Cunha/Gough (TDC/Gough), such as an increase in sea surface temperature (aSST), an 1084 

increase in the distance of the Subantarctic Front (aSAF), a decrease in the distance of the 1085 

Subtropical Front North (aSTFN), and an increase in the anomaly of chlorophyll-a 1086 

concentration (aChl-a) around the TDC/Gough Archipelago. The patterns revealed here 1087 

provide both a snapshot and evidence of change and variation over the 40-year period, 1088 

consistent with numerous studies on trends and climate change as discussed above. 1089 
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CAPÍTULO 3 1397 

Predictive distribution and extra-limital occurrences of the sub-Antarctic fur 1398 

seal: will global climate change affect this species? 1399 

 1400 

Will be submitted to Marine Mammal Science 1401 

 1402 

Abstract This study updates the records of the sub-Antarctic fur seal Arctocephalus tropicalis 1403 

along the Brazilian coast, aiming to describe the spatiotemporal patterns of occurrences and 1404 

possible relationships with environmental variables associated with departures from breeding 1405 

colonies at Tristan da Cunha/Gough (TDC/Gough) Islands. Additionally, it employs habitat 1406 

suitability models to project the species’ distribution for 2050 and 2100 under three IPCC 1407 

climate change scenarios. A total of 656 A. tropicalis individuals were irregularly recorded 1408 

along the Brazilian coast, mostly in the southern region (69%) during austral winter and spring. 1409 

The variables that primarily influenced records along the Brazilian coast were seasonality, 1410 

mixed layer depth, distance from the Subantarctic Front to TDC/Gough, South Atlantic Ocean 1411 

Dipole, chlorophyll-a concentration, Southern Annular Mode, and South Atlantic Subtropical 1412 

Dipole. Projections indicated that although A. tropicalis is expected to lose habitat in its current 1413 

breeding colonies, areas further south are likely to become more suitable in the future. The 1414 

results support the hypothesis that climate change is driving distributional shifts in marine 1415 

species, with A. tropicalis likely to seek new areas near the Falkland/Malvinas Islands. 1416 

However, the coastal zones of South America appear unsuitable for reproduction and survival, 1417 

potentially limiting the establishment of new colonies in the region. 1418 

Keywords: Arctocephalus tropicalis, breeding colonies distribution, ensemble model, 1419 

environmental suitability, extra-limital distribution, future climate scenarios, species 1420 

distribution models, Tristan da Cunha/Gough Islands  1421 
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INTRODUCTION 1422 

Understanding the geographic distribution of species is essential in ecology, as it reveals 1423 

how environmental factors shape biodiversity patterns. Biogeographic history, community 1424 

structure, and underlying ecological processes are crucial for explaining the presence of a 1425 

species in a given environment (Wiens and Donoghue 2004). However, climate change is 1426 

expected to cause significant biodiversity redistribution (Pecl et al. 2017), particularly in 1427 

marine ecosystems. Species distribution models (SDMs) reveal that marine species are 1428 

migrating poleward at a rate six times faster than terrestrial species (Poloczanska et al. 2013; 1429 

Lenoir et al. 2020; Reisinger et al. 2022). This recent global phenomenon, known as 1430 

"tropicalization," is a consequence of the drivers of climate change, primarily related to ocean 1431 

warming (Zarzyczny et al. 2023).  1432 

These redistributions will have significant social and economic impacts on both humans 1433 

and biodiversity (Bonebrake et al. 2018; Boyce et al. 2020; Pecl et al. 2017). For example, the 1434 

spread of diseases may compromise public health (Bastida et al. 1999, 2011; de Lima et al. 1435 

2024b; Paz et al. 2024), while competition and hybridization among species can alter 1436 

ecosystem dynamics and local biodiversity (Lancaster et al. 2006; 2007a,b, 2010; Schaurich et 1437 

al. 2012). As species move across national borders or into international waters, they present 1438 

new challenges for conservation and resource management. However, most current governance 1439 

systems are not adequately prepared to deal with the complexity and scale of these 1440 

transboundary changes (Bonebrake et al. 2018; Pinsky et al. 2018). 1441 

Currently, the most widespread approach for predicting future biodiversity patterns is 1442 

correlational modelling (see Guisan et al. 2017), such as ecological niche models or habitat 1443 

suitability models. These tools are essential in conservation science, as they map the probability 1444 

of species occurrence based on environmental conditions, helping to reveal how habitat 1445 

characteristics shape spatial and temporal distribution patterns. They are especially useful for 1446 

anticipating species’ responses to climate change and human pressures, providing abundance 1447 

estimates that inform management strategies. Additionally, these models can identify priority 1448 

areas for conservation and highlight regions with high or low biodiversity (Chavéz-Rosales et 1449 

al. 2019). 1450 

In terms of geographical distribution, the breeding colonies of the sub-Antarctic fur 1451 

seal, Arctocephalus tropicalis (Gray 1872), are widely distributed throughout the Southern 1452 



65 

 

Hemisphere, primarily on sub-Antarctic islands north of  Antarctic Convergence in the Atlantic 1453 

and Indian Oceans (Hofmeyr 2015). Approximately 99% of A. tropicalis breed on three islands 1454 

or island groups. About 63% of global pup production occurs on Gough Island (Bester et al. 1455 

2006), 25% on the Prince Edward Islands (Marion Island and Prince Edward Island) 1456 

(46°38'17"S; 37°56'42"E) (Hofmeyr et al. 2006; Bester et al. 2009), and 11% on Amsterdam 1457 

Island (37°52′S; 77°32′E) and its neighbouring Saint Paul Island (38°43′48″S; 77°31′20″E) 1458 

(Guinet et al. 1994). In contrast, other sites such as Tristan da Cunha, Crozet, and Macquarie 1459 

Islands host only small numbers, usually ranging from a few dozen to a few hundred individuals 1460 

(Hofmeyr 2015).  1461 

Extra-limital births of A. tropicalis have already been documented in other locations 1462 

(Goldsworthy and Shaughnessy 1989; de Lima et al. 2025). Goldsworthy and Shaughnessy 1463 

(1989) recorded the first pup on Heard Island (53°10′S, 73°30′E), south of the Antarctic 1464 

Convergence, during the austral summer of 1987/1988. However, there is no evidence of a 1465 

population increase of the species in the region (Page et al. 2003). According to the authors, 1466 

the pups observed on Heard Island may have resulted from crossbreeding between A. tropicalis 1467 

females and males of the Antarctic fur seal A. gazella, giving rise to hybrids, a phenomenon 1468 

already recorded in areas of sympatry between these and other otariid species (for a review, see 1469 

Schaurich et al. 2012). 1470 

Pinniped studies on movements and migration have revealed that most species disperse 1471 

across the oceans shortly after the reproductive period or following the moulting season 1472 

(Ridgway and Harrison 1981). This phase represents the least understood period in their life 1473 

cycles. Arctocephalus tropicalis is the otariid species with the greatest dispersal capability in 1474 

the South Atlantic, even reaching tropical regions (Hofmeyr 2015; Sousa-Lima et al. 2022). 1475 

Any observation of A. tropicalis outside its typical breeding range, near the Antarctic 1476 

Convergence, is considered extra-limital and classified as a vagrant event, that is, when 1477 

individuals appear outside their known geographic range (Bester 2021). Extra-limital records 1478 

of marine predators may result from navigational errors acting independently due to severe 1479 

storms or anomalous oceanic conditions, or in conjunction with other factors such as age (pups, 1480 

yearlings) or disease (Carpenter-Kling et al. 2017). 1481 

Although the number of A. tropicalis individuals in extra-limital areas varies 1482 

significantly throughout the years, records from May to November are mostly composed of 1483 

adults not engaged in parental care, including both males and females from different age groups 1484 
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(Shaughnessy and Ross 1980; Pinedo 1990; Oliveira 1999; Bastida and Rodriguez 2003; 1485 

Moura et al. 2007; Prado et al. 2016; Oliveira et al. 2024). This pattern likely result from 1486 

differential investment in parental care. Adult males, for instance, do not participate in pup care 1487 

after the breeding season and are therefore free to undertake long-distance movements (Bester 1488 

1981, 1990). In contrast, lactating females remain with their pups during the extended nursing 1489 

period, which lasts 10- to 11-months (Bester 1987, 1995). Nonetheless, males and non-1490 

reproductive females of various age classes may also forage in areas near their breeding 1491 

colonies (Bester 1981). 1492 

Vagrant individuals of A. tropicalis have been recorded in several areas outside beyond 1493 

their known traditional breeding areas (for a review see Milmann et al. 2019; Bester 2021; 1494 

Sousa-Lima et al. 2022; Oliveira et al. 2024), including the southern Brazilian coast in the 1495 

western South Atlantic Ocean. Ferreira et al. (2008) detected by molecular markers, that some 1496 

specimens found dead on the coast of Rio Grande do Sul (RS) had two distinct origins: the 1497 

majority was from the Tristan da Cunha/Gough Islands (TDC/Gough) and a single individual 1498 

from the Crozet Islands in the Southern Indian Ocean, approximately 16.500 km from the 1499 

Brazilian coast. These findings offer rare genetic evidence of long-distance dispersal in marine 1500 

mammals, indicating that some individuals can cross vast and ecologically distinct oceanic 1501 

regions. Such movements, though likely rare, may be driven by ocean currents or behavioural 1502 

flexibility and could enable occasional gene flow between distant colonies, with implications 1503 

for population structure and conservation. 1504 

Historically, occurrences of A. tropicalis along the Brazilian coast and other areas 1505 

outside its known distribution range have been attributed to population increases due to the 1506 

protection of these animals following the end of whaling activity, as they were also hunted 1507 

alongside cetaceans in the Antarctic and sub-Antarctic regions (Pinedo 1990; Hofmeyr et al. 1508 

1997; Shaughnessy et al. 2014). Since the 1990s, the increase in systematic research along the 1509 

Brazilian coast, driven by the greater number of scientific institutions in the region, has 1510 

contributed to the rise in species records as well (Cabral and Barreto 2022). Although there is 1511 

evidence of population growth in breeding colonies, such as on Gough Island (Bester et al. 1512 

2006), this does not fully explain the oscillations in A. tropicalis occurrences along the 1513 

Brazilian coastline. Oliveira (1999) and Oliveira et al. (2001) attributed the high frequencies 1514 

of A. tropicalis occurrence in specific years to the possible influence of oceanographic and 1515 

climate events, such as anomalies in ocean currents and the El Niño/Southern Oscillation 1516 
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(ENSO) episodes. Additionally, Oliveira et al. (2024) statistically described the association 1517 

between oceanographic and climate variables at the largest breeding colony of A. tropicalis, 1518 

TDC/Gough and the pattern of occurrences in southern Brazil, based on records of individuals 1519 

found dead on the coast of RS from 1992 to 2013. The authors detected an association between 1520 

the patterns of climate variability of the Southern Annular Mode (SAM), South Atlantic Ocean 1521 

Dipole Index (SAODI), and Indian Ocean Dipole (IOD) and the occurrences of A. tropicalis. 1522 

They also found a significant link between A. tropicalis occurrences and the decrease in 1523 

chlorophytes concentration in the breeding colonies at TDC/Gough islands, suggesting that 1524 

declines in primary productivity may influence dispersal patterns.  1525 

Previous studies indicate possible dispersal routes of A. tropicalis to the Brazilian coast 1526 

(Oliveira 1999; Milmann et al. 2019). Individuals in the Southeastern and Northeastern regions 1527 

may be favoured by the South Atlantic Anticyclonic Gyre, utilizing the Benguela and Brazil 1528 

Currents (Rodriguez et al. 1995; Oliveira 1999; Milmann et al. 2019). Another hypothesis 1529 

suggests the use of mid-ocean ridges, as observed for an adult male in the São Pedro and São 1530 

Paulo Archipelago (Sousa-Lima et al. 2022). Oliveira et al. (2024) suggested that A. tropicalis 1531 

individuals might benefit from the displacement of the Subantarctic and Subtropical ocean 1532 

fronts during their dispersion to the Rio Grande do Sul, on the southern Brazilian coast, 1533 

influenced by the climate modes SAM, SAODI, and IOD, all in a positive phase, subsequently 1534 

affected by the Malvinas Current as they move northward. Still, this study did not include 1535 

statistical analyses of the influence of ocean fronts on the extra-limital dispersion of A. 1536 

tropicalis. 1537 

For a better understanding of the relationship between environmental variables and the 1538 

current and future distribution of A. tropicalis requires data that encompass both its breeding 1539 

colonies and areas beyond its typical range. This study aims to: (i) update the spatial and 1540 

temporal patterns (monthly and annual) of A. tropicalis occurrences along the Brazilian coast, 1541 

expanding on the findings of Oliveira et al. (2024); (ii) test the association between new 1542 

environmental and climate variables in the Tristan da Cunha/Gough Islands region and the 1543 

observed extra-limital patterns from 1992 to 2021; and (iii) model of the current and future 1544 

environmental suitability of A. tropicalis breeding colonies worldwide, using climate scenarios 1545 

from the IPCC’s Sixth Assessment Report (AR6) projected to 2050 and 2100 (IPCC 2021).  1546 

Therefore, we formulated the following hypotheses: i) The most frequent records of A. 1547 

tropicalis along the Brazilian coast occur during the austral winter and spring months, with a 1548 
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predominance in the southern region, followed by a decrease in the southeastern and 1549 

northeastern regions. ii) Environmental variables and climate anomalies at the TDC/Gough 1550 

breeding colony are associated with extra-limital records of A. tropicalis along the Brazilian 1551 

coast. However, these associations vary across different regions (southern, southeastern, and 1552 

northeastern), indicating that distinct environmental variables influence different dispersal 1553 

routes. iii) Currently suitable breeding areas for A. tropicalis in subtropical regions north of the 1554 

colonies tend to contract in response to climate change, as projected by AR6 models. At the 1555 

same time, these areas are expected to expand toward subantarctic and polar regions, that is, 1556 

closer to the poles. 1557 

MATERIAL AND METHODS 1558 

Study areas 1559 

Two groups of geographical areas for Arctocephalus tropicalis were analysed based on 1560 

the species' spatiotemporal distribution patterns: the "extra-limital records" and the 1561 

"distribution within their breeding colonies" (Fig. 1). In the scope of this study, the Brazilian 1562 

coastline in the South Atlantic Ocean corresponds to the extra-limital records of A. tropicalis 1563 

(Fig. 1B). 1564 
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 1565 

Figure 1. Map of the study areas for the A) breeding colonies of the sub-Antarctic fur seal Arctocephalus tropicalis (red dots) and reported extra-1566 

limital sightings from the literature (orange areas). Records were compiled from: Hofmeyr (2015); Sousa-Lima et al. (2022). B) Extra-limital 1567 

records of the sub-Antarctic fur seal (Arctocephalus tropicalis) along the Brazilian coast, showing the monitored areas in the southern region 1568 

(green dots), the southeastern region (orange dots), and the northeastern region (red dots). The locations of the nearest breeding colonies to the 1569 

Brazilian coast, Gough Island (yellow triangle) and Tristan da Cunha Island (yellow star), are also highlighted. The area within the red dashed 1570 

rectangle indicates the grid surrounding the colonies, where the environmental variables used in this study were obtained. The solid red line 1571 

represents the central boundary of the colonies, used to calculate distances from the Subtropical Front North and Subantarctic Front (black dashed 1572 

lines). The solid black lines depict the major currents in the South Atlantic Ocean, with their respective directions (black arrows).1573 
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Temporal and spatial pattern of extra-limital records 1574 

Extra-limital records of A. tropicalis collected along the Brazilian coast were analysed 1575 

from the southern region (Rio Grande do Sul - RS) provided by the "Grupo de Estudos de 1576 

Mamíferos Aquáticos do Rio Grande do Sul (GEMARS)", and "Centro de Estudos Costeiros 1577 

Limnológicos e Marinhos da Universidade Federal do Rio Grande do Sul 1578 

(CECLIMAR/UFRGS)", the "Núcleo de Educação Ambiental do Rio Grande (NEMA)", and 1579 

the "Laboratório de Ecologia e Conservação da Megafauna Marinha, da Universidade Federal 1580 

do Rio Grande (ECOMEGA/FURG)". Specimens from the southeastern region (Espírito Santo 1581 

- ES, Rio de Janeiro - RJ, and São Paulo - SP) were provided by the “Instituto Biopesca“, 1582 

“Instituto Gremar”, “Instituto de Pesquisas Cananéia (IPeC)”, "Instituto Argonauta para a 1583 

Conservação Costeira e Marinha", “Grupo de Estudos de Mamíferos Marinhos da Região dos 1584 

Lagos (GEMM-Lagos)”, and "Instituto BW para a Conservação e Medicina da Fauna Marinha” 1585 

(IBW)". Specimens from the northeastern region (Bahia - BA, Sergipe – SE, Alagoas - AL, 1586 

Pernambuco – PE, and Rio Grande do Norte - RN) came from the "Instituto Mamíferos 1587 

Aquáticos (IMA)", the "Fundação Mamíferos Aquáticos (FMA)", and the “Centro Mamíferos 1588 

Aquáticos do Instituto Chico Mendes de Conservação da Biodiversidade (CMA/ICMBio)”. 1589 

Additional sources, such as bibliographic references, online citizen science platforms, 1590 

including the “Global Biodiversity Information Facility (GBIF)”, the "Sistema de Informação 1591 

de Monitoramento da Biota Aquática (SIMBA/Petrobras)" and the "Sistema de Apoio ao 1592 

Monitoramento de Mamíferos Marinhos (SIMMAM)", were also consulted (Fig. 1B). The 1593 

records provided by SIMBA are part of the Programa de Monitoramento de Praias (PMP), an 1594 

initiative linked to the federal environmental licensing of Petrobras' oil and natural gas 1595 

production and transportation activities. Coordinated by Instituto Brasileiro do Meio Ambiente 1596 

e dos Recursos Naturais Renováveis (IBAMA), the PMP is carried out across several 1597 

sedimentary basins, including the Bacia de Santos (PMP-BS), which covers the states of Santa 1598 

Catarina (SC), Paraná (PR), SP, and RJ; the Bacia de Campos-Espírito Santo (PMP-BC/ES) 1599 

covering the north of RJ and ES; the Bacia Sergipe-Alagoas (PMP-SE/AL); and the Potiguar 1600 

Basin (PMP-RN/CE). The main goal of the program is to assess the potential impacts of these 1601 

activities on seabirds, sea turtles, and marine mammals through systematic beach monitoring, 1602 

veterinary care for live animals, and necropsy of those found dead (ICMBio 2025). Given the 1603 

limited number of A. tropicalis records in the northeastern region (see Results), we decided to 1604 

combine the records from the southeastern plus northeastern regions for modelling its extra-1605 

limital distribution. 1606 
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Modelling of extra-limital distribution and environmental suitability 1607 

Each record of A. tropicalis along the Brazilian coast from 1992 to 2021 was considered 1608 

as presence. For each occurrence, a geographic coordinate along the coast of the corresponding 1609 

state was selected to represent an absence. Priority for selecting absence points was given to 1610 

months and years in which no A. tropicalis individuals were recorded, particularly from 1611 

December to April, a period when individuals are known to be in their breeding colonies or 1612 

dispersing to other extra-limit areas (Shaughnessy and Ross 1980; Pinedo 1990; Oliveira 1999; 1613 

Bastida and Rodriguez 2003; Moura et al. 2007; Prado et al. 2016; Oliveira et al. 2024). In the 1614 

absence of records for specific months and years in a Brazilian State, points were selected for 1615 

their corresponding regions (southern, southeastern, and northeastern). 1616 

For the habitat suitability modelling (see Guisan et al. 2017) of the A. tropicalis 1617 

breeding colonies, 100 presence points (Supplementary Table 1) were randomly selected based 1618 

on the proportion of annual pup production on each island, as described by Hofmeyr (2015). 1619 

Each presence point was selected at a distance of approximately 1° (~110 km) from the 1620 

breeding colonies. Specifically, 64 points were chosen for Gough Island, 19 for Marion and 1621 

Prince Edward Islands, 13 for Amsterdam Island, and 1 point each for the following islands: 1622 

Tristan da Cunha, Crozet, Saint Paul, and Macquarie. Additionally, 100 absence points 1623 

(Supplementary Table 1) were randomly distributed throughout the Southern Hemisphere’s 1624 

ocean basis. The absence points were positioned at least 4° away from the presence points.  1625 

Current environmental and climatic variables 1626 

To test for a potential association between environmental variables at the breeding 1627 

colonies TDC/Gough in the South Atlantic Ocean (dashed red grid in Fig. 1B) and the extra-1628 

limital occurrences of A. tropicalis along the Brazilian coast (colored dots in Fig. 1B), we used 1629 

10 monthly time series of environmental and climate variables (Supplementary Table 2). To 1630 

model the influence of seasonality on extra-limital occurrences of A. tropicalis, the months 1631 

were transformed into sine and cosine functions (Supplementary Table 2) and subsequently 1632 

into quantitative variables (Oliveira et al. 2024). All variables were obtained for the period 1633 

from 1992 to 2021, except for chlorophyll-a (Chl-a), which was available only from 1998 to 1634 

2021 at the time of data extraction. 1635 

To calculate the distance from the central line of the grid (solid red line in Fig. 1B) at 1636 

the TDC/Gough islands to the Subantarctic Front (SAF) and the Subtropical Front Northern 1637 
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boundary (STFN), the boundaries of these oceanic fronts were first defined by sea surface 1638 

temperature (SST) isotherms, following the criteria established by Kirkman et al. (2016), 1639 

Durgadoo et al. (2010), and Kostianoy et al. (2004), with the isotherms set at 8°C for the SAF 1640 

and 19°C for the STFN. Next, the number of grid cells or points between the longitudinal line 1641 

at the center of the grid and the respective temperature isotherms was multiplied by 5.5 km, 1642 

based on the grid resolution of 0.05° × 0.05°. Finally, two vectors of distance values, one for 1643 

the SAF and another for the STFN, were obtained according to Oliveira et al. (2024). 1644 

The monthly values (indexes) of climate modes and environmental variables at the 1645 

TDC/Gough reproductive colonies (Fig. 1B) were generated with a lag of five months relative 1646 

to the recording of specimens in the extra-limital area of the Brazilian coast. It is important to 1647 

emphasize that this temporal adjustment procedure was carried out to obtain the values of 1648 

environmental and climate parameters corrected for the approximate period of departure of 1649 

these A. tropicalis individuals from the nearest reproductive colonies on the TDC/Gough 1650 

islands (Oliveira et al. 2024). Thus, these parameters with the corrected dates would be 1651 

considered potential past triggers for the departure of specimens from their original colonies. 1652 

The five-month time lag was established in the study by Oliveira et al. (2024) for individuals 1653 

of the species recorded on the coast of Rio Grande do Sul. 1654 

Subsequently, the monthly anomalies of the environmental variables were calculated 1655 

based on the difference relative to the historical average from 1982 to 2021. Anomalies were 1656 

not calculated for the climate modes, as these consist of positive and negative index values. 1657 

Although the anomalies were calculated considering the historical averages from 1982 to 2021, 1658 

the analyses of the extra-limital modeling of A. tropicalis were conducted only for the period 1659 

from 1998 to 2021 to coincide with the timeframe of the Chl-a variable. 1660 

For the analysis of the suitability of global breeding colonies of A. tropicalis, we 1661 

selected 13 environmental variables as potential predictors for species occurrence 1662 

(Supplementary Table 2). Current environmental layers were obtained from the Bio-ORACLE 1663 

v3.0 dataset (www.bio-oracle.org) for the period 2000-2010, with a spatial resolution of 1664 

0.05°×0.05° (Assis et al. 2024). All variables, both for the extra-limital modelling and the 1665 

habitat suitability modelling of A. tropicalis breeding colonies, were selected as indicators of 1666 

ecosystem structure and processes, including water mass properties and productivity, because 1667 

they could influence the population dynamics of this and other fur seal species (see 1668 

Description/Relevance in Supplementary Table 2) (Guinet et al. 1994; Oliveira et al. 2001; 1669 

http://www.bio-oracle.org/
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Forcada et al. 2005; Oliveira et al. 2006, 2009; Forcada and Hoffman 2014; Prado et al. 2016; 1670 

Oliveira et al. 2024). 1671 

Future Climate Scenarios from AR6  1672 

To generate models of habitat suitability of global breeding colonies of A. tropicalis in 1673 

the future, we projected current models onto future climate change scenarios, specifically the 1674 

Shared Socio-Economic Pathways (SSPs), as defined by the Sixth Assessment Report of the 1675 

Intergovernmental Panel on Climate Change (AR6/IPCC) in 2021. SSPs are scenarios that 1676 

describe plausible trajectories of global socio-economic development up to 2100. There are 1677 

five SSPs (1, 2, 3, 4, and 5) representing different socio-economic and environmental 1678 

trajectories based on fossil fuel use. The SSPs are combined with the Representative 1679 

Concentration Pathways (RCPs), which were proposed in the IPCC's Fifth Assessment Report 1680 

in 2014. The RCPs represent four scenarios considering greenhouse gas emissions and their 1681 

impacts on the total radiative forcing to be achieved by 2100, expressed in W/m². The main 1682 

RCPs include RCP2.6 (low emissions - 2.6 W/m²), RCP4.5 and RCP6.0 (medium emissions 1683 

stabilization - 4.5 and 6.0 W/m²), and RCP8.5 (high emissions - 8.5 W/m²). These scenarios 1684 

sets, SSPs and RCPs, are used to project future climate changes and their effects (IPCC 2014, 1685 

2021). 1686 

To this end, 12 environmental layers corresponding to the SSP1-2.6, SSP2-4.5, and 1687 

SSP5-8.5 scenarios for the periods 2050 and 2100 were used, available on the Bio-ORACLE 1688 

v3.0 online platform (Assis et al. 2024). We also included bathymetry in the projections as a 1689 

fixed variable. 1690 

Statistical analyses 1691 

To generate the models for the extra-limital records of A. tropicalis along the Brazilian 1692 

coast and the suitability of its global breeding colonies under climate change scenarios, all 1693 

variables were initially tested for collinearity using the "pairs.panels" function from the "psych" 1694 

package (Revelle 2024) in RStudio v.4.3.3 (R Core Team 2024). Highly correlated predictors 1695 

can influence model results due to their lack of independence. Therefore, predictors that did 1696 

not show correlation with each other were selected, using a cutoff point of r > 0.7. 1697 

To analyse the extra-limital occurrences of A. tropicalis in the southern, southeastern 1698 

plus northeastern regions, the data were divided into 70% for training and 30% for testing. Two 1699 
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tree-based models were selected: Random Forest (RF) and Extreme Gradient Boosting 1700 

(XGBoost). The choice of these models is due to their ability to partition the predictor space 1701 

into simple regions, reflecting human decision-making processes and allowing for clear 1702 

graphical interpretation of the results (Gareth et al. 2013). 1703 

Initially, an analysis of the most relevant variables was performed using the Backward 1704 

Stepwise Regression method (Hocking 1976; Mazerolle 2006) on the training set. This method 1705 

starts with a complete model and, at each step, gradually removes the least significant variables 1706 

to identify a reduced model that best explains the data. Also known as backward elimination 1707 

regression, this approach is effective for reducing the number of predictors, minimizing 1708 

multicollinearity issues, and preventing overfitting (Hocking 1976; Oliveira et al. 2024). 1709 

Variable selection was halted when the model achieved its best accuracy or when only four to 1710 

five variables remained. After selecting the most important variables for each algorithm, we 1711 

performed predictions on the test set. To validate these predictions (observed vs. predicted), 1712 

we used accuracy metrics and visualized the results with a confusion matrix. 1713 

We estimated the suitable habitat of the studied species across the eight known breeding 1714 

colonies by combining presence and absence data (Supplementary Table 1) with environmental 1715 

predictors using an ensemble species distribution modelling approach (Oppel et al. 2012; 1716 

Scales et al. 2016) through the 'Biomod2' package (Thuiller 2003; Thuiller et al. 2009) in 1717 

RStudio v.4.3.2 (R Core Team 2024). Minor differences in species distributions between 1718 

models become magnified when projections are made into the future, even for models with 1719 

similar current predictions (Elith et al. 2010; Goberville et al. 2015). However, the use of 1720 

ensemble models enhances outcomes by mitigating biases and issues related to overfitting 1721 

(Thuiller et al. 2009; Elith et al. 2010; Scales et al. 2016).  1722 

Initially, we executed four models employing four distinct distribution algorithms: a 1723 

Generalized Additive Model (GAM), and three machine learning algorithms (RF, Generalized 1724 

Boosted Regression Models (GBM), and XGBoost). Each model underwent 10 permutations 1725 

for training (70%) and validation (30%), aiming to calculate the importance of the variables. 1726 

To evaluate the models' accuracy, we used the true skill statistic (TSS) and the area under the 1727 

receiver operating characteristic curve (AUC/ROC) (Allouche et al. 2006; Liu et al. 2009). TSS 1728 

and AUC/ROC allow us to compare sensitivity and specificity between the 70% of data 1729 

allocated for training and the 30% for validation. In analysing the suitability maps, we used a 1730 

threshold of ≥ 0.8 for TSS and AUC/ROC in the Ensemble set (Krüger et al. 2018). 1731 
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To examine fluctuations in the expansion and reduction of the suitable habitat area for 1732 

A. tropicalis under different SSP scenarios, we calculated the area variation (in km²) in relation 1733 

to the current suitability map, segmenting it into four suitability ranges (> 0.5 to 1.0, > 0.5 to 1734 

0.7, > 0.7 to 0.9, and > 0.9 to 1.0) (Guisan et al. 2017). To determine the extent, we counted 1735 

the number of cells or points in the grid within the different intervals of the suitability maps 1736 

and multiplied this result by 5.5 km, corresponding to the grid resolution of 0.05° x 0.05°. We 1737 

analysed the gain and loss of suitability across the Southern Hemisphere (10°N – 85°S; 180°W 1738 

– 180°E) and for the Southern and South Atlantic Oceans (34°S – 80°S; 70°W – 20°E). This 1739 

division for the Southern and South Atlantic Oceans will serve to complement the discussions 1740 

on the results of the extra-limital modelling of A. tropicalis along the Brazilian coast. For 1741 

detailed information and specific parameters of the algorithms used in both analyses, please 1742 

refer to Supplementary Material 1. 1743 

RESULTS 1744 

Temporal and spatial pattern of extra-limital records of Arctocephalus tropicalis 1745 

Based on the historical records provided by partner institutions and available databases, 1746 

a total of 656 Arctocephalus tropicalis individuals were documented along the entire Brazilian 1747 

coast from 1992 to 2021 (Fig. 2 and 3A). The year 2002 recorded the highest number of 1748 

occurrences, with 128 individuals observed (Fig. 2). Of these, 115 were registered in the state 1749 

of RS, located in the southern region (Supplementary Table 3). In contrast, 1993 had the lowest 1750 

number of records (n = 2), both also from the same region and state (Fig. 2), indicating that in 1751 

29 years, A. tropicalis appeared along the southern Brazilian coast in an irregular manner.  1752 

 1753 
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 1754 

Figure 2. Number of records of the sub-Antarctic fur seal (Arctocephalus tropicalis) in relation 1755 

to the year between 1992 to 2021, along the Brazilian coast. 1756 

 1757 

 1758 

Figure 3. Number of records of the sub-Antarctic fur seal (Arctocephalus tropicalis) by months 1759 

between 1992 and 2021, along the Brazilian coast: A) entire coast of Brazil, B) southern region, 1760 

C) southeastern region, and D) northeastern region. 1761 

Overall, 69% (n = 449) of the records for the Brazilian coast came from the southern 1762 

region (Fig. 3B). However, when we analysed these records of A. tropicalis by the three 1763 
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southern states (RS, SC, and PR) it is observed that 87% (n = 392) belong to RS, 7% (n = 32) 1764 

are from SC, and 6% (n = 25) are from PR (Supplementary Table 3). It is important to highlight 1765 

that this difference in records does not indicate the absence of A. tropicalis in the states 1766 

neighbouring RS, but rather a lack of access to data from these regions. Consequently, this 1767 

discrepancy in the records led us to use only the occurrences from RS to represent the southern 1768 

region in the modelling of A. tropicalis extra-limital records. 1769 

In the southeastern region, 179 individuals of A. tropicalis were recorded, accounting 1770 

for 27% of all records along the Brazilian coast (Fig. 3C, Supplementary Table 3). The years 1771 

2012 and 2018 (n = 17 each), followed by 2000 (n = 16), had the highest number of occurrences 1772 

in this region. No records were found in 1993, 1995, or 2004. It was observed that, of the total 1773 

records for the southeastern region, 63% (n = 112) are from SP, 33% (n = 59) from RJ, and 4% 1774 

(n = 8) from ES. Regarding the northeastern region, 28 individuals were recorded, accounting 1775 

for 4% of all A. tropicalis records in the study area (Fig. 3D, Supplementary Table 3). The 1776 

years 2002, 2008, and 2013 (n = 4 each) had the highest number of occurrences. When 1777 

examining A. tropicalis occurrences in the states of the northeastern region — BA, SE, AL, 1778 

PE, and RN — we found that 65% (n = 18) were from BA, 18% (n = 5) from SE, 11% (n = 3) 1779 

from AL, and 3% each from PE and RN (n = 1 each) (Supplementary Table 3). Regarding the 1780 

months (Fig. 3), August, followed by July and September, had the highest number of A. 1781 

tropicalis occurrences both in Brazil (n = 260, 148 and 136, respectively) and in the southern 1782 

(n = 172; 99, and 92, respectively), southeastern (n = 70, 43 and 42, respectively), and 1783 

northeastern regions (n = 18, 6 and 2, respectively). 1784 

Modelling of extra-limital distribution 1785 

We considering records of individuals collected monthly along the Brazilian coast 1786 

between 1998 and 2021, as well as  environmental variables from the breeding colonies at 1787 

TDC/Gough, with a 5-month lag relative to the records on the Brazilian coast. Two variables 1788 

exhibited multicollinearity, with correlation values (r) greater than 0.7: the South Atlantic 1789 

Ocean Dipole Index (SAODI) and the South Atlantic Subtropical Dipole Index (SASDI) 1790 

(Supplementary Table 4), specifically for the records from the southeastern plus northeastern 1791 

regions. In contrast, for the records from the southern region, no significant multicollinearity 1792 

was detected between these variables (Supplementary Table 4).  1793 
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For the southern region, the RF algorithm using all variables achieved an accuracy of 1794 

0.9645, while the XGBoost reached an accuracy of 0.9594 on the test set. After applying the 1795 

Backward Stepwise Regression method (Hocking 1976; Mazerolle 2006) to eliminate less 1796 

significant variables, the RF with seasonality variables (sine), anomalies of mixed layer depth 1797 

(aMLD), monthly anomalies of distances from the Subantarctic Front (aSAF), and SAODI 1798 

attained an accuracy of 0.9594 (Fig. 4A) on the test set. Conversely, the XGBoost, using the 1799 

variables sine, aMLD, anomalies of chlorophyll-a concentrations (aChl-a), and SAODI, 1800 

achieved an accuracy of 0.9645 (Fig. 4B). 1801 

 1802 

Figure 4. Importance of the training data variables generated by the algorithm: A) Random 1803 

Forest and B) XGBoost, for the monthly records of presence and absence of the sub-Antarctic 1804 

fur seal Arctocephalus tropicalis in the southern region of Brazil, in relation to environmental 1805 

variables and climate modes selected by the Backward Stepwise Regression method (Hocking 1806 

1976; Mazerolle 2006) from 1998 to 2020. Accuracy values and confusion matrix of the 1807 

predictions in the test data for each algorithm are present. Abbreviations: seasonality (Sine), 1808 

mixed layer depth anomaly (aMLD), distance anomaly from the Subantarctic Front (aSAF) to 1809 

the center of the Tristan da Cunha/Gough Archipelago, anomalies of chlorophyll-a 1810 
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concentrations (aChl-a), and South Atlantic Ocean Dipole Index (SAODI). All variables were 1811 

obtained from the breeding colony of the species, in the Tristan da Cunha/Gough Archipelago, 1812 

with a lag of 5 months before the recording of individuals on the Brazilian coast, according to 1813 

Oliveira et al. (2024). 1814 

Except for the sine variable (Fig. 5A), which represents the months of A. tropicalis 1815 

arrival at the Brazilian coast, the other curves (Fig. 5B to 5E) illustrate how different variables 1816 

in the breeding colonies of the TDC/Gough Islands influence the distribution of A. tropicalis, 1817 

highlighting the value ranges associated with a higher probability of occurrence (> 0.5) in the 1818 

study area of the Brazilian coast.  1819 
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 1820 

Figure 5. Response curves of the probabilities of presence of the sub-Antarctic fur seal 1821 

Arctocephalus tropicalis for the southern region of Brazil, in relation to the environmental 1822 

variables and climate modes selected by the Backward Stepwise Regression method (Hocking 1823 

1976; Mazerolle 2006), from 1998 to 2020. A) Seasonality (Sine), B) mixed layer depth 1824 

anomaly (aMLD), C) South Atlantic Ocean Dipole Index (SAODI), D) anomaly of the distance 1825 

from the Subantarctic Front (aSAF) to the center of the Tristan da Cunha/Gough Archipelago, 1826 
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and E) anomalies of chlorophyll-a concentrations (aChl-a). Blue line corresponds to the 1827 

Random Forest algorithm and red to XGBoost. 1828 

The sine variable showed the highest probabilities of A. tropicalis presence for values 1829 

approximately below -0.25 in both algorithms, RF and XGBoost (Fig. 5A). These sine values 1830 

correspond to the months of the austral winter (July, August, and September) and austral spring 1831 

(October and November). Similarly, in both algorithms, the highest probabilities of presence 1832 

for the aMLD variable were found between approximately -10 m and 10 m (Fig. 5B) at the 1833 

TDC/Gough, while for the SAODI variable, the ranges with the greatest probability were 1834 

between -0.75 and 0.5 (Fig. 5C), both 5 months before the records in the southern region.  1835 

The aSAF variable was identified as one of the most important only for the RF 1836 

algorithm, showing two ranges associated with a higher probability of A. tropicalis presence: 1837 

values above approximately 50 km and below -25 km (Fig. 5D). Conversely, the aChl-a 1838 

variable was highlighted as one of the most significant only for the XGBoost algorithm, also 1839 

indicating two value ranges: close to the mean (approximately -0.015 mg/m³ to 0.05 mg/m³) 1840 

and below -0.10 mg/m³ (Fig. 5E).  1841 

For the southeastern plus northeastern regions, the RF algorithm, using all variables, 1842 

achieved an accuracy of 0.8362, while XGBoost attained an accuracy of 0.8793 on the test set. 1843 

After applying the Backward Stepwise Regression method (Hocking 1976; Mazerolle 2006) to 1844 

remove less significant variables, the RF, using seasonality variables (sine and cosine), aMLD, 1845 

aFSA, and Southern Annular Mode (SAM), reached an accuracy of 0.8448 (Fig. 6A) on the 1846 

test set. Meanwhile, XGBoost, employing the sine, cosine, aSAF, and SASDI variables, also 1847 

achieved an accuracy of 0.8448 (Fig. 6B). 1848 
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 1849 

Figure 6. Importance of the training data variables generated by the algorithm A) Random 1850 

Forest and B) XGBoost, for the monthly records of presence and absence of the sub-Antarctic 1851 

fur seal Arctocephalus tropicalis in the southeastern plus northeastern regions of Brazil, in 1852 

relation to environmental variables and climate modes selected by the Backward Stepwise 1853 

Regression method (Hocking 1976; Mazerolle 2006) from 1998 to 2020. Accuracy values and 1854 

confusion matrix of the predictions in the test data for each algorithm are present. 1855 

Abbreviations: seasonality (Sine and Cossine), mixed layer depth anomaly (aMLD), distance 1856 

anomaly from the Subantarctic Front (aSAF) to the center of the Tristan da Cunha/Gough 1857 

Archipelago, Southern Annular Mode (SAM), and South Atlantic Subtropical Dipole Index 1858 

(SASDI). All variables were obtained from the breeding colony of the species, in the Tristan 1859 

da Cunha/Gough Archipelago, with a lag of 5 months before the recording of individuals on 1860 

the Brazilian coast, according to Oliveira et al. (2024). 1861 

Similar to the southern region, for the southeastern plus northeastern regions of Brazil 1862 

the sine variable showed the highest probabilities of A. tropicalis presence for values 1863 

approximately below -0.25 in both algorithms, RF and XGBoost (Fig. 7A). The cosine seasonal 1864 

variable was the second most significant in explaining the extra-limital occurrences of A. 1865 
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tropicalis in the southeastern plus northeastern regions, with the highest probabilities of 1866 

presence associated with values between > -1 and < 0.5 (Fig. 7B). These cosine values 1867 

correspond to the months of March, April, May, July, August, and September. However, since 1868 

we used tree-based algorithms that create rules for partitioning the predictor space, it is 1869 

important to consider these rules when analyzing the seasonal variables (sine and cosine). The 1870 

only months that correspond to cosine values > -1 and < 0.5 and fit the rule of sine values < -1871 

0.25 are July, August, and September. These findings are consistent, as these months recorded 1872 

the highest numbers of A. tropicalis occurrences in the southeastern plus northeastern regions 1873 

(Figs. 3C, and D). 1874 

 1875 

Figure 7. Response curves of the probabilities of presence of the sub-Antarctic fur seal 1876 

Arctocephalus tropicalis for the southeastern plus northeastern regions of Brazil, in relation to 1877 

the environmental variables and climate modes selected by the Backward Stepwise Regression 1878 

method (Hocking 1976; Mazerolle 2006), from 1998 to 2020. Seasonality A) Sine, and B) 1879 

Cossine, C) anomaly of the distance from the Subantarctic Front (aSAF) to the center of the 1880 

Tristan da Cunha/Gough Archipelago, D) mixed layer depth anomaly (aMLD), E) Southern 1881 

Annular Mode (SAM), and F) South Atlantic Subtropical Dipole Index (SASDI). Blue line 1882 

corresponds to the Random Forest algorithm and red to XGBoost. 1883 

 For the aSAF variable, both algorithms identified the highest probabilities of A. 1884 

tropicalis presence in two distinct intervals, with a curve behavior similar to that observed in 1885 
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the southern region (Fig. 5D). The aSAF intervals for the TDC/Gough center, with a 5-month 1886 

lag relative to A. tropicalis records in the southeastern plus northeastern regions of Brazil (July, 1887 

August, and September), were > ~30 km and < ~-50 km, showing small variations compared 1888 

to the southern region (Fig. 7C). 1889 

The variables aMLD and SAM were identified as two of the most important variables 1890 

only in the RF algorithm (Fig. 7D and E). For the aMLD variable, the most relevant values 1891 

were approximately between -20 m and ~10 m (Fig. 7D). In the case of the SAM variable, the 1892 

intervals with the highest probability were between 0 and 1 and below -1.5 (Fig. 7E).  1893 

The SASDI variable was considered one of the most important exclusively in the 1894 

XGBoost algorithm, also indicating two significant intervals: one with negative values, with a 1895 

sharp peak in probabilities for values < -1, and another with values > ~1.5 (Fig. 7F). This latter 1896 

interval for SASDI, as well as the negative extremes for the variables aSAF (Fig. 7C) and SAM 1897 

(Fig. 7E), should be interpreted with caution, as the large variations observed may indicate a 1898 

limited number of observations in these value ranges. 1899 

Suitability of A. tropicalis breeding colonies 1900 

For the suitability of the breeding colonies, five variables exhibited multicollinearity 1901 

with values of r > 0.7. Correlations were observed between the layers of sea surface temperature 1902 

(SST) and Chl-a, Chl-a and sea surface primary productivity (SSPP), and between sea 1903 

temperature at minimum depth (STMD) and sea primary productivity at minimum depth 1904 

(SPPMD) (Supplementary Table 5). Consequently, the suitability models were analysed with 1905 

11 environmental variables (Supplementary Table 2), as the Chl-a and SPPMD layers were 1906 

removed, retaining the temperature (SST, STMD) and productivity (SSPP) layers. 1907 

Among the four algorithms used, the three machine learning algorithms demonstrated 1908 

the best performance in analysing the current suitability of A. tropicalis breeding colonies 1909 

(Supplementary Figure 1). Random Forest achieved a TSS of 0.9963 ± 0.0042 and an 1910 

AUC/ROC of 0.9266 ± 0.0562. Generalized Boosted Regression Models showed a TSS of 1911 

0.9867 ± 0.0072 and an AUC/ROC of 0.8667 ± 0.0666. Extreme Gradient Boosting presented 1912 

a TSS of 0.9812 ± 0.0185 and an AUC/ROC of 0.8901 ± 0.0787 (Supplementary Figure 1). 1913 

After applying the ensemble model with a threshold of TSS and AUC/ROC > 0.8 (Fig. 1914 

8), the current goodness-of-fit models predicted the potential distribution of A. tropicalis (with 1915 
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suitability greater than 0.7) around islands in subantarctic and subtropical regions, primarily at 1916 

their known breeding colonies (Figs. 1A and 8). Other locations, not known as breeding 1917 

colonies of A. tropicalis but showing high suitability, include the Falkland/Malvinas Islands in 1918 

the Southwest Atlantic Ocean, extending to Tierra del Fuego in the Southern Ocean and 1919 

southern Chile, Kerguelen Island in the Indian Ocean, southern Australia, Tasmania, and the 1920 

islands of Oceania in the Pacific Ocean, mainly New Zealand and regions to its south (Fig. 8). 1921 

 1922 

Figure 8. Current environmental suitability map of the eight known breeding colonies of the 1923 

sub-Antarctic fur seal Arctocephalus tropicalis, after application of ensemble model with a 1924 

True Skill Statistic (TSS) and Area Under the Receiver Operating Characteristic Curve 1925 

(AUC/ROC) threshold > 0.8. 1926 

Four variables emerged as the most significant in determining the precision of the 1927 

suitability models (Supplementary Figure 2). The response curves of the variables contributing 1928 

to the highest suitability (> 0.5) were sea salinity at minimum depth (SSMD) (approximately 1929 

from 34.73 ppm to 34.90 ppm), SST (approximately values between 4°C and 18°C), MLD 1930 

(approximately between 40 m and 90 m), and STMD (approximately from 1°C to   4°C) (Fig. 1931 

9).  1932 
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 1933 

Figure 9. Response curves of the probabilities of current environmental suitability for the eight 1934 

known breeding colonies of the sub-Antarctic fur seal Arctocephalus tropicalis, generated 1935 

based on the four most important variables, after applying the ensemble model with a True 1936 

Skill Statistic (TSS) threshold and Area Under the Receiver Operating Characteristic Curve 1937 

(AUC/ROC) > 0.8. A) Sea Salinity at Minimum Depth (SSMD), B) Sea Surface Temperature 1938 

(SST), 1939 

The current ensemble models, projected onto climate change scenarios of the Sixth 1940 

Assessment Report (AR6) of the Intergovernmental Panel on Climate Change up to 2100 1941 

(IPCC 2021), predicted an increase in suitable areas for A. tropicalis towards the subantarctic 1942 

and Antarctic regions in all SSP scenarios for 2050 and 2100 (Fig. 10; Supplementary Video 1943 

1; Fig. 11; suitability range > 0.5 to 1 in Figs. 11A and B. In SSP1-2.6, SSP2-4.5, and SSP5-1944 

8.5 scenarios, gains were 14%, 11%, and 14% in 2050, and 22%, 30%, and 46% in 2100, 1945 

respectively (Figs. 11A and B). The most significant losses were observed north of and within 1946 

the breeding colonies of the Tristan da Cunha/Gough Islands in the Atlantic Ocean and 1947 

Amsterdam Island in the Indian Ocean (Fig. 10; Supplementary Video 1). 1948 
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 1949 

Figure 10. Future environmental suitability maps of the eight known breeding colonies of the sub-Antarctic fur seal Arctocephalus tropicalis, 1950 

projected based on climate scenarios from the Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC, 2021). 1951 

The scenarios are presented for two periods: up to 2050, where A) corresponds to scenario SSP1-2.6, B) to SSP2-4.5 and C) to SSP5-8.5, and up 1952 

to 2100, where D) corresponds to scenario SSP1-2.6, E) to SSP2-4.5 and F) to SSP5-8.1953 
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 1954 

 1955 

Figure 11. Percentage variation in gain and loss, in km², of areas of environmental suitability 1956 

of the eight known breeding colonies of the sub-Antarctic fur seal Arctocephalus tropicalis, 1957 

compared to the current scenario. The areas were classified into suitability intervals (>0.5 –1, 1958 

>0.5–0.7, >0.7–0.9 and >0.9–1) and projected based on climate scenarios from the Sixth 1959 

Assessment Report (AR6) of the Intergovernmental Panel on Climate Change ( IPCC, 2021) 1960 

for the periods: A) 2050 and B) 2100. The corresponding scenarios are SSP1-2.6, SSP2-4.5 1961 

and SSP5-8.5. 1962 

When separating the global suitability values (> 0.5 to 1) into intervals, we observe that, 1963 

in virtually all SSP scenarios and intervals, there is an increase in suitable area for A. tropicalis 1964 

compared to current values, both for 2050 and 2100 (Fig. 11A and B). The only exceptions 1965 

were the optimal intervals (> 0.9 to 1) for SSP2-4.5 in the 2050 period and all scenarios in 2100 1966 

(Fig. 11B). In the suitability interval > 0.5 to 0.7, there was an increase in suitable areas: 19% 1967 

in 2050 and 32% in 2100 in the SSP1-2.6 scenario. In the SSP2-4.5 and SSP5-8.5 scenarios, 1968 

expansions ranged from 13% to 19% in 2050 and 43% to 61% in 2100. For the > 0.7 to 0.9 1969 

suitability interval, gains were 10%, 11%, and 10% in 2050 and 17%, 26%, and 48% in 2100, 1970 

respectively. In the > 0.9 to 1 suitability interval, the SSP1-2.6 and SSP5-8.5 scenarios showed 1971 

a 3% increase in 2050, while SSP2-4.5 experienced a 4% loss. For 2100, all scenarios indicated 1972 

losses of suitable areas: 18%, 31%, and 47% for SSP1-2.6, SSP2-4.5, and SSP5-8.5, 1973 

respectively (Fig. 11). When we separate the suitability values for the South Atlantic Ocean 1974 

into the analysed intervals, we also observe an increase in suitable area for A. tropicalis 1975 

compared to current values, both for 2050 and 2100, in all scenarios except in the optimal 1976 

interval (> 0.9 to 1) (Supplementary Figure 3A and B). 1977 
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DISCUSSION AND CONCLUSION 1978 

 This study represents a significant advancement over previous investigations on 1979 

Arctocephalus tropicalis, especially when compared to the work of Oliveira et al. (2024), by 1980 

presenting novel and complementary contributions. The main distinctions include the 1981 

expansion of spatial coverage through the inclusion of records from different regions of the 1982 

Brazilian coast, Southern, Southeastern, and Northeastern, which enables a more robust and 1983 

detailed analysis of the species’ extra-limital occurrence patterns. Additionally, the 1984 

incorporation of new environmental and climatic variables related to the TDC/Gough breeding 1985 

colony, such as aMLD, the aSAF, and the SASDI, contributed to a broader understanding of 1986 

the factors influencing the dispersion of A. tropicalis. Finally, the environmental suitability 1987 

projections based on AR6 climate scenarios provide an unprecedented perspective on potential 1988 

changes in the species’ breeding distribution in response to climate change, representing a 1989 

relevant advancement for conservation and management studies. 1990 

Spatial and temporal pattern of extra-limital records of Arctocephalus tropicalis 1991 

Our results indicated that records of A. tropicalis were concentrated in the southern 1992 

region of the Brazilian coast, and primarily during the austral winter and spring months, being 1993 

particularly prominent in winter (July, August, and September). The occurrence of A. tropicalis 1994 

along the Brazilian coast was first documented by Castelo and Pinedo (1977), based on two 1995 

specimens found on the northern coast of RS. Pinedo (1990) subsequently reported the 1996 

presence of A. tropicalis along the southern coast of Brazil, recording 23 individuals between 1997 

August and September from 1980 to 1985. Based on carcass collection found along the 1998 

northern coast of RS between 1982 and 1998, Oliveira (1999) identified a temporal arrival 1999 

pattern for A. tropicalis, with the highest frequencies recorded in August and September during 2000 

1992, 1994, and 1998. Oliveira (1999) also described a similar pattern for the South Atlantic 2001 

coast of South America in specific years. However, due to variations in sampling efforts across 2002 

countries, a statistical analysis of the data was not feasible. Prado et al. (2016) documented the 2003 

species on multiple occasions (n = 219) along the southern coastal region of Brazil between 2004 

1976 and 2013, identifying A. tropicalis as the third most common otariid and the second most 2005 

frequently recorded fur seal species along this coast. Our results corroborate the findings of 2006 

Prado et al. (2016), with July, August, and September being the months of highest occurrence 2007 

during 1984, 1992, 1998, 2000, and 2002. Moura et al. (2007) recorded A. tropicalis (n = 18) 2008 

along the coast of Rio de Janeiro between May and October from 1994 to 2006, based on long-2009 
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term monitoring data and photographs provided by lifeguards, fishers, beachgoers, and others. 2010 

Shaughnessy and Ross (1980) documented 19 out of 22 individuals on the west and east coasts 2011 

of South Africa between May and September during the years 1966 and 1970 – 1979. These 2012 

previous studies support our findings regarding the occurrence of A. tropicalis in extra-limital 2013 

regions, particularly in late autumn, winter, and spring months. 2014 

Modelling of extra-limital distribution of A. tropicalis 2015 

Regarding the association between new environmental and climatic variables in the 2016 

TDC/Gough region and the extra-limital records of A. tropicalis, our results indicated that 2017 

seasonality (represented by sine and cosine functions), aMLD, and aSAF relative to 2018 

TDC/Gough are strongly related with the occurrences of A. tropicalis in the southern, and 2019 

southeastern, plus northeastern regions. However, other variables demonstrated region-specific 2020 

influences: aChl-a and the SAODI were predominant in the southern region, while the SAM 2021 

and the SASDI had greater influence in the southeastern, plus northeastern regions.  2022 

As previously discussed, seasonality plays a fundamental role in the distribution 2023 

patterns of A. tropicalis, as most extra-limital records of the species, both along the Brazilian 2024 

coast and at other locations, occur during the austral winter and spring months. However, it is 2025 

essential to consider that although there is a clear association between seasonality and extra-2026 

limital distribution, these occurrence patterns are not consistent across the years, as 2027 

demonstrated in Figure 2 and in the study by Oliveira et al. (2024). For this reason, individuals 2028 

of this species are classified as vagrants (Bester 2021). 2029 

Along the Brazilian coast, both extreme positive and negative values of aMLD and 2030 

aSAF appear to influence, respectively, the absence and presence of A. tropicalis individuals. 2031 

The MLD acts as an important regulator of primary production: deeper mixed layers tend to 2032 

bring more nutrients to the surface but cause phytoplankton to remain for a shorter time in 2033 

shallow waters where photosynthetically active radiation is more intense (Constable et al. 2034 

2014). Oceanic fronts, in turn, represent transition zones between water masses with distinct 2035 

physical characteristics, such as temperature, salinity, and density. These contrasting zones 2036 

promote nutrient mixing, enhancing biological productivity and marine biodiversity (Chapman 2037 

et al. 2020). Specifically, the geographic distribution of A. tropicalis is associated with the SAF 2038 

and the STFN (Georges et al. 2000; Beauplet et al. 2004; Kirkman et al. 2016). These fronts 2039 

shift seasonally northward and southward. During summer in the TDC/Gough region, positive 2040 
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values of aSTFN indicate that the Subtropical Front is located further north, away from the 2041 

islands, while negative values of aSAF indicate the proximity of the SAF to the breeding 2042 

colony. As the seasons progress, the STF moves closer to the islands, while the SAF shifts even 2043 

further southward (Oliveira et al. in press). These extreme shifts in the SAF, combined with 2044 

anomalies in aMLD, may directly affect the availability of foraging areas and the energetic 2045 

costs associated with movement, influencing the dispersal behaviour of fur seals and favouring, 2046 

to varying degrees, the extra-limital occurrences of the species in certain years. 2047 

Although it is not possible to precisely determine how these local variables directly 2048 

influence the departure and subsequent arrival of A. tropicalis in other regions, given the erratic 2049 

behavior of individuals and the lack of satellite tracking data, it is plausible to suggest that 2050 

extremes in aMLD and aSAF impact the main dispersal routes toward the southern and 2051 

southeastern regions of the Brazilian coast, following the meridional displacement, especially 2052 

of the SAF. Moreover, changes in marine productivity caused by variations in MLD may 2053 

promote the dispersal of individuals to other areas, such as the African coast (Shaughnessy and 2054 

Ross 1980), driven by the Benguela Current, as suggested by several studies (Milmann et al. 2055 

2019; Sousa-Lima et al. 2022). This is particularly relevant for males and females not involved 2056 

in parental care, as they do not need to return to breeding colonies and can freely explore new 2057 

areas in search of food and resting sites. 2058 

However, to fully understand the dispersal patterns of A. tropicalis, it is essential to 2059 

integrate the large-scale effects of hemispheric climate modes with local oceanographic 2060 

processes. Climate indices such as the SAM and the SAODI have shown influence on the 2061 

redistribution of water masses and prey availability around TDC/Gough, as indicated by 2062 

Oliveira et al. (2024), who observed associations between positive phases of these modes and 2063 

A. tropicalis records in RS. The positive phase of SAM, for example, may intensify 2064 

cyclogenesis dynamics in the Southern Hemisphere and transport high productivity from the 2065 

Antarctic and Subantarctic fronts to the southern Brazilian coast (Aquino 2012; Aquino et al. 2066 

2013; Ayers and Strutton 2013; Sallée et al. 2008), encouraging food search along the South 2067 

American coast. 2068 

Furthermore, two other thermal variability indices in the South Atlantic basin, SAODI 2069 

and the SASDI, offer clues about potential dispersal routes. Although both occur in the same 2070 

basin, they refer to anomalies in different regions. The positive phase of SAODI is 2071 

characterised by above-average SST along the Equatorial African coast, contrasting with 2072 
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below-average SST along the coasts of Argentina, Uruguay, and Brazil. This pattern reverses 2073 

in the negative phase (Venegas et al. 1997). SASDI is defined by the difference between SST 2074 

anomalies in the southwestern and northeastern poles of the South Atlantic, with the positive 2075 

phase indicating above-average SST in the southwestern pole and below-average SST in the 2076 

northeastern pole (Morioka et al. 2011). Differences between these poles, in both indices, are 2077 

also associated with meridional displacements and the strengthening of the South Atlantic 2078 

subtropical high-pressure system (Venegas et al. 1997; Morioka et al. 2011). These variations 2079 

in the location of thermal anomalies may influence distinct dispersal routes: regarding the route 2080 

toward the southern region, the positive phase of SAODI may favor the movement of 2081 

individuals, since negative SST anomalies are established near the coasts of Argentina, 2082 

Uruguay, and Brazil (Venegas et al. 1997). For the routes toward the southeastern and 2083 

northeastern regions followed by A. tropicalis, the negative phase of SASDI (see results) may 2084 

facilitate the arrival of individuals due to the presence of positive SST anomalies near the 2085 

TDC/Gough Islands (Morioka et al. 2011). 2086 

Habitat Suitability of A. tropicalis breeding colonies 2087 

Our habitat suitability modelling results demonstrated that four variables were the most 2088 

important for explaining the suitability of global breeding colonies of A. tropicalis: SSMD, 2089 

SST, MLD, and STMD. The current models predicted the potential distribution of A. tropicalis 2090 

(suitability > 0.7) around the subantarctic and subtropical islands, as well as other locations 2091 

such as the Falkland/Malvinas Islands, Tierra del Fuego extending to southern Chile, 2092 

Kerguelen Island, southern Australia, Tasmania, and the islands of Oceania, mainly New 2093 

Zealand. Concerning the spatiotemporal distribution patterns of A. tropicalis, these other 2094 

locations are considered extra-limital areas (for a review, see Hofmeyr (2015)). Projections for 2095 

AR6 climate change scenarios indicated an increase in suitable areas for A. tropicalis towards 2096 

the subantarctic and Antarctic regions for the SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios, 2097 

both for 2050 and 2100. However, there were exceptions in the optimal ranges (> 0.9 to 1), 2098 

with a reduction in the suitability of breeding areas observed in all SSP scenarios for the year 2099 

2100. These results confirm the hypothesis that the currently suitable breeding areas for A. 2100 

tropicalis will contract in the subtropical regions northwards of the colonies, in response to 2101 

climate change, while simultaneously expanding into subantarctic and Antarctic regions. 2102 

Astudillo-Scalia and Albuquerque (2020), when comparing species richness and 2103 

complementarity maps for 123 marine mammal species, identified temperature, bathymetry, 2104 
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and salinity as the most important variables for the majority of the taxa studied, including the 2105 

group of 36 pinnipeds and fissiped carnivores. It is important to highlight that bathymetry was 2106 

the fifth most relevant variable in the present study. Salinity plays a crucial role in determining 2107 

habitat suitability for marine species, being a significant variable associated with the 2108 

distribution of marine mammals (Astudillo-Scalia and Albuquerque 2020). Pinnipeds face 2109 

extreme osmotic challenges when living in saltwater and must maintain water balance during 2110 

their time on land, during which they may fast completely, both from food and water (Verrier 2111 

et al. 2009; Costa 2009). Although the specific values of the response curve intervals for sea 2112 

surface salinity (SSS) were not directly presented in the results, the observed ranges, between 2113 

> 34.30 ppm and < 35.20 ppm, are very similar to the SSMD values, which range from > 34.73 2114 

ppm to < 34.90 ppm (Fig. 12A), in relation to higher habitat suitability (> 0.5) of A. tropicalis 2115 

breeding colonies. These results suggest that, despite the SSS intervals being slightly broader, 2116 

the vertical stability of salinity concentrations at breeding colonies may be a crucial factor in 2117 

understanding the species’ distribution, especially for female A. tropicalis and their pups, 2118 

which remain at the colonies after the breeding season (Bester 1981). 2119 

For Astudillo-Scalia and Albuquerque (2020), energy-related variables, particularly 2120 

temperature, have been strongly associated with species diversity patterns in both terrestrial 2121 

and marine systems (Hawkins et al. 2003; Tittensor et al. 2010; Albuquerque and Beier 2015). 2122 

Georges et al. (2000) found that lactating females A. tropicalis from Amsterdam Island prefer 2123 

to forage in areas with surface temperatures between 14.0 and 16.0°C, avoiding cooler waters. 2124 

Beauplet et al. (2004) observed that females, also from Amsterdam Island, forage in areas with 2125 

temperatures ranging from 10°C to 18°C, indicating an association with the SAF and the STFN, 2126 

where the average isotherm temperatures range from 6.5°C to 18.5°C, respectively. Currently, 2127 

the seasonal dynamics of oceanic fronts and the resulting decrease in the SST gradient are 2128 

believed to be associated with the reduction in resource availability at A. tropicalis breeding 2129 

colonies (Beauplet et al. 2004). This hypothesis is consistent with previous studies showing 2130 

that the duration of foraging trips increases as food availability decreases (Croxall et al. 1988; 2131 

Lunn et al. 1993). Consequently, female trips were longer and considerably more dispersed 2132 

than in earlier phases (Georges et al. 2000; Beauplet et al. 2004). However, in an increasingly 2133 

warming world, particularly with regard to SSTs (IPCC 2021, Oliveira et al. in press), it is 2134 

plausible that these seasonal changes will become more unstable and prolonged, further 2135 

intensifying the effects upon the food web and consequently, upon the species. As a result, the 2136 
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species may be forced to explore increasingly distant areas, including regions further south, in 2137 

search of resources, which may redefine its current foraging patterns. 2138 

Reisinger et al. (2022) analyzed tracking data from 14 marine predator species (10 2139 

seabirds, 2 otariids, 1 phocid, and 1 cetacean, totalling 538 tracks) to model habitat selection 2140 

around the Prince Edward Islands. The authors found that the importance of variables varied 2141 

according to species and season, but depth, sea surface height (SSH), and SST were the most 2142 

significant in all models. For A. tropicalis, the most important variable in summer was depth, 2143 

while in winter it was depth, SST, and SSH at these islands. For A. gazella, which occurs 2144 

sympatrically with the A. tropicalis at the Prince Edward Islands, the most important variables 2145 

were depth and SSH in both summer and winter seasons. Moreover, the authors observed that 2146 

most projected movements were southward, which was also observed for A. tropicalis and A. 2147 

gazella. Among the 184 predicted movements under the RCP4.5 scenario, only 22 were 2148 

northwards, predominantly during winter months. Similarly, under the RCP8.5 scenario, of the 2149 

184 projected movements, only 19 were northwards, again mostly in winter. 2150 

Besides directly affecting the suitability of the marine habitat, salinity, together with 2151 

temperature and depth, can influence the distribution of the main prey of A. tropicalis 2152 

(McMahon et al. 2019), such as mesopelagic fishes, especially myctophids (lanternfishes), and 2153 

cephalopods (Bester and Laycock 1985; Klages and Bester 1998; Robinson et al. 2002; 2154 

Beauplet et al. 2004; Oliveira et al. 2008; Makhado et al. 2013; Bester et al. 2021; de Lima et 2155 

al. 2024a). Using ecological niche models, Freer et al. (2019) examined the impact of climate 2156 

change projections on 10 myctophid species with predominant biomass in the Southern Ocean. 2157 

They found that salinity at 200 m depth, SST, temperature at 200 m, and primary productivity 2158 

were the most important variables for most models. In their study, Freer et al. (2019) observed 2159 

that nine out of ten myctophid species would shift southward in their centroid latitude 2160 

regardless of emission scenarios or time periods analyzed. These findings corroborate the 2161 

results obtained in the present study, reinforcing the relevance of these oceanographic variables 2162 

in determining the distribution of A. tropicalis and its prey over time.  2163 

Regarding cephalopods, Xavier et al. (2016) used catch data to develop habitat 2164 

suitability models for 15 species across 10 families of the most common cephalopods in the 2165 

Southern Ocean. The variables with the highest relative importance explaining the distribution 2166 

of species from the four cephalopod families (Loliginidae, Histioteuthidae, Ommastrephidae, 2167 

and Onychoteuthidae) most representative in the diet of A. tropicalis were depth, SST, 2168 

chlorophyll-a, and SSH. Regarding future habitat suitability projections under climate change 2169 
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scenarios, Xavier et al. (2016) reported highly heterogeneous results, with species occupying a 2170 

wide range of distributions, from areas near the Antarctic continent to warmer waters north of 2171 

60°S (families Histioteuthidae, Ommastrephidae, and Onychoteuthidae), as well as species 2172 

restricted to continental shelf regions, such as Doryteuthis gahi from the family Loliginidae. 2173 

However, the authors combined habitat suitability predictions for each cephalopod species to 2174 

produce a species richness index, identifying “hotspot” regions of cephalopod distribution in 2175 

the Southern Ocean. The highest predicted values (eight or more species) occurred across a 2176 

broad circumpolar band, approximately from the Polar Front southward to the northern extent 2177 

of sea ice. Areas with nine or more species were found in the southwest Atlantic sector, roughly 2178 

between 45°S and 60°S latitude and 50°W and 10°W longitude. These coordinates represent a 2179 

broad region between the Falkland/Malvinas Islands and the southern subtropical convergence 2180 

towards the TDC/Gough islands, within the Subantarctic and Polar Front domains. Although 2181 

Freer et al. (2019) did not apply the approach of combining suitability predictions for 2182 

myctophids, their future projection maps suggest that the southwestern Atlantic sector may 2183 

become an important area for lanternfish species. These results reinforce the importance of the 2184 

region, which, in our study, stands out for showing high suitability in future projections for A. 2185 

tropicalis. This relevance is further underscored by potential shifts in the distribution of 2186 

cephalopods (Xavier et al. 2016) and myctophids (Freer et al. 2019), key prey species for A. 2187 

tropicalis, which may significantly impact food availability and the energy supply essential for 2188 

the species’ survival and reproductive success in the future (Tierney et al. 2002; Lea et al. 2002; 2189 

Oosthuizen et al. 2016). 2190 

Based on predictive models developed for the main prey of A. tropicalis (Xavier et al. 2191 

2015; Freer et al. 2019), the southeastern region of the Southern Ocean, particularly the area 2192 

near the Falkland/Malvinas Islands, may represent an important future foraging zone for 2193 

individuals from the TDC/Gough. Although these models indicate a southward shift of the 2194 

species’ main prey under future climate change scenarios, this region is already occupied by 2195 

other pinniped species. These include the South American sea lions Otaria flavescens 2196 

(Thompson et al. 2005), the South American fur seals A. australis (Baylis et al. 2019), the 2197 

southern elephant seals Mirounga leonina (Fabiani et al. 2006), and the Antarctic fur seals A. 2198 

gazella (Arthur et al. 2017). Therefore, A. tropicalis could potentially gain new suitable areas 2199 

by occupying or sharing islands currently inhabited by other otariid species, as already occurs 2200 

with A. gazella on Macquarie, Crozet, Marion, and Prince Edward Islands, as well as with the 2201 

New Zealand fur seal A. forsteri on Macquarie Island. As a consequence of this coexistence, 2202 
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interspecific breeding events may occur, resulting in the formation of hybrids (Lancaster et al. 2203 

2006; 2007a,b, 2010; Schaurich et al. 2012). 2204 

Another factor potentially limiting the colonization of new breeding sites is the 2205 

successful reproduction outside island environments. For pinnipeds breeding on remote 2206 

islands, such as A. tropicalis, reproduction outside these environments is highly unlikely, 2207 

especially for species with prolonged lactation periods (Bester 1981). The lack of essential 2208 

niche components, particularly in terms of habitat and reproductive characteristics such as the 2209 

absence of sheltered areas and stable substrates, combined with challenging environmental 2210 

conditions like sandy beaches, presence of domestic dogs, and frequent frontal systems as 2211 

reported to the southern Brazilian coast (Silva et al. 2003), greatly limits reproductive success 2212 

for the establishment of a breeding pinniped colony. Furthermore, coastal urbanization further 2213 

reduces suitable habitat for pinnipeds, consequently decreasing their survival chances by 2214 

increasing risks of conflict with humans and domestic animals. 2215 

It is important to highlight that successful colonisation of new breeding sites requires 2216 

the presence of biologically and socially capable males and females, especially during the 2217 

species’ breeding season (late November and December). Their presence is crucial to ensure 2218 

effective colonisation and establishment of new populations. As this period coincides with the 2219 

presence of both sexes in breeding colonies, it is unlikely that areas outside the current 2220 

distribution limits will become breeding sites in the future. Moreover, with climate change 2221 

potentially inducing alterations resulting in reproductive failures, colonising new breeding 2222 

areas outside islands poses a biological challenge for A. tropicalis, representing an additional 2223 

conservation pressure for the species. The only documented records of pregnant A. tropicalis 2224 

females along the Brazilian coast have resulted either in the death of the female or in abortion 2225 

(de Lima et al. 2025; R. C. de Lima personal communication). 2226 

Given the current challenges, more than traditional beach monitoring, what is truly 2227 

needed is satellite tracking of A. tropicalis individuals, whether from breeding colonies or from 2228 

extra-limital areas such as the Brazilian coast. This approach is crucial for understanding, in 2229 

real time, the dispersal patterns of vagrant individuals and their ecological and sanitary 2230 

implications. Considering that A. tropicalis is the otariid with the greatest dispersal capacity in 2231 

the Southern Hemisphere (Hofmeyr 2015), this type of tracking also becomes essential to 2232 

assess the risk of spreading highly lethal diseases, such as the highly pathogenic avian influenza 2233 

(HPAI) H5N1 virus. Since 2022, H5N1 has caused mass mortality of pinnipeds in South 2234 

America (Gamarra-Toledo et al. 2023; Campagna et al 2024; de Lima et al. 2024b; Plaza et al. 2235 
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2024; Szteren and Franco-Trecu, 2024; Uhart et al. 2024). Furthermore, health surveillance 2236 

must be reinforced for individuals arriving on the Brazilian coast, since the country functions 2237 

as a true population “sink” for this species (Pulliam 1988), lacking favourable characteristics 2238 

for colony formation. The main concern, therefore, is not the local conservation of the species, 2239 

but the risk of A. tropicalis acting as a vector of pathogens between regions and species, 2240 

including potential viral spillovers to A. gazella and possibly other pinniped species. These 2241 

risks highlight the urgency of an integrated approach combining spatial ecology, epidemiology, 2242 

and wildlife management, shifting the focus of conservation beyond simple habitat occupation 2243 

towards understanding the broader ecological and sanitary effects at both regional and Southern 2244 

Hemisphere scales. 2245 
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CAPÍTULO 4 2626 

CONSIDERAÇÕES FINAIS 2627 

Esta tese apresentou contribuições inéditas para o conhecimento da distribuição 2628 

geográfica do lobo-marinho-subantártico (Arctocephalus tropicalis), tanto em suas colônias 2629 

reprodutivas, quanto em registros extra limite ao longo da costa brasileira. Além disso, incluiu 2630 

uma análise detalhada das tendências temporais de quatro variáveis ambientais-chave, 2631 

temperatura da superfície do mar, frentes oceânicas Subantártica (FSA) e Subtropical limite 2632 

norte (FSTN) e concentração de clorofila-a, que influenciam diretamente a ecologia e a 2633 

dinâmica populacional da espécie. Nesse contexto, a modelagem de distribuição de espécies 2634 

foi aplicada como uma ferramenta central para investigar e prever padrões espaciais de 2635 

ocorrência em cenários ambientais distintos. Ao combinar dados empíricos de presença com 2636 

séries temporais e modelos baseados em algoritmos de aprendizado de máquina, foi possível 2637 

identificar não apenas a adequabilidade atual dos habitats, mas também potenciais alterações 2638 

futuras na distribuição da espécie sob diferentes cenários climáticos do IPCC (AR6). Os 2639 

resultados revelaram a projeção de um deslocamento da distribuição em direção a áreas 2640 

subantárticas e polares, juntamente com a contração de habitats altamente adequados nas 2641 

colônias atuais, indicando a potencial vulnerabilidade dessas populações frente às mudanças 2642 

climáticas atuais e futuras. A modelagem de distribuição de espécies demonstrou seu potencial 2643 

não apenas como instrumento de análise ecológica, mas também como suporte para a 2644 

formulação de estratégias de conservação e manejo em um contexto de aquecimento dos 2645 

oceanos e mudanças climáticas.  2646 

Os resultados desta tese sugerem implicações conservacionistas importantes diante das 2647 

mudanças climáticas em curso. A contração das áreas altamente adequadas nas colônias 2648 

reprodutivas atuais de A. tropicalis, aliada ao deslocamento das zonas de maior adequabilidade 2649 

para regiões mais ao sul, indicou a necessidade de monitoramento contínuo dessas populações 2650 

e de seus habitats. Além disso, a possível tendência no aumento das ocorrências extra limite de 2651 

A. tropicalis, especialmente na região sul da costa brasileira e em outros países mais ao sul 2652 

desta região, demanda atenção por parte dos órgãos ambientais e redes de resgate. É 2653 

fundamental que essas instituições adotem protocolos específicos para resposta rápida e 2654 

implementem medidas de mitigação de ameaças em ambientes costeiros, como a interação com 2655 

cães domésticos e os distúrbios causados por atividades humanas. Também dentro de um 2656 

contexto epidemiológico, como o evento de mortalidade em massa decorrente da influenza 2657 
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aviária de alta patogenicidade (vírus H5N1) ocorrido em 2023 no sul do Brasil, é urgente 2658 

considerar o risco de disseminação de patógenos entre populações de mamíferos marinhos, 2659 

especialmente em função da grande capacidade de dispersão de A. tropicalis, caso algum 2660 

indivíduo se contamine com esse vírus e siga com seus movimentos oceânicos.. A crescente 2661 

sobreposição entre a fauna silvestre e ambientes antropizados amplia o potencial de surtos 2662 

zoonóticos, tornando essencial a integração entre vigilância sanitária, monitoramento 2663 

ambiental e estratégias de conservação. 2664 

Por fim, como futuros estudos necessários, recomenda-se aprofundar o monitoramento 2665 

nas colônias reprodutivas e, também em áreas extra limite, incluindo o rastreamento por 2666 

telemetria satelital dos espécimes a fim de se descobrir suas rotas de forrageamento em 2667 

diferentes fases do ciclo reprodutivo. Também seria relevante integrar dados de abundância 2668 

populacional (como estimativas anuais de nascimentos ou censos reprodutivos) aos modelos 2669 

preditivos, de modo a incorporar respostas demográficas às mudanças ambientais. Finalmente, 2670 

novos estudos genéticos sobre possíveis eventos de hibridização entre A. tropicalis e outras 2671 

espécies de otariídeos, em zonas de sobreposição futura, podem esclarecer os impactos 2672 

ecológicos e evolutivos dessa nova configuração de distribuição. 2673 

  2674 
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Supplementary Table T1: Annual average results, standard deviation (SD) for the following variables: chlorophyll-a concentration anomaly (aChl-a) from 

1998 to 2020, sea surface temperature anomaly (aSST), distance anomaly from the Subtropical Front North (aSTFN), and distance anomaly from the 

Subantarctic Front (aSAF) for the Tristan da Cunha/Gough Archipelago from 1982 to 2021. All variables were obtained from the Tristan da Cunha/Gough 

Archipelago. Bolded values indicate the highest and lowest anomaly magnitudes for each variable. Annual means of the Southern Annular Mode (SAM) 

index and the Multivariate El Niño-Southern Oscillation Index (MEI/ENSO). Positive values of the indices are shown in red and negative values in blue. For 

MEI/ENSO, positive values represent El Niño events and negative values represent La Niña events. 

Year aSST_Average aSST_SD aSAF_Average aSAF_SD aSTFN_Average aSTFN_SD aChl_a_average aChl_a_sd SAM MEI/ENSO 

1982 0.46 0.57 22.6 52.4 -7.1 88.8 - - 0.20 0.97 

1983 -0.12 0.60 -19.8 30.6 48.3 89.0 - - 0.07 1.22 

1984 -0.48 0.45 -33.6 21.6 5.8 90.5 - - -0.27 -0.32 

1985 -0.58 0.46 11.5 50.2 52.3 67.1 - - 0.48 -0.43 

1986 -0.34 0.19 24.1 24.3 62.9 71.8 - - -0.25 0.30 

1987 -0.43 0.43 -7.3 20.4 21.3 94.3 - - -0.15 1.37 

1988 -0.02 0.36 17.3 16.4 -21.5 68.1 - - -0.32 -0.87 

1989 0.24 0.23 5.2 18.0 -1.5 50.3 - - 0.64 -0.82 

1990 0.41 0.41 33.7 37.7 -71.5 73.3 - - -0.18 0.18 

1991 -0.03 0.52 1.5 24.1 1.3 68.9 - - -0.58 0.61 

1992 -0.83 0.90 -35.9 38.4 97.5 106.4 - - -0.64 1.16 

1993 -0.29 0.25 -30.3 18.7 68.5 53.8 - - 0.57 0.88 

1994 0.01 0.48 -11.7 29.1 -11.9 72.6 - - 0.06 0.50 

1995 -0.44 0.54 -12.8 25.5 42.0 74.3 - - 0.17 -0.18 

1996 -0.59 0.20 -14.3 24.0 109.1 48.2 - - -0.19 -0.62 

1997 0.10 0.57 7.5 24.4 -12.7 84.3 - - -0.06 1.17 

1998 -0.10 0.29 -43.0 22.9 -0.7 52.2 -0.01475 0.07547 0.78 0.32 

1999 -0.02 0.48 -24.6 19.3 -2.9 81.3 0.00256 0.06234 0.63 -1.24 

2000 0.17 0.37 -21.4 17.4 -35.8 47.9 -0.06266 0.06647 -0.12 -0.85 

2001 -0.26 0.70 -23.5 32.9 37.9 104.8 -0.03459 0.07154 0.35 -0.39 

2002 -0.44 0.43 -3.6 48.1 17.5 68.7 -0.00041 0.04067 -0.60 0.35 

2003 -0.51 0.50 -38.1 41.8 0.5 81.3 -0.01539 0.04610 -0.22 0.17 

2004 0.09 0.42 -18.1 20.4 -43.5 78.7 0.01430 0.04916 0.19 0.15 

2005 -0.08 0.34 -22.7 7.0 15.6 62.5 -0.00914 0.04114 -0.20 -0.02 

2006 0.54 0.26 7.0 26.0 -66.0 61.2 -0.01775 0.07677 0.26 0.02 
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2007 0.22 0.36 -25.2 20.7 -27.6 61.4 0.01186 0.08236 -0.47 -0.60 

2008 0.04 0.63 -4.2 17.2 30.3 92.5 -0.03011 0.08662 0.67 -1.09 

2009 0.30 0.46 54.7 30.3 3.4 64.9 0.05561 0.06070 -0.19 -0.03 

2010 0.06 0.49 37.2 53.2 14.2 60.4 0.02181 0.07549 0.79 -0.89 

2011 0.54 0.42 79.3 69.3 19.9 99.2 -0.00232 0.07477 -0.05 -1.34 

2012 0.50 0.27 18.9 22.5 -76.6 52.4 -0.01454 0.07060 0.13 -0.32 

2013 0.34 0.26 -15.7 23.7 -88.5 65.0 -0.00984 0.02543 0.03 -0.41 

2014 0.01 0.35 -26.7 23.2 9.9 89.3 0.00087 0.04094 0.08 -0.02 

2015 0.15 0.17 -2.4 32.8 -8.3 62.4 0.03720 0.06075 0.71 1.28 

2016 0.06 0.24 5.1 16.6 -64.0 92.2 0.00253 0.04869 0.57 0.45 

2017 0.16 0.27 -14.2 18.7 -36.8 47.7 -0.02399 0.04572 0.45 -0.50 

2018 0.41 0.68 47.4 50.8 0.1 98.6 -0.01854 0.07321 0.43 -0.29 

2019 0.07 0.36 13.4 25.8 -6.5 87.2 0.03294 0.05243 -0.16 0.34 

2020 0.13 0.27 39.6 52.1 -51.3 69.0 0.03885 0.04346 0.43 -0.59 

2021 0.53 0.46 23.1 31.6 -23.7 92.9 - - 0.79 -1.20 
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Supplementary Table T2: Montly average results, standard deviation (SD) for the following variables: chlorophyll-a concentration anomaly 

(aChl-a) from 1998 to 2020, sea surface temperature anomaly (aSST), distance anomaly from the Subtropical Front North (aSTFN), and distance 

anomaly from the Subantarctic Front (aSAF) for the Tristan da Cunha/Gough Archipelago from 1982 to 2021. All variables were obtained from 

the Tristan da Cunha/Gough Archipelago. Bolded values indicate the highest and lowest anomaly magnitudes for each variable.  

Month aSST_Average aSST_SD aSAF_Average aSAF_SD aSTFN_Average aSTFN_SD aChl_a_average aChl_a_sd 

Jan 0.00025 0.686076 0.0010 54.7 0.0000 80.9 0.000043 0.072041 

Feb -0.00050 0.820300 -0.0003 64.0 0.0000 85.4 0.000233 0.071863 

Mar 0.00000 0.668975 0.0008 59.9 0.0002 70.3 -0.000780 0.068546 

Apr 0.00075 0.631414 -0.0005 52.6 0.0000 71.9 -0.000137 0.054017 

May -0.00075 0.521941 0.0000 41.5 0.0000 70.2 -0.002903 0.048329 

Jun -0.00050 0.432316 0.0003 29.4 0.0002 81.6 -0.002733 0.060607 

Jul 0.00075 0.400777 0.0007 23.6 -0.0005 91.0 -0.006378 0.076958 

Aug -0.00075 0.353890 -0.0005 19.6 0.0008 92.8 -0.005168 0.064508 

Sep -0.00075 0.376048 0.0005 21.3 0.0005 94.0 -0.002870 0.064620 

Oct 0.00025 0.409787 0.0003 23.3 -0.0010 95.4 -0.000468 0.065185 

Nov -0.00050 0.457109 0.0005 27.7 -0.0005 99.0 0.002403 0.066500 

Dec 0.00000 0.673095 -0.0005 48.7 0.0000 96.4 0.000230 0.074390 
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Supplementary Table T3: Dataset with monthly averages for the following variables: chlorophyll-a 

concentration anomaly (aChl-a) from 1998 to 2020, sea surface temperature anomaly (aSST), distance 

anomaly from the Subtropical Front North (aSTFN), and distance anomaly from the Subantarctic Front (aSAF) 

for the Tristan da Cunha/Gough Archipelago from 1982 to 2021. All variables were obtained from the Tristan 

da Cunha/Gough Archipelago. Bolded values indicate the highest and lowest anomaly magnitudes for each 

variable. Annual means of the Southern Annular Mode (SAM) index and the Multivariate El Niño-Southern 

Oscillation Index (MEI/ENSO). Positive values of the indices are shown in red and negative values in blue. 

For MEI/ENSO, positive values represent El Niño events and negative values represent La Niña events. 

Year Month Season aSST aSAF aSTFN aChl_a SAM MEI/ENSO 

1982 Jan Summer 0.83 46.7 -87.5 - -0.55 -0.38 

1982 Feb Summer 0.48 53.2 -29.3 - 0.28 -0.47 

1982 Mar Summer 0.95 108.8 -73.8 - 1.60 -0.28 

1982 Apr Autumn 1.46 97.3 -109.9 - 1.53 -0.34 

1982 May Autumn 0.76 46.4 -37.1 - 0.12 -0.03 

1982 Jun Autumn 0.14 25.3 63.5 - 0.92 0.78 

1982 Jul Winter 0.23 8.0 141.5 - -0.41 1.79 

1982 Aug Winter 0.29 -14.3 77.3 - 0.78 2.02 

1982 Sep Winter 0.15 -25.8 33.5 - 1.58 1.81 

1982 Oct Spring 0.43 1.0 -34.4 - -0.70 1.93 

1982 Nov Spring 0.69 3.5 -130.6 - -0.85 2.28 

1982 Dec Spring -0.86 -79.0 102.2 - -1.93 2.48 

1983 Jan Summer -1.30 -85.5 168.5 - -1.34 2.57 

1983 Feb Summer -1.07 -65.5 114.6 - -1.08 2.74 

1983 Mar Summer 0.34 19.5 -53.2 - 0.17 2.68 

1983 Apr Autumn 0.61 -2.6 -84.2 - 0.15 2.79 

1983 May Autumn -0.25 -34.8 53.1 - -0.44 2.89 

1983 Jun Autumn 0.16 -19.8 -13.9 - -0.26 2.02 

1983 Jul Winter 0.50 5.2 -84.0 - 1.11 0.75 

1983 Aug Winter 0.06 -10.7 117.1 - 0.79 -0.11 

1983 Sep Winter -0.01 -12.1 91.1 - -0.70 -0.41 

1983 Oct Spring -0.20 -17.2 143.6 - 1.19 -0.43 

1983 Nov Spring 0.33 12.0 25.8 - 0.73 -0.43 

1983 Dec Spring -0.57 -26.6 101.6 - 0.48 -0.43 

1984 Jan Summer -1.44 -76.1 195.1 - -1.10 -0.5 

1984 Feb Summer -1.01 -58.9 104.9 - -0.54 -0.52 

1984 Mar Summer -0.89 -58.1 79.0 - 0.25 -0.11 

1984 Apr Autumn -0.67 -40.5 34.0 - -0.20 0.09 

1984 May Autumn -0.30 -39.1 -22.2 - -1.24 -0.47 

1984 Jun Autumn 0.01 -29.1 -152.3 - 0.43 -0.72 

1984 Jul Winter -0.11 -26.9 -26.2 - 0.89 -0.31 

1984 Aug Winter -0.05 -12.6 -75.3 - -0.55 -0.15 

1984 Sep Winter -0.47 -9.0 -55.6 - 0.33 -0.11 

1984 Oct Spring -0.42 -10.3 16.8 - -0.01 -0.15 

1984 Nov Spring -0.31 -25.4 -5.4 - -0.02 -0.58 

1984 Dec Spring -0.08 -16.9 -22.9 - -1.48 -0.31 

1985 Jan Summer -0.85 31.9 81.3 - -0.79 -0.25 

1985 Feb Summer -1.13 57.8 105.0 - 0.22 -0.58 

1985 Mar Summer -0.49 122.3 49.4 - -0.13 -0.6 

1985 Apr Autumn -0.30 20.1 27.7 - 0.03 -0.76 

1985 May Autumn -0.08 47.7 -5.7 - -0.07 -1.22 
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1985 Jun Autumn 0.24 25.3 -39.5 - -0.33 -0.57 

1985 Jul Winter -0.05 -1.1 -13.3 - 1.91 -0.02 

1985 Aug Winter -0.44 -30.3 30.0 - 0.59 -0.37 

1985 Sep Winter -0.72 -54.6 19.1 - 1.51 -0.44 

1985 Oct Spring -1.05 -46.0 111.4 - 0.47 -0.04 

1985 Nov Spring -1.15 -24.6 207.6 - 1.08 0 

1985 Dec Spring -0.89 -10.2 55.1 - 1.24 -0.34 

1986 Jan Summer -0.45 5.8 42.8 - 0.16 -0.36 

1986 Feb Summer -0.23 60.7 -9.4 - -1.59 -0.3 

1986 Mar Summer -0.03 55.4 -28.8 - -0.77 -0.39 

1986 Apr Autumn -0.14 57.5 7.0 - -0.09 -0.52 

1986 May Autumn -0.25 46.1 -34.8 - -1.85 -0.18 

1986 Jun Autumn -0.26 13.6 97.9 - -0.62 0.12 

1986 Jul Winter -0.25 18.3 171.1 - 0.09 0.56 

1986 Aug Winter -0.37 9.0 109.1 - -0.16 1.05 

1986 Sep Winter -0.38 18.9 104.9 - 0.85 1.31 

1986 Oct Spring -0.59 5.5 171.1 - 0.31 0.57 

1986 Nov Spring -0.73 -12.7 89.6 - -0.22 0.65 

1986 Dec Spring -0.40 11.7 34.5 - 0.89 1.06 

1987 Jan Summer -0.85 24.0 90.7 - -0.95 0.98 

1987 Feb Summer -1.48 8.3 189.9 - -0.71 1.08 

1987 Mar Summer -0.67 -30.8 83.4 - -0.13 1.47 

1987 Apr Autumn -0.49 -54.1 92.4 - -0.29 1.66 

1987 May Autumn -0.57 -19.2 93.6 - 0.04 1.91 

1987 Jun Autumn -0.27 -0.2 -45.7 - -0.70 2.02 

1987 Jul Winter -0.25 -5.5 -99.1 - -1.53 1.92 

1987 Aug Winter -0.11 -0.2 -77.0 - 1.49 1.48 

1987 Sep Winter 0.06 8.8 -76.3 - -0.80 1.23 

1987 Oct Spring 0.08 -1.4 -84.5 - 0.46 1.13 

1987 Nov Spring -0.40 -15.4 42.0 - 1.06 0.85 

1987 Dec Spring -0.22 -2.2 45.8 - 0.27 0.75 

1988 Jan Summer 0.09 15.7 -15.5 - -0.61 0.59 

1988 Feb Summer 0.06 27.9 18.4 - 0.55 0.31 

1988 Mar Summer -0.34 -27.0 62.1 - -0.22 0.19 

1988 Apr Autumn -0.47 6.5 71.6 - -0.08 -0.01 

1988 May Autumn 0.11 37.6 -1.2 - -0.75 -0.36 

1988 Jun Autumn 0.05 21.8 13.0 - -1.05 -1.19 

1988 Jul Winter 0.07 16.0 -36.7 - 0.58 -1.77 

1988 Aug Winter 0.08 25.9 -64.5 - -0.74 -1.79 

1988 Sep Winter -0.48 30.4 -24.5 - -0.69 -1.77 

1988 Oct Spring -0.46 18.9 -3.0 - -2.31 -1.54 

1988 Nov Spring 0.28 10.7 -172.2 - 0.40 -1.61 

1988 Dec Spring 0.73 23.7 -105.2 - 1.07 -1.49 

1989 Jan Summer 0.42 24.3 -7.9 - 0.62 -1.09 

1989 Feb Summer 0.59 3.6 -71.4 - 0.85 -1.06 

1989 Mar Summer 0.14 -7.9 -16.8 - 0.63 -1.2 

1989 Apr Autumn 0.28 -6.0 -33.3 - -0.57 -1.09 

1989 May Autumn 0.11 -13.9 25.2 - 2.69 -1.04 

1989 Jun Autumn 0.20 -11.8 84.8 - 1.99 -1.02 

1989 Jul Winter 0.06 -1.3 58.8 - 1.46 -1.12 
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1989 Aug Winter 0.11 11.4 -17.3 - -0.13 -0.73 

1989 Sep Winter 0.27 18.8 28.9 - -0.12 -0.61 

1989 Oct Spring 0.10 20.0 15.9 - 0.14 -0.56 

1989 Nov Spring 0.71 41.3 -92.5 - 0.57 -0.33 

1989 Dec Spring -0.10 -15.9 7.7 - -0.45 -0.02 

1990 Jan Summer -0.26 -10.7 -25.3 - -0.35 0.12 

1990 Feb Summer -0.27 44.8 34.6 - 1.15 0.43 

1990 Mar Summer 0.18 57.7 0.9 - 0.41 0.61 

1990 Apr Autumn 0.36 121.7 -18.4 - -1.88 0.17 

1990 May Autumn 0.97 82.4 -127.4 - -1.80 0.03 

1990 Jun Autumn 0.70 22.6 -100.7 - 0.09 0.04 

1990 Jul Winter 0.65 10.2 -176.5 - -1.22 0.17 

1990 Aug Winter 0.56 8.7 -160.6 - 0.47 0.06 

1990 Sep Winter 0.65 7.1 -116.2 - 1.48 0.21 

1990 Oct Spring 0.88 8.5 -144.7 - 0.14 -0.06 

1990 Nov Spring 0.42 19.2 -22.4 - -0.36 0.12 

1990 Dec Spring 0.08 32.6 -1.6 - -0.31 0.28 

1991 Jan Summer -0.06 35.2 -9.2 - 0.87 0.16 

1991 Feb Summer 0.07 19.3 -6.4 - -0.85 0.08 

1991 Mar Summer 1.12 26.8 -94.3 - 0.52 0.21 

1991 Apr Autumn 0.64 -7.5 -86.1 - -0.64 0.21 

1991 May Autumn 0.14 -27.8 -37.9 - -0.54 0.35 

1991 Jun Autumn -0.06 -9.3 -27.0 - -1.15 0.89 

1991 Jul Winter -0.24 -3.4 108.8 - -1.22 0.88 

1991 Aug Winter -0.08 -5.5 17.7 - 0.04 0.42 

1991 Sep Winter -0.17 8.4 -32.1 - -0.51 0.62 

1991 Oct Spring -0.42 15.6 -16.1 - -0.62 1.09 

1991 Nov Spring -0.29 16.6 81.1 - -0.80 1.17 

1991 Dec Spring -0.98 -50.4 116.7 - -2.07 1.29 

1992 Jan Summer -1.28 -64.0 151.0 - 0.07 1.7 

1992 Feb Summer -1.86 -90.1 210.3 - -1.63 1.59 

1992 Mar Summer -2.21 -95.2 262.8 - -1.01 1.72 

1992 Apr Autumn -1.74 -77.8 234.0 - -0.44 1.98 

1992 May Autumn -1.31 -50.1 133.8 - -2.03 1.69 

1992 Jun Autumn -0.89 -37.8 56.1 - -2.19 1.58 

1992 Jul Winter -0.85 -17.4 -18.8 - -0.57 0.76 

1992 Aug Winter -0.59 -6.3 64.6 - -0.35 0.08 

1992 Sep Winter -0.26 3.5 100.0 - 0.44 0.5 

1992 Oct Spring 0.12 8.3 69.5 - -0.32 0.81 

1992 Nov Spring 0.55 4.0 -84.3 - 0.12 0.73 

1992 Dec Spring 0.39 -8.6 -9.2 - 0.24 0.78 

1993 Jan Summer -0.30 3.4 13.2 - -2.02 0.83 

1993 Feb Summer -0.70 -41.2 65.3 - 0.44 0.93 

1993 Mar Summer -0.33 -39.0 30.0 - -0.38 0.78 

1993 Apr Autumn -0.58 -46.8 88.2 - 0.09 0.98 

1993 May Autumn -0.43 -39.4 70.2 - 1.26 1.48 

1993 Jun Autumn -0.25 -22.7 146.7 - 1.22 1.5 

1993 Jul Winter -0.12 -14.2 110.3 - 1.96 0.91 

1993 Aug Winter 0.12 -8.0 130.4 - 1.08 0.62 

1993 Sep Winter -0.01 -18.8 39.9 - 1.06 0.64 
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1993 Oct Spring -0.07 -27.9 19.8 - 0.75 0.95 

1993 Nov Spring -0.56 -57.9 130.2 - 0.32 0.7 

1993 Dec Spring -0.19 -51.4 -22.1 - 1.03 0.26 

1994 Jan Summer 0.84 4.8 -110.2 - 0.72 0.02 

1994 Feb Summer 0.34 -37.2 -37.2 - 1.16 -0.17 

1994 Mar Summer -0.08 -33.7 11.0 - 0.69 -0.21 

1994 Apr Autumn -0.10 -40.1 11.0 - -0.05 0.03 

1994 May Autumn -0.37 -41.0 110.8 - -0.15 0 

1994 Jun Autumn -0.21 -34.3 17.5 - -1.68 0.25 

1994 Jul Winter 0.04 -30.0 -60.5 - -0.49 0.88 

1994 Aug Winter 0.46 -11.3 -110.5 - 1.91 0.84 

1994 Sep Winter 0.46 21.2 -54.3 - -0.95 1.06 

1994 Oct Spring 0.14 47.3 -54.6 - -0.58 1.47 

1994 Nov Spring -0.42 15.8 32.0 - -0.79 0.99 

1994 Dec Spring -0.95 -2.0 102.1 - 0.93 0.87 

1995 Jan Summer -1.11 -29.0 145.9 - 1.45 0.77 

1995 Feb Summer -1.29 -52.6 112.9 - 0.53 0.48 

1995 Mar Summer -1.31 -52.7 155.9 - -0.15 0.14 

1995 Apr Autumn -0.75 -22.0 78.9 - 0.65 0.18 

1995 May Autumn -0.11 10.0 -18.9 - 1.40 0.16 

1995 Jun Autumn 0.02 2.8 -3.7 - -0.80 0 

1995 Jul Winter -0.07 1.4 26.9 - -3.01 -0.25 

1995 Aug Winter -0.18 -13.4 69.0 - -0.70 -0.65 

1995 Sep Winter -0.22 -17.3 44.9 - 1.17 -0.86 

1995 Oct Spring -0.22 -12.7 1.9 - -0.06 -0.65 

1995 Nov Spring -0.33 -6.2 -97.0 - 0.14 -0.67 

1995 Dec Spring 0.32 38.4 -12.2 - 1.47 -0.82 

1996 Jan Summer -0.14 23.5 35.7 - 0.33 -0.83 

1996 Feb Summer -0.51 -51.0 67.4 - -0.53 -0.81 

1996 Mar Summer -0.45 -1.9 47.9 - 0.54 -0.64 

1996 Apr Autumn -0.67 5.3 105.7 - 0.12 -0.69 

1996 May Autumn -0.75 6.4 140.1 - 0.98 -0.83 

1996 Jun Autumn -0.73 -8.1 171.3 - -0.25 -0.9 

1996 Jul Winter -0.61 -2.0 140.7 - 0.02 -0.76 

1996 Aug Winter -0.44 -1.9 143.2 - -1.50 -0.6 

1996 Sep Winter -0.74 -37.0 142.9 - -1.31 -0.26 

1996 Oct Spring -0.71 -50.3 168.6 - 0.97 -0.31 

1996 Nov Spring -0.48 -20.0 59.3 - -1.67 -0.3 

1996 Dec Spring -0.89 -34.5 85.8 - -0.02 -0.45 

1997 Jan Summer -0.18 21.6 12.7 - 0.37 -0.66 

1997 Feb Summer -0.24 -9.5 37.4 - -0.24 -0.72 

1997 Mar Summer 0.53 7.7 -37.4 - 0.70 -0.29 

1997 Apr Autumn 0.82 34.3 -78.8 - -0.46 0.17 

1997 May Autumn 0.89 31.7 -158.4 - 1.03 0.68 

1997 Jun Autumn 0.52 32.1 -36.8 - -0.46 2.25 

1997 Jul Winter 0.30 30.7 -55.0 - 0.78 2.11 

1997 Aug Winter 0.18 16.8 -50.7 - 0.77 2.2 

1997 Sep Winter 0.16 1.3 -44.1 - 0.12 2.17 

1997 Oct Spring -0.20 -18.4 -6.6 - -0.59 2.01 

1997 Nov Spring -0.56 -21.9 101.6 - -1.90 2.06 
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1997 Dec Spring -1.02 -36.8 163.2 - -0.84 2.03 

1998 Jan Summer -0.40 -53.7 59.0 0.02502 0.41 2.23 

1998 Feb Summer 0.23 -40.1 -11.0 0.05105 0.39 2.43 

1998 Mar Summer 0.18 -57.3 -22.3 0.04468 0.74 2.27 

1998 Apr Autumn 0.16 -59.3 -33.3 0.00275 1.93 2.55 

1998 May Autumn -0.40 -60.0 44.6 -0.04634 -0.04 2.26 

1998 Jun Autumn -0.59 -81.4 112.2 -0.07998 1.03 0.37 

1998 Jul Winter -0.38 -62.9 22.4 -0.12492 1.45 -1.42 

1998 Aug Winter -0.24 -36.6 -4.0 -0.11137 0.90 -1.74 

1998 Sep Winter -0.17 -21.9 -60.8 -0.07471 -0.12 -1.31 

1998 Oct Spring 0.11 -17.3 -40.1 -0.04203 0.40 -1.21 

1998 Nov Spring 0.12 -15.6 -9.0 0.09767 0.82 -1.3 

1998 Dec Spring 0.16 -9.9 -65.8 0.08118 1.44 -1.25 

1999 Jan Summer 0.44 -20.2 -65.8 0.11858 1.00 -1.26 

1999 Feb Summer 1.12 1.6 -123.4 0.06611 0.46 -1.18 

1999 Mar Summer -0.08 -36.8 -14.1 0.02266 0.18 -1.11 

1999 Apr Autumn -0.21 -15.6 8.4 0.00929 0.95 -1.17 

1999 May Autumn -0.03 1.0 -33.3 -0.02400 1.64 -1.36 

1999 Jun Autumn -0.06 -14.9 -130.7 -0.02512 -1.32 -1.26 

1999 Jul Winter -0.55 -21.9 115.3 -0.07998 0.32 -1.19 

1999 Aug Winter -0.49 -20.1 112.5 -0.07831 0.04 -1.07 

1999 Sep Winter -0.39 -29.5 90.5 -0.05572 -0.01 -1.17 

1999 Oct Spring -0.18 -41.1 4.9 -0.02325 1.65 -1.31 

1999 Nov Spring -0.27 -70.2 17.9 0.02410 0.90 -1.33 

1999 Dec Spring 0.50 -28.0 -17.3 0.07635 1.78 -1.43 

2000 Jan Summer 0.65 -23.1 -15.4 0.06326 1.27 -1.26 

2000 Feb Summer 0.93 10.6 -95.1 -0.03620 0.62 -1.27 

2000 Mar Summer 0.36 -40.0 -45.5 -0.10057 0.13 -1.36 

2000 Apr Autumn 0.30 3.1 -22.6 -0.11366 0.23 -0.93 

2000 May Autumn 0.45 -1.7 -64.4 -0.15310 1.13 -0.97 

2000 Jun Autumn 0.02 -16.6 60.8 -0.09008 0.12 -1.14 

2000 Jul Winter -0.24 -30.7 8.0 -0.10439 0.06 -0.58 

2000 Aug Winter -0.12 -24.9 -60.4 -0.10252 -0.67 -0.08 

2000 Sep Winter -0.11 -29.0 -23.1 -0.11927 -1.85 -0.36 

2000 Oct Spring -0.03 -30.1 -9.4 -0.00945 0.35 -0.55 

2000 Nov Spring -0.22 -27.1 -40.6 0.00600 -1.54 -0.91 

2000 Dec Spring 0.08 -47.3 -122.3 0.00801 -1.29 -0.8 

2001 Jan Summer 0.41 -48.6 -79.3 0.04090 -0.47 -0.82 

2001 Feb Summer 0.63 -20.8 -90.1 0.04693 -0.26 -0.87 

2001 Mar Summer 0.24 -33.6 -27.7 0.03359 -0.55 -0.79 

2001 Apr Autumn -0.47 -40.0 -6.9 0.02546 0.52 -0.61 

2001 May Autumn -0.66 -43.9 20.9 -0.03117 -0.26 -0.58 

2001 Jun Autumn -1.08 -44.2 112.2 -0.15653 0.39 -0.71 

2001 Jul Winter -0.99 -25.1 123.0 -0.14885 -0.93 -0.02 

2001 Aug Winter -1.02 -46.6 132.1 -0.10802 0.91 0.34 

2001 Sep Winter -0.76 -31.8 131.8 -0.06395 1.16 -0.07 

2001 Oct Spring -0.52 -19.0 220.4 0.00044 1.28 -0.25 

2001 Nov Spring 0.28 1.3 22.8 -0.01780 1.00 -0.32 

2001 Dec Spring 0.88 70.3 -103.7 -0.03611 1.47 0.02 

2002 Jan Summer -0.19 33.8 27.2 -0.07465 0.75 0.07 
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2002 Feb Summer 0.55 99.2 -57.0 -0.07052 1.33 -0.26 

2002 Mar Summer -0.05 65.6 7.5 -0.00372 -1.82 -0.2 

2002 Apr Autumn -0.98 -46.9 133.9 0.03529 0.17 -0.36 

2002 May Autumn -0.85 -42.0 136.3 0.01583 -2.80 -0.1 

2002 Jun Autumn -0.62 -17.6 60.5 -0.00501 -1.11 0.4 

2002 Jul Winter -0.41 -17.5 9.4 0.00598 -0.59 0.42 

2002 Aug Winter -0.43 -6.9 -49.6 0.02225 -0.10 0.97 

2002 Sep Winter -0.18 4.1 -52.0 0.06786 -0.86 0.84 

2002 Oct Spring -0.56 -11.4 -7.1 -0.02474 -2.56 0.79 

2002 Nov Spring -0.72 -41.9 -54.5 0.01613 -0.92 0.76 

2002 Dec Spring -0.82 -62.0 55.4 0.01032 1.31 0.86 

2003 Jan Summer -0.73 -74.3 70.2 0.04356 -0.99 0.8 

2003 Feb Summer -1.17 -103.1 76.6 0.00782 -0.36 0.62 

2003 Mar Summer -1.28 -105.3 70.7 0.01467 -0.19 0.53 

2003 Apr Autumn -1.04 -76.3 85.7 0.04841 0.22 -0.08 

2003 May Autumn -1.00 -45.7 74.3 0.00474 0.38 -0.57 

2003 Jun Autumn -0.43 -23.1 -89.5 0.00169 -0.77 -0.07 

2003 Jul Winter -0.13 -2.4 -131.5 -0.05817 0.73 0.01 

2003 Aug Winter -0.25 1.6 -104.3 -0.03111 0.68 0.01 

2003 Sep Winter -0.01 4.6 -84.7 0.00827 -0.32 0.14 

2003 Oct Spring 0.09 5.2 10.8 -0.07023 -0.02 0.26 

2003 Nov Spring -0.13 -9.2 25.1 -0.09168 -0.71 0.29 

2003 Dec Spring -0.09 -29.2 2.4 -0.06259 -1.32 0.1 

2004 Jan Summer 0.27 -7.6 -39.0 -0.02387 0.81 0.16 

2004 Feb Summer -0.27 -48.5 1.4 0.04527 -1.18 -0.04 

2004 Mar Summer 0.17 -13.1 -26.8 0.05884 0.43 -0.44 

2004 Apr Autumn -0.14 -48.2 -0.2 0.05816 0.15 -0.23 

2004 May Autumn -0.01 -40.7 -37.1 0.00170 0.46 -0.44 

2004 Jun Autumn -0.02 -16.0 -114.7 -0.05465 1.20 -0.34 

2004 Jul Winter 0.35 -13.6 -101.1 0.03871 1.47 0.43 

2004 Aug Winter 0.33 -6.3 -45.5 0.02513 -0.07 0.74 

2004 Sep Winter 0.62 2.3 -114.1 0.06628 0.25 0.54 

2004 Oct Spring 0.53 -2.4 -51.4 -0.01056 -0.04 0.34 

2004 Nov Spring 0.20 12.6 -148.8 0.05183 -0.24 0.51 

2004 Dec Spring -0.95 -36.0 154.8 -0.08525 -0.97 0.51 

2005 Jan Summer -0.73 -12.0 96.6 -0.04161 -0.13 0.08 

2005 Feb Summer -0.51 -14.2 62.4 0.03285 1.24 0.61 

2005 Mar Summer -0.08 -26.9 22.0 0.05796 0.16 0.82 

2005 Apr Autumn -0.25 -18.2 33.3 0.00544 0.36 0.13 

2005 May Autumn -0.15 -17.5 2.5 -0.02294 -0.30 0.18 

2005 Jun Autumn -0.16 -15.9 37.4 -0.03545 -1.43 0.2 

2005 Jul Winter 0.20 -30.4 51.4 -0.05164 -0.25 -0.02 

2005 Aug Winter 0.06 -30.9 28.3 -0.06382 0.23 -0.01 

2005 Sep Winter 0.11 -30.4 45.7 0.00443 0.24 -0.05 

2005 Oct Spring 0.02 -24.7 -16.5 -0.01124 0.03 -0.71 

2005 Nov Spring -0.03 -29.8 -23.1 0.05621 -0.55 -0.75 

2005 Dec Spring 0.60 -21.9 -152.9 -0.03990 -1.97 -0.73 

2006 Jan Summer 0.54 -30.0 -98.2 -0.04603 0.34 -0.68 

2006 Feb Summer 0.61 -35.0 -87.2 -0.04656 -0.21 -0.5 

2006 Mar Summer 0.39 -12.9 -42.7 -0.13718 0.50 -0.61 
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2006 Apr Autumn 0.32 14.3 -57.6 -0.04967 -0.17 -0.84 

2006 May Autumn 0.95 40.8 -104.5 -0.05827 1.70 -0.43 

2006 Jun Autumn 0.91 34.1 -60.3 -0.06066 0.44 -0.23 

2006 Jul Winter 0.78 32.9 40.5 -0.06534 0.93 0.11 

2006 Aug Winter 0.44 13.1 -42.0 -0.04130 -1.73 0.56 

2006 Sep Winter 0.59 17.1 -186.8 0.08349 -0.32 0.63 

2006 Oct Spring 0.49 20.2 -112.5 0.13716 0.88 0.68 

2006 Nov Spring 0.37 13.4 -68.9 0.06446 0.10 0.9 

2006 Dec Spring 0.05 -24.3 28.7 0.00695 0.64 0.59 

2007 Jan Summer 0.75 -25.4 -74.0 -0.00936 -0.08 0.62 

2007 Feb Summer 0.06 -49.6 2.3 0.08783 0.07 0.39 

2007 Mar Summer 0.35 -55.5 -45.0 0.09358 -0.57 -0.22 

2007 Apr Autumn 0.12 -53.5 -35.8 0.08063 -1.04 -0.36 

2007 May Autumn -0.07 -31.8 55.4 0.00808 -0.61 -0.44 

2007 Jun Autumn 0.16 3.6 -26.1 0.01143 -1.20 -0.86 

2007 Jul Winter 0.01 -16.0 -33.2 -0.03019 -2.63 -0.77 

2007 Aug Winter -0.06 -9.8 12.5 -0.05907 -0.11 -0.93 

2007 Sep Winter -0.27 -13.1 84.2 -0.12594 0.03 -1.1 

2007 Oct Spring 0.27 -9.4 -32.6 0.14843 -0.43 -1.14 

2007 Nov Spring 0.32 -40.4 -115.6 0.03462 -0.98 -1.13 

2007 Dec Spring 1.03 -1.3 -123.9 -0.09777 1.93 -1.22 

2008 Jan Summer 0.94 -7.7 -107.0 -0.19259 1.21 -1.08 

2008 Feb Summer 1.24 5.2 -99.4 -0.13785 1.15 -1.27 

2008 Mar Summer 0.44 -45.2 -43.4 -0.06854 0.59 -1.54 

2008 Apr Autumn 0.63 -13.8 -90.6 -0.00779 -0.87 -1.13 

2008 May Autumn -0.07 -21.5 41.8 0.00441 -0.49 -0.98 

2008 Jun Autumn -0.35 -5.0 139.2 -0.01628 1.35 -0.86 

2008 Jul Winter -0.46 -3.6 125.1 -0.05195 0.32 -0.87 

2008 Aug Winter -0.52 -3.2 86.6 -0.03267 0.09 -1.08 

2008 Sep Winter -0.55 9.8 62.0 -0.06466 1.39 -1.07 

2008 Oct Spring -0.48 21.0 82.8 0.00677 1.21 -1.12 

2008 Nov Spring -0.41 6.8 132.5 0.05341 0.92 -1.05 

2008 Dec Spring 0.04 6.5 34.3 0.14638 1.19 -1.05 

2009 Jan Summer 0.39 42.9 36.2 0.07303 0.96 -1.01 

2009 Feb Summer 1.26 87.2 -123.9 -0.03428 0.46 -0.85 

2009 Mar Summer 0.63 22.2 -68.7 0.00927 0.60 -0.94 

2009 Apr Autumn 0.70 69.2 7.8 0.02665 0.03 -0.81 

2009 May Autumn 0.50 101.6 45.7 0.05264 -0.73 -0.72 

2009 Jun Autumn 0.39 86.2 77.2 0.10245 -0.47 -0.06 

2009 Jul Winter 0.40 60.9 -9.9 0.17570 -1.23 0.49 

2009 Aug Winter 0.11 28.9 -7.0 0.11779 -0.69 0.52 

2009 Sep Winter -0.07 8.9 -14.2 0.06394 -0.02 0.39 

2009 Oct Spring 0.01 34.7 -51.0 0.08046 0.08 0.56 

2009 Nov Spring -0.31 32.0 35.0 0.02956 -1.92 1.05 

2009 Dec Spring -0.39 82.0 113.5 -0.02988 0.61 0.96 

2010 Jan Summer -0.28 58.3 42.7 -0.00508 -0.76 0.93 

2010 Feb Summer -0.64 40.8 56.3 0.12109 -0.78 1.28 

2010 Mar Summer -0.25 51.1 5.7 0.13120 0.11 1.31 

2010 Apr Autumn -0.07 36.7 -48.0 0.09417 0.38 0.49 

2010 May Autumn 0.05 0.9 -20.6 0.07934 1.02 -0.17 
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2010 Jun Autumn 0.05 8.9 8.8 0.03716 2.07 -1.33 

2010 Jul Winter -0.02 -9.2 8.4 -0.01898 2.42 -2.43 

2010 Aug Winter 0.07 10.1 19.8 0.01356 1.51 -2.4 

2010 Sep Winter 0.02 4.2 98.5 -0.01837 0.40 -2.28 

2010 Oct Spring -0.13 6.6 89.6 -0.00147 1.33 -2.18 

2010 Nov Spring 0.53 48.4 33.2 -0.03828 1.52 -2.04 

2010 Dec Spring 1.34 190.0 -124.1 -0.13264 0.21 -1.91 

2011 Jan Summer 1.20 227.4 -100.9 -0.13239 0.05 -1.83 

2011 Feb Summer 1.25 165.5 -91.5 -0.11381 1.07 -1.63 

2011 Mar Summer 0.18 142.1 15.7 0.01374 -0.30 -1.79 

2011 Apr Autumn 0.10 99.5 30.0 0.02684 -0.87 -1.74 

2011 May Autumn 0.85 100.7 -56.9 0.04968 1.27 -1.29 

2011 Jun Autumn 0.77 52.5 -50.4 0.08540 -0.10 -1.08 

2011 Jul Winter 0.70 50.8 80.1 0.09012 -1.38 -0.86 

2011 Aug Winter 0.60 44.3 59.2 -0.00878 -1.20 -0.88 

2011 Sep Winter 0.45 32.3 8.8 0.03664 -1.25 -1.16 

2011 Oct Spring 0.21 20.5 -0.8 -0.10147 0.39 -1.37 

2011 Nov Spring 0.03 15.4 267.1 0.00231 -0.91 -1.21 

2011 Dec Spring 0.13 0.8 78.8 0.02391 2.57 -1.24 

2012 Jan Summer 0.34 -23.2 -39.3 0.00652 1.58 -1.08 

2012 Feb Summer 0.41 20.2 -54.0 -0.02043 -0.28 -0.67 

2012 Mar Summer 0.14 33.6 -31.0 0.00049 0.27 -0.59 

2012 Apr Autumn 0.98 55.4 -118.2 -0.02972 0.67 -0.43 

2012 May Autumn 0.53 36.4 -78.7 0.02078 0.15 -0.35 

2012 Jun Autumn 0.77 18.0 -104.2 0.08123 -0.20 -0.28 

2012 Jul Winter 0.74 28.9 -169.0 0.05370 1.26 0.3 

2012 Aug Winter 0.56 23.4 -63.3 0.03206 0.49 -0.06 

2012 Sep Winter 0.48 27.0 -18.5 -0.01362 0.56 -0.32 

2012 Oct Spring 0.69 20.0 -132.5 -0.11235 -0.44 -0.22 

2012 Nov Spring 0.32 8.1 -116.4 -0.17910 -1.70 -0.07 

2012 Dec Spring 0.03 -21.6 6.4 -0.01403 -0.76 -0.07 

2013 Jan Summer 0.15 -30.1 -55.1 -0.01377 0.07 -0.05 

2013 Feb Summer 0.59 -45.3 -74.8 -0.04440 0.72 -0.07 

2013 Mar Summer 0.20 -33.6 -44.2 0.02270 1.37 -0.14 

2013 Apr Autumn -0.01 -59.9 -22.8 -0.01565 0.61 -0.37 

2013 May Autumn 0.06 -33.6 14.7 -0.01311 0.36 -0.71 

2013 Jun Autumn 0.29 -2.0 -25.3 0.01812 -0.27 -1.18 

2013 Jul Winter 0.38 10.0 -103.7 -0.00215 0.95 -0.85 

2013 Aug Winter 0.33 -6.6 -182.0 -0.00390 -1.56 -0.5 

2013 Sep Winter 0.22 -5.7 -194.0 -0.05276 -1.66 -0.38 

2013 Oct Spring 0.41 9.8 -126.5 0.03108 -0.46 -0.16 

2013 Nov Spring 0.56 8.5 -113.0 -0.01482 0.19 -0.18 

2013 Dec Spring 0.93 -0.2 -135.0 -0.02940 0.06 -0.35 

2014 Jan Summer 0.22 -39.0 -36.9 -0.02680 -0.68 -0.51 

2014 Feb Summer -0.55 -67.7 41.1 -0.06136 0.32 -0.43 

2014 Mar Summer -0.54 -62.6 22.2 -0.03741 0.47 -0.08 

2014 Apr Autumn 0.09 -46.8 -44.2 0.03767 0.61 -0.16 

2014 May Autumn -0.04 -25.9 -16.7 0.03496 -0.45 -0.18 

2014 Jun Autumn -0.30 -25.8 8.9 0.01151 0.84 -0.01 

2014 Jul Winter -0.06 -15.8 67.9 0.01735 0.25 0.32 
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2014 Aug Winter 0.14 3.9 157.4 0.08228 -0.06 0.16 

2014 Sep Winter 0.04 -9.9 157.7 -0.00379 -1.12 -0.15 

2014 Oct Spring 0.08 -18.8 0.8 -0.03771 -0.04 0.07 

2014 Nov Spring 0.49 2.8 -113.1 -0.02830 -0.52 0.34 

2014 Dec Spring 0.55 -15.1 -126.5 0.02203 1.32 0.34 

2015 Jan Summer 0.28 -49.0 -52.6 0.08470 0.67 0.23 

2015 Feb Summer -0.04 -72.1 2.3 0.10652 1.22 0.05 

2015 Mar Summer 0.00 -35.9 20.6 -0.00336 0.77 0.13 

2015 Apr Autumn 0.14 20.1 -6.7 -0.03498 1.03 0.35 

2015 May Autumn 0.30 8.6 -51.0 0.01885 0.42 0.96 

2015 Jun Autumn 0.06 21.6 -57.3 0.03925 0.71 1.85 

2015 Jul Winter 0.32 31.0 -146.5 0.10198 1.68 1.73 

2015 Aug Winter 0.32 16.7 -17.8 0.09981 1.06 1.92 

2015 Sep Winter 0.44 23.2 70.6 0.09190 0.54 2.21 

2015 Oct Spring 0.01 14.0 18.3 -0.05361 -0.17 2.11 

2015 Nov Spring 0.04 3.4 66.5 -0.04625 0.70 1.88 

2015 Dec Spring -0.05 -10.5 54.4 0.04153 -0.06 1.9 

2016 Jan Summer -0.08 7.0 1.7 0.06352 1.39 1.94 

2016 Feb Summer -0.37 -18.8 45.4 0.06676 1.09 1.81 

2016 Mar Summer -0.01 -22.3 -5.4 0.04000 2.04 1.31 

2016 Apr Autumn -0.27 -14.5 31.8 -0.00465 0.10 1.33 

2016 May Autumn 0.14 8.2 -59.3 -0.03195 0.01 1.26 

2016 Jun Autumn 0.15 5.7 -92.4 -0.02006 2.57 0.36 

2016 Jul Winter 0.14 6.3 -114.2 0.03540 0.41 -0.51 

2016 Aug Winter 0.26 9.8 -207.2 0.02673 -0.74 -0.28 

2016 Sep Winter 0.22 12.6 -197.7 0.00327 2.33 -0.34 

2016 Oct Spring 0.24 30.0 -154.9 -0.00730 -0.18 -0.6 

2016 Nov Spring 0.43 30.0 -72.3 -0.10671 -1.51 -0.51 

2016 Dec Spring -0.17 7.6 56.7 -0.03464 -0.71 -0.34 

2017 Jan Summer -0.10 -34.5 -29.8 -0.06336 -0.98 -0.41 

2017 Feb Summer 0.22 -46.3 -13.0 -0.09393 -0.01 -0.41 

2017 Mar Summer 0.05 -21.6 -22.4 -0.08264 0.16 -0.58 

2017 Apr Autumn -0.01 -31.3 -43.4 -0.02723 0.62 -0.21 

2017 May Autumn -0.05 -9.5 -32.3 -0.02867 1.05 0.17 

2017 Jun Autumn -0.06 7.7 -19.8 -0.01654 0.55 -0.29 

2017 Jul Winter -0.05 0.9 16.5 -0.02908 0.73 -0.7 

2017 Aug Winter 0.14 0.2 25.7 0.06232 0.76 -0.77 

2017 Sep Winter 0.38 1.7 -4.4 0.02565 1.30 -0.8 

2017 Oct Spring 0.30 -26.7 -137.9 0.02929 -0.57 -0.63 

2017 Nov Spring 0.23 -21.9 -89.2 -0.03965 0.77 -0.63 

2017 Dec Spring 0.86 11.4 -92.0 -0.02398 0.98 -0.73 

2018 Jan Summer 0.96 67.3 -83.7 0.01360 1.28 -0.77 

2018 Feb Summer 1.11 141.1 -125.8 -0.04945 1.04 -0.7 

2018 Mar Summer 1.68 113.0 -164.5 -0.14912 0.14 -0.79 

2018 Apr Autumn 1.30 121.8 -79.3 -0.13565 -1.17 -1.29 

2018 May Autumn 0.40 37.7 12.7 -0.02383 -0.08 -0.91 

2018 Jun Autumn 0.18 34.7 -19.2 0.02429 -0.01 -0.51 

2018 Jul Winter -0.04 8.5 25.0 0.05358 0.38 -0.17 

2018 Aug Winter -0.20 12.2 79.7 0.00726 -0.34 0.36 

2018 Sep Winter -0.01 10.0 133.4 -0.05328 1.46 0.52 
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2018 Oct Spring -0.14 -0.5 135.9 -0.04430 0.53 0.41 

2018 Nov Spring 0.07 18.2 3.3 0.03638 0.99 0.26 

2018 Dec Spring -0.42 5.4 83.2 0.09802 0.93 0.13 

2019 Jan Summer 0.05 -5.7 -20.7 0.02995 0.68 0.08 

2019 Feb Summer 0.68 -18.2 -54.7 0.02213 -0.50 0.52 

2019 Mar Summer 0.41 4.0 -35.1 0.01026 0.74 0.77 

2019 Apr Autumn 0.26 -7.8 -24.2 -0.03560 0.34 0.33 

2019 May Autumn 0.07 -14.5 48.3 0.01351 0.33 0.26 

2019 Jun Autumn 0.06 -9.2 73.3 0.02936 1.47 0.35 

2019 Jul Winter -0.03 18.5 7.5 -0.00613 -0.39 0.24 

2019 Aug Winter 0.02 36.9 -74.3 -0.01457 -1.08 0.3 

2019 Sep Winter 0.18 33.3 -108.5 0.06135 0.56 0.15 

2019 Oct Spring 0.21 20.0 -144.4 0.02677 -0.93 0.27 

2019 Nov Spring -0.31 43.6 143.8 0.10284 -1.84 0.45 

2019 Dec Spring -0.76 60.2 110.8 0.15540 -1.36 0.41 

2020 Jan Summer -0.25 92.9 15.3 0.06787 -0.23 0.29 

2020 Feb Summer -0.15 147.7 29.5 0.05978 0.27 0.3 

2020 Mar Summer 0.06 111.3 40.3 0.01096 1.43 0.15 

2020 Apr Autumn 0.08 52.8 -4.1 0.00069 -0.48 -0.11 

2020 May Autumn 0.12 -22.5 -70.0 0.06208 0.58 -0.24 

2020 Jun Autumn 0.12 -0.3 -101.3 0.05562 1.07 -0.73 

2020 Jul Winter 0.03 2.8 -65.8 0.05256 -0.55 -1 

2020 Aug Winter 0.15 11.5 -122.4 0.04739 -0.72 -0.99 

2020 Sep Winter 0.32 27.4 -92.4 0.06698 0.19 -1.19 

2020 Oct Spring 0.36 34.8 -66.0 0.07855 1.26 -1.2 

2020 Nov Spring -0.12 21.7 5.5 0.04234 0.81 -1.15 

2020 Dec Spring 0.79 -4.3 -184.0 -0.07861 1.48 -1.16 

2021 Jan Summer 1.22 -17.1 -132.4 - 1.04 -1.2 

2021 Feb Summer 1.04 -9.1 -123.4 - 1.34 -0.95 

2021 Mar Summer 0.35 8.0 -44.2 - 0.09 -0.79 

2021 Apr Autumn 0.04 14.2 -32.8 - 0.83 -0.96 

2021 May Autumn 0.32 31.6 -55.5 - 0.31 -1.06 

2021 Jun Autumn 0.35 28.4 -30.5 - 1.20 -1.11 

2021 Jul Winter 0.04 9.7 -13.9 - -0.42 -1.53 

2021 Aug Winter 0.17 21.9 63.8 - -0.19 -1.34 

2021 Sep Winter 0.13 8.8 65.8 - 1.36 -1.41 

2021 Oct Spring 0.61 23.8 145.3 - 0.46 -1.47 

2021 Nov Spring 0.76 51.1 47.1 - 1.31 -1.4 

2021 Dec Spring 1.31 105.5 -173.5 - 2.16 -1.21 
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Supplementary Table T4: Summer annual average results, standard deviation (SD) for the following variables: chlorophyll-a concentration anomaly (aChl-

a) from 1998 to 2020, sea surface temperature anomaly (aSST), distance anomaly from the Subtropical Front North (aSTFN), and distance anomaly from the 

Subantarctic Front (aSAF) for the Tristan da Cunha/Gough Archipelago from 1982 to 2021. All variables were obtained from the Tristan da Cunha/Gough 

Archipelago. Bolded values indicate the highest and lowest anomaly magnitudes for each variable. Annual means of the Southern Annular Mode (SAM) 

index and the Multivariate El Niño-Southern Oscillation Index (MEI/ENSO). Positive values of the indices are shown in red and negative values in blue. For 

MEI/ENSO, positive values represent El Niño events and negative values represent La Niña events. 

Year aSST_Average aSST_SD aSAF_Average aSAF_SD aSTFN_Average aSTFN_SD aChl_a_average aChl_a_sd SAM MEI/ENSO 

1982 0.75 0.24 69.6 34.1 -63.6 30.4 - - 0.20 0.97 

1983 -0.68 0.89 -43.8 55.7 76.6 115.6 - - 0.07 1.22 

1984 -1.11 0.29 -64.4 10.2 126.3 61.0 - - -0.27 -0.32 

1985 -0.82 0.32 70.7 46.6 78.6 27.9 - - 0.48 -0.43 

1986 -0.24 0.21 40.6 30.3 1.6 37.0 - - -0.25 0.30 

1987 -1.00 0.43 0.5 28.2 121.3 59.5 - - -0.15 1.37 

1988 -0.06 0.24 5.5 28.8 21.7 38.9 - - -0.32 -0.87 

1989 0.38 0.23 6.7 16.3 -32.0 34.4 - - 0.64 -0.82 

1990 -0.12 0.26 30.6 36.3 3.4 30.0 - - -0.18 0.18 

1991 0.38 0.65 27.1 7.9 -36.6 49.9 - - -0.58 0.61 

1992 -1.78 0.47 -83.1 16.7 208.0 55.9 - - -0.64 1.16 

1993 -0.44 0.22 -25.6 25.1 36.2 26.6 - - 0.57 0.88 

1994 0.37 0.46 -22.0 23.3 -45.5 61.0 - - 0.06 0.50 

1995 -1.24 0.11 -44.8 13.6 138.2 22.5 - - 0.17 -0.18 

1996 -0.37 0.20 -9.8 37.9 50.3 16.0 - - -0.19 -0.62 

1997 0.04 0.43 6.6 15.6 4.2 38.1 - - -0.06 1.17 

1998 0.00 0.35 -50.4 9.1 8.6 44.0 0.04025 0.01357 0.78 0.32 

1999 0.49 0.60 -18.4 19.3 -67.8 54.7 0.06912 0.04803 0.63 -1.24 

2000 0.65 0.29 -17.5 25.7 -52.0 40.2 -0.02450 0.08254 -0.12 -0.85 

2001 0.43 0.20 -34.3 13.9 -65.7 33.4 0.04047 0.00668 0.35 -0.39 

2002 0.10 0.39 66.2 32.7 -7.4 44.0 -0.04963 0.03981 -0.60 0.35 

2003 -1.06 0.29 -94.2 17.3 72.5 3.5 0.02202 0.01897 -0.22 0.17 

2004 0.06 0.29 -23.0 22.2 -21.5 20.7 0.02675 0.04436 0.19 0.15 

2005 -0.44 0.33 -17.7 8.1 60.3 37.3 0.01640 0.05178 -0.20 -0.02 

2006 0.51 0.11 -26.0 11.6 -76.0 29.4 -0.07659 0.05247 0.26 0.02 

2007 0.39 0.35 -43.5 16.0 -38.9 38.5 0.05735 0.05784 -0.47 -0.60 

2008 0.87 0.40 -15.9 26.2 -83.3 34.8 -0.13299 0.06217 0.67 -1.09 

2009 0.76 0.45 50.8 33.2 -52.1 81.3 0.01601 0.05397 -0.19 -0.03 

2010 -0.39 0.22 50.1 8.8 34.9 26.2 0.08240 0.07593 0.79 -0.89 

2011 0.88 0.60 178.4 44.1 -58.9 64.8 -0.07749 0.07955 -0.05 -1.34 
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2012 0.30 0.14 10.2 29.7 -41.4 11.7 -0.00447 0.01414 0.13 -0.32 

2013 0.31 0.24 -36.3 8.0 -58.0 15.5 -0.01182 0.03359 0.03 -0.41 

2014 -0.29 0.44 -56.4 15.3 8.8 40.7 -0.04186 0.01770 0.08 -0.02 

2015 0.08 0.17 -52.3 18.3 -9.9 38.1 0.06262 0.05817 0.71 1.28 

2016 -0.15 0.19 -11.4 16.0 13.9 27.5 0.05676 0.01460 0.57 0.45 

2017 0.06 0.16 -34.1 12.3 -21.7 8.4 -0.07998 0.01546 0.45 -0.50 

2018 1.25 0.38 107.1 37.3 -124.7 40.4 -0.06166 0.08204 0.43 -0.29 

2019 0.38 0.32 -6.7 11.1 -36.8 17.1 0.02078 0.00991 -0.16 0.34 

2020 -0.11 0.16 117.3 27.9 28.4 12.5 0.04620 0.03079 0.43 -0.59 

2021 0.87 0.46 -6.1 12.8 -100.0 48.5 - - 0.79 -1.20 

 

 

 

 

 

 

 

 

Supplementary Table T5: Autumn annual average results, standard deviation (SD) for the following variables: chlorophyll-a concentration anomaly (aChl-

a) from 1998 to 2020, sea surface temperature anomaly (aSST), distance anomaly from the Subtropical Front North (aSTFN), and distance anomaly from the 

Subantarctic Front (aSAF) for the Tristan da Cunha/Gough Archipelago from 1982 to 2021. All variables were obtained from the Tristan da Cunha/Gough 

Archipelago. Bolded values indicate the highest and lowest anomaly magnitudes for each variable. Annual means of the Southern Annular Mode (SAM) 

index and the Multivariate El Niño-Southern Oscillation Index (MEI/ENSO). Positive values of the indices are shown in red and negative values in blue. For 

MEI/ENSO, positive values represent El Niño events and negative values represent La Niña events. 

Year aSST_Average aSST_SD aSAF_Average aSAF_SD aSTFN_Average aSTFN_SD aChl_a_average aChl_a_sd SAM MEI/ENSO 

1982 0.79 0.66 56.3 37.0 -27.8 87.1 - - 0.20 0.97 
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1983 0.17 0.43 -19.0 16.1 -15.0 68.6 - - 0.07 1.22 

1984 -0.32 0.34 -36.2 6.2 -46.8 95.6 - - -0.27 -0.32 

1985 -0.05 0.27 31.0 14.7 -5.8 33.6 - - 0.48 -0.43 

1986 -0.22 0.07 39.1 22.8 23.4 67.8 - - -0.25 0.30 

1987 -0.44 0.16 -24.5 27.3 46.8 80.1 - - -0.15 1.37 

1988 -0.10 0.32 22.0 15.6 27.8 38.6 - - -0.32 -0.87 

1989 0.20 0.09 -10.5 4.1 25.6 59.1 - - 0.64 -0.82 

1990 0.68 0.31 75.6 49.9 -82.2 56.8 - - -0.18 0.18 

1991 0.24 0.36 -14.9 11.2 -50.3 31.4 - - -0.58 0.61 

1992 -1.31 0.43 -55.2 20.5 141.3 89.2 - - -0.64 1.16 

1993 -0.42 0.17 -36.3 12.4 101.7 40.0 - - 0.57 0.88 

1994 -0.23 0.14 -38.4 3.7 46.4 55.9 - - 0.06 0.50 

1995 -0.28 0.41 -3.1 16.8 18.8 52.6 - - 0.17 -0.18 

1996 -0.72 0.04 1.2 8.1 139.0 32.8 - - -0.19 -0.62 

1997 0.74 0.20 32.7 1.4 -91.4 61.8 - - -0.06 1.17 

1998 -0.28 0.39 -66.9 12.6 41.2 72.8 -0.04119 0.04160 0.78 0.32 

1999 -0.10 0.10 -9.9 9.4 -51.9 71.3 -0.01328 0.01955 0.63 -1.24 

2000 0.26 0.22 -5.0 10.3 -8.7 63.7 -0.11895 0.03184 -0.12 -0.85 

2001 -0.74 0.31 -42.7 2.3 42.0 62.3 -0.05408 0.09313 0.35 -0.39 

2002 -0.82 0.18 -35.5 15.7 110.2 43.1 0.01537 0.02015 -0.60 0.35 

2003 -0.82 0.34 -48.4 26.7 23.5 98.0 0.01828 0.02614 -0.22 0.17 

2004 -0.06 0.07 -35.0 16.8 -50.7 58.4 0.00174 0.05641 0.19 0.15 

2005 -0.19 0.06 -17.2 1.2 24.4 19.1 -0.01765 0.02095 -0.20 -0.02 

2006 0.73 0.35 29.7 13.8 -74.1 26.3 -0.05620 0.00578 0.26 0.02 

2007 0.07 0.12 -27.3 28.8 -2.2 50.1 0.03338 0.04095 -0.47 -0.60 

2008 0.07 0.50 -13.4 8.2 30.1 115.3 -0.00655 0.01040 0.67 -1.09 

2009 0.53 0.16 85.7 16.2 43.5 34.7 0.06058 0.03852 -0.19 -0.03 

2010 0.01 0.07 15.5 18.8 -19.9 28.4 0.07022 0.02958 0.79 -0.89 

2011 0.57 0.41 84.2 27.5 -25.8 48.4 0.05397 0.02952 -0.05 -1.34 

2012 0.76 0.23 36.6 18.7 -100.4 20.0 0.02410 0.05555 0.13 -0.32 

2013 0.11 0.16 -31.9 29.0 -11.1 22.4 -0.00355 0.01881 0.03 -0.41 

2014 -0.08 0.20 -32.8 12.1 -17.3 26.5 0.02805 0.01439 0.08 -0.02 

2015 0.17 0.12 16.8 7.1 -38.3 27.6 0.00771 0.03835 0.71 1.28 

2016 0.01 0.24 -0.2 12.5 -40.0 64.3 -0.01889 0.01369 0.57 0.45 

2017 -0.04 0.03 -11.0 19.6 -31.8 11.8 -0.02415 0.00663 0.45 -0.50 

2018 0.63 0.59 64.7 49.5 -28.6 46.7 -0.04506 0.08206 0.43 -0.29 

2019 0.13 0.11 -10.5 3.5 32.4 50.6 0.00242 0.03387 -0.16 0.34 
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2020 0.11 0.02 10.0 38.7 -58.4 49.6 0.03946 0.03373 0.43 -0.59 

2021 0.24 0.17 24.7 9.3 -39.6 13.8 - - 0.79 -1.20 

 

 

 

 

 

 

 

 

Supplementary Table T6: Winter annual average results, standard deviation (SD) for the following variables: chlorophyll-a concentration anomaly (aChl-

a) from 1998 to 2020, sea surface temperature anomaly (aSST), distance anomaly from the Subtropical Front North (aSTFN), and distance anomaly from the 

Subantarctic Front (aSAF) for the Tristan da Cunha/Gough Archipelago from 1982 to 2021. All variables were obtained from the Tristan da Cunha/Gough 

Archipelago. Bolded values indicate the highest and lowest anomaly magnitudes for each variable. Annual means of the Southern Annular Mode (SAM) 

index and the Multivariate El Niño-Southern Oscillation Index (MEI/ENSO). Positive values of the indices are shown in red and negative values in blue. For 

MEI/ENSO, positive values represent El Niño events and negative values represent La Niña events. 

Year aSST_Average aSST_SD aSAF_Average aSAF_SD aSTFN_Average aSTFN_SD aChl_a_average aChl_a_sd SAM MEI/ENSO 

1982 0.22 0.07 -10.7 17.2 84.1 54.3 - - 0.20 0.97 

1983 0.18 0.28 -5.9 9.6 41.4 109.3 - - 0.07 1.22 

1984 -0.21 0.23 -16.1 9.5 -52.3 24.7 - - -0.27 -0.32 

1985 -0.40 0.34 -28.7 26.8 11.9 22.5 - - 0.48 -0.43 

1986 -0.33 0.07 15.4 5.5 128.4 37.1 - - -0.25 0.30 

1987 -0.10 0.16 1.0 7.2 -84.2 13.0 - - -0.15 1.37 

1988 -0.11 0.32 24.1 7.4 -41.9 20.5 - - -0.32 -0.87 

1989 0.15 0.11 9.6 10.2 23.5 38.3 - - 0.64 -0.82 

1990 0.62 0.05 8.7 1.5 -151.1 31.3 - - -0.18 0.18 
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1991 -0.16 0.08 -0.2 7.5 31.4 71.4 - - -0.58 0.61 

1992 -0.57 0.30 -6.7 10.4 48.6 61.0 - - -0.64 1.16 

1993 0.00 0.12 -13.7 5.4 93.5 47.5 - - 0.57 0.88 

1994 0.32 0.24 -6.7 25.9 -75.1 30.8 - - 0.06 0.50 

1995 -0.16 0.08 -9.7 9.9 46.9 21.1 - - 0.17 -0.18 

1996 -0.60 0.15 -13.7 20.2 142.3 1.4 - - -0.19 -0.62 

1997 0.21 0.08 16.3 14.7 -49.9 5.5 - - -0.06 1.17 

1998 -0.26 0.11 -40.4 20.8 -14.1 42.5 -0.10367 0.02598 0.78 0.32 

1999 -0.48 0.08 -23.8 5.0 106.1 13.6 -0.07134 0.01355 0.63 -1.24 

2000 -0.16 0.07 -28.2 3.0 -25.2 34.2 -0.10873 0.00918 -0.12 -0.85 

2001 -0.92 0.14 -34.5 11.0 128.9 5.2 -0.10694 0.04246 0.35 -0.39 

2002 -0.34 0.14 -6.7 10.8 -30.7 34.8 0.03203 0.03208 -0.60 0.35 

2003 -0.13 0.12 1.3 3.5 -106.8 23.5 -0.02700 0.03341 -0.22 0.17 

2004 0.43 0.16 -5.9 7.9 -86.9 36.4 0.04337 0.02097 0.19 0.15 

2005 0.12 0.07 -30.6 0.3 41.8 12.0 -0.03701 0.03640 -0.20 -0.02 

2006 0.60 0.17 21.0 10.5 -62.8 115.1 -0.00772 0.07990 0.26 0.02 

2007 -0.11 0.15 -12.9 3.1 21.2 59.2 -0.07173 0.04912 -0.47 -0.60 

2008 -0.51 0.05 1.0 7.6 91.2 31.8 -0.04976 0.01611 0.67 -1.09 

2009 0.15 0.24 32.9 26.2 -10.4 3.6 0.11914 0.05589 -0.19 -0.03 

2010 0.02 0.05 1.7 9.9 42.2 49.1 -0.00793 0.01861 0.79 -0.89 

2011 0.58 0.13 42.4 9.4 49.4 36.7 0.03933 0.04950 -0.05 -1.34 

2012 0.59 0.13 26.4 2.8 -83.6 77.3 0.02405 0.03437 0.13 -0.32 

2013 0.31 0.08 -0.8 9.3 -159.9 49.0 -0.01960 0.02873 0.03 -0.41 

2014 0.04 0.10 -7.3 10.1 127.7 51.7 0.03195 0.04485 0.08 -0.02 

2015 0.36 0.07 23.6 7.2 -31.2 109.2 0.09790 0.00531 0.71 1.28 

2016 0.21 0.06 9.6 3.2 -173.0 51.2 0.02180 0.01662 0.57 0.45 

2017 0.16 0.22 0.9 0.8 12.6 15.4 0.01963 0.04600 0.45 -0.50 

2018 -0.08 0.10 10.2 1.8 79.4 54.2 0.00252 0.05359 0.43 -0.29 

2019 0.06 0.11 29.6 9.8 -58.4 59.6 0.01355 0.04161 -0.16 0.34 

2020 0.17 0.15 13.9 12.5 -93.5 28.3 0.05564 0.01015 0.43 -0.59 

2021 0.11 0.07 13.5 7.4 38.6 45.4 - - 0.79 -1.20 
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Supplementary Table T7: Spring annual average results, standard deviation (SD) for the following variables: chlorophyll-a concentration anomaly (aChl-

a) from 1998 to 2020, sea surface temperature anomaly (aSST), distance anomaly from the Subtropical Front North (aSTFN), and distance anomaly from the 

Subantarctic Front (aSAF) for the Tristan da Cunha/Gough Archipelago from 1982 to 2021. All variables were obtained from the Tristan da Cunha/Gough 

Archipelago. Bolded values indicate the highest and lowest anomaly magnitudes for each variable. Annual means of the Southern Annular Mode (SAM) 

index and the Multivariate El Niño-Southern Oscillation Index (MEI/ENSO). Positive values of the indices are shown in red and negative values in blue. For 

MEI/ENSO, positive values represent El Niño events and negative values represent La Niña events. 

Year aSST_Average aSST_SD aSAF_Average aSAF_SD aSTFN_Average aSTFN_SD aChl_a_average aChl_a_sd SAM MEI/ENSO 

1982 0.09 0.83 -24.8 46.9 -20.9 117.0 - - 0.20 0.97 

1983 -0.15 0.45 -10.6 20.1 90.3 59.7 - - 0.07 1.22 

1984 -0.27 0.17 -17.6 7.6 -3.8 19.9 - - -0.27 -0.32 

1985 -1.03 0.13 -26.9 18.0 124.7 77.1 - - 0.48 -0.43 

1986 -0.57 0.17 1.5 12.7 98.4 68.7 - - -0.25 0.30 

1987 -0.18 0.24 -6.3 7.9 1.1 74.1 - - -0.15 1.37 

1988 0.18 0.60 17.7 6.5 -93.4 85.2 - - -0.32 -0.87 

1989 0.24 0.42 15.1 28.9 -23.0 60.3 - - 0.64 -0.82 

1990 0.46 0.40 20.1 12.1 -56.2 77.3 - - -0.18 0.18 

1991 -0.56 0.37 -6.1 38.4 60.5 68.7 - - -0.58 0.61 

1992 0.35 0.22 1.2 8.8 -8.0 76.9 - - -0.64 1.16 

1993 -0.27 0.26 -45.7 15.8 42.7 78.7 - - 0.57 0.88 

1994 -0.41 0.55 20.4 25.0 26.5 78.5 - - 0.06 0.50 

1995 -0.08 0.35 6.5 27.8 -35.8 53.5 - - 0.17 -0.18 

1996 -0.69 0.21 -34.9 15.2 104.6 57.0 - - -0.19 -0.62 

1997 -0.59 0.41 -25.7 9.8 86.1 85.9 - - -0.06 1.17 
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1998 0.13 0.03 -14.3 3.9 -38.3 28.4 0.04561 0.07634 0.78 0.32 

1999 0.02 0.42 -46.4 21.6 1.8 17.8 0.02573 0.04982 0.63 -1.24 

2000 -0.06 0.15 -34.8 10.9 -57.4 58.3 0.00152 0.00955 -0.12 -0.85 

2001 0.21 0.70 17.6 46.8 46.5 163.3 -0.01782 0.01828 0.35 -0.39 

2002 -0.70 0.13 -38.4 25.5 -2.1 55.1 0.00057 0.02211 -0.60 0.35 

2003 -0.04 0.12 -11.1 17.3 12.8 11.5 -0.07483 0.01508 -0.22 0.17 

2004 -0.07 0.78 -8.6 24.9 -15.1 155.0 -0.01466 0.06863 0.19 0.15 

2005 0.20 0.35 -25.5 4.0 -64.1 76.9 0.00169 0.04934 -0.20 -0.02 

2006 0.30 0.23 3.1 24.0 -50.9 72.3 0.06952 0.06525 0.26 0.02 

2007 0.54 0.43 -17.0 20.7 -90.7 50.5 0.02843 0.12322 -0.47 -0.60 

2008 -0.28 0.28 11.4 8.3 83.2 49.1 0.06885 0.07107 0.67 -1.09 

2009 -0.23 0.21 49.6 28.1 32.5 82.3 0.02671 0.05523 -0.19 -0.03 

2010 0.58 0.74 81.7 96.1 -0.5 110.7 -0.05746 0.06766 0.79 -0.89 

2011 0.12 0.09 12.2 10.3 115.1 137.6 -0.02508 0.06703 -0.05 -1.34 

2012 0.35 0.33 2.2 21.4 -80.9 76.0 -0.10183 0.08304 0.13 -0.32 

2013 0.63 0.27 6.0 5.4 -124.8 11.1 -0.00438 0.03156 0.03 -0.41 

2014 0.37 0.26 -10.4 11.5 -79.6 69.9 -0.01466 0.03212 0.08 -0.02 

2015 0.00 0.05 2.3 12.3 46.4 25.1 -0.01944 0.05293 0.71 1.28 

2016 0.17 0.31 22.5 12.9 -56.8 106.7 -0.04955 0.05135 0.57 0.45 

2017 0.46 0.35 -12.4 20.7 -106.4 27.3 -0.01145 0.03614 0.45 -0.50 

2018 -0.16 0.25 7.7 9.6 74.1 66.8 0.03003 0.07137 0.43 -0.29 

2019 -0.29 0.49 41.2 20.2 36.7 157.8 0.09500 0.06467 -0.16 0.34 

2020 0.34 0.46 17.4 19.9 -81.5 95.7 0.01409 0.08230 0.43 -0.59 

2021 0.89 0.37 60.1 41.6 6.3 163.2 - - 0.79 -1.20 
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Apêndice Capítulo 3 
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Supplementary Table 1 Dataset containing the geographic coordinates lat and lon, in decimal degrees (°) of the points of presence (values 1) and absence (values 0) for the 

suitability analyses of the eight known breeding colonies of the sub-Antarctic fur seal Arctocephalus tropicalis. The environmental suitability values, as well as the values 

of the 11 environmental variables, are provided for each point. Abbreviations: Sea Surface Temperature (SST), Sea Temperature at Minimum Depth (STMD), Mixed Layer 

Depth (MLD), Sea Surface Primary Productivity (SSPP), Sea Surface Salinity (SSS), Sea Salinity at Minimum Depth (SSMD). Sea Surface Water Speed (SSWS), Sea Water 

Speed at Minimum Depth (SWSMD), Sea Water Direction (SWD), Sea Water Direction at Minimum Depth (SWDMD), Bathymetry (Bathy). 

Presence 

Absence 
Lon (°) Lat (°) Suitability 

MLD 

(m) 

SST 

(°C) 

STMD 

(°C) 

SSS 

(ppm) 

SSMD 

(ppm) 

SWD 

(degree) 

SWDMD 

(degree) 

SSWS 

(m s-1) 

SWSMD 

(m s-1) 

SSPP 

(mmol m-3) 

Bathy 

(m) 

1 51.26 -46.21 0.88 57.04 5.31 2.54 33.73 34.35 40.81 164.04 0.07 0.01 1.62 -1554 

1 158.65 -54.76 0.77 85.93 6.04 3.06 34.01 34.34 94.57 71.70 0.10 0.10 1.49 -927 

1 75.92 -38.26 0.94 68.80 15.04 1.55 35.14 34.74 53.08 212.46 0.05 0.01 1.63 -3163 

1 75.92 -37.18 0.77 56.65 15.79 1.21 35.22 34.74 63.23 43.97 0.05 0.00 1.62 -3969 

1 75.92 -36.09 0.82 50.87 16.49 1.39 35.30 34.74 50.14 214.57 0.03 0.00 1.54 -3353 

1 76.99 -39.35 0.89 81.55 14.30 2.29 35.06 34.68 60.39 204.12 0.05 0.02 1.61 -2432 

1 76.99 -38.26 0.93 68.53 14.93 1.93 35.11 34.74 64.29 218.55 0.06 0.01 1.68 -2725 

1 76.99 -37.18 0.93 57.17 15.74 1.65 35.20 34.74 50.64 183.13 0.06 0.00 1.64 -3141 

1 76.99 -36.09 0.88 51.64 16.46 1.50 35.29 34.74 48.99 232.61 0.04 0.00 1.54 -3328 

1 78.06 -39.35 0.87 87.63 14.12 2.29 35.04 34.68 55.46 47.37 0.08 0.01 1.63 -2330 

1 78.06 -38.26 0.86 66.36 14.63 2.68 35.06 34.55 40.65 206.02 0.08 0.00 1.71 -1895 

1 78.06 -37.18 0.84 56.95 15.60 2.52 35.16 34.62 50.03 227.70 0.05 0.01 1.64 -1950 

1 78.06 -36.09 0.93 47.91 16.28 1.94 35.24 34.74 57.02 213.13 0.05 0.01 1.56 -2606 

1 79.13 -38.26 0.88 65.14 14.77 3.35 35.07 34.41 73.92 87.31 0.08 0.01 1.68 -1513 

1 79.13 -37.18 0.87 57.51 15.62 2.50 35.17 34.62 69.66 236.04 0.05 0.01 1.65 -1892 

1 79.13 -36.09 0.77 51.16 16.23 2.02 35.24 34.74 50.60 233.34 0.04 0.00 1.57 -2509 

1 35.74 -47.50 0.87 69.78 5.80 1.03 33.85 34.74 64.36 71.16 0.24 0.02 1.51 -3385 
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1 35.74 -46.50 0.93 68.01 6.67 1.43 33.90 34.75 47.95 51.22 0.15 0.01 1.52 -3257 

1 35.74 -45.50 0.94 59.75 7.37 1.74 33.94 34.75 50.29 81.71 0.10 0.01 1.53 -2881 

1 36.83 -48.50 0.68 64.77 4.33 -0.17 33.77 34.68 78.06 111.44 0.17 0.03 1.52 -4277 

1 36.83 -47.50 0.80 67.11 5.29 0.58 33.81 34.71 63.43 100.88 0.26 0.04 1.52 -3672 

1 36.83 -46.50 0.94 62.58 6.23 1.44 33.85 34.75 50.84 66.76 0.15 0.04 1.52 -3111 

1 36.83 -45.50 0.94 54.97 6.94 1.81 33.88 34.75 46.39 112.59 0.13 0.00 1.53 -2592 

1 36.83 -44.50 0.82 48.81 7.85 2.42 33.91 34.67 56.44 32.93 0.07 0.02 1.57 -1660 

1 37.92 -48.50 0.68 64.31 4.22 -0.17 33.76 34.68 66.90 244.78 0.14 0.06 1.50 -4369 

1 37.92 -47.50 0.68 64.25 4.92 -0.02 33.77 34.69 76.95 254.03 0.29 0.01 1.52 -4221 

1 37.92 -46.50 0.88 58.66 5.85 2.61 33.81 34.45 50.88 259.72 0.04 0.04 1.60 -1402 

1 37.92 -45.50 0.94 52.77 6.70 1.78 33.83 34.75 67.77 193.27 0.13 0.03 1.53 -2648 

1 37.92 -44.50 0.93 48.68 7.79 2.04 33.89 34.80 64.83 66.22 0.08 0.00 1.58 -2869 

1 39.02 -47.50 0.78 62.06 4.84 0.24 33.77 34.69 79.10 141.28 0.18 0.02 1.52 -3922 

1 39.02 -46.50 0.85 58.95 5.68 0.88 33.80 34.72 64.86 65.79 0.14 0.01 1.53 -3460 

1 39.02 -45.50 0.94 52.76 6.62 1.99 33.81 34.76 79.85 67.78 0.13 0.05 1.53 -2244 

1 40.11 -47.50 0.78 61.72 4.80 0.19 33.76 34.69 71.54 57.41 0.16 0.03 1.51 -3953 

1 40.11 -46.50 0.93 58.58 5.75 1.94 33.80 34.76 52.89 23.55 0.19 0.07 1.51 -2174 

1 40.11 -45.50 0.93 53.51 7.00 1.96 33.81 34.76 87.82 30.66 0.08 0.01 1.52 -2261 

1 -16.37 -43.15 0.93 72.77 10.09 2.00 34.41 34.76 51.90 309.85 0.15 0.07 1.63 -2668 

1 -16.37 -42.04 0.94 71.85 12.28 2.15 34.68 34.76 89.15 71.10 0.17 0.03 1.66 -2397 

1 -16.37 -40.93 0.92 67.41 13.24 2.35 34.78 34.76 111.55 214.59 0.06 0.01 1.64 -2608 

1 -16.37 -39.82 0.94 59.78 13.88 2.16 34.83 34.78 88.94 55.54 0.06 0.01 1.61 -2808 

1 -16.37 -38.71 0.93 55.55 14.68 2.37 34.91 34.77 75.23 55.77 0.06 0.00 1.52 -2478 

1 -15.34 -43.15 0.91 65.97 9.78 1.61 34.34 34.75 90.03 46.40 0.14 0.02 1.63 -3087 

1 -15.34 -42.04 0.93 73.90 12.45 2.05 34.71 34.76 91.80 51.27 0.20 0.02 1.64 -2747 
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1 -15.34 -40.93 0.92 65.18 13.28 1.99 34.78 34.76 92.50 219.72 0.05 0.01 1.63 -3128 

1 -15.34 -39.82 0.93 58.42 13.81 2.05 34.80 34.77 60.88 22.56 0.05 0.02 1.59 -2874 

1 -15.34 -38.71 0.95 53.47 14.59 2.21 34.87 34.79 61.66 234.77 0.06 0.00 1.54 -2977 

1 -14.30 -43.15 0.91 69.89 10.48 1.79 34.43 34.75 117.68 148.65 0.21 0.02 1.60 -2845 

1 -14.30 -42.04 0.93 76.00 12.64 1.77 34.73 34.75 100.44 112.93 0.16 0.01 1.57 -3234 

1 -14.30 -40.93 0.95 62.00 13.03 2.00 34.73 34.76 44.55 205.97 0.05 0.01 1.58 -3133 

1 -14.30 -39.82 0.95 54.64 13.53 2.09 34.75 34.77 46.52 111.23 0.06 0.04 1.57 -2959 

1 -14.30 -38.71 0.95 49.28 14.34 2.22 34.81 34.79 60.62 70.32 0.07 0.00 1.56 -2899 

1 -14.30 -37.61 0.94 46.75 15.49 2.18 34.94 34.85 72.62 112.59 0.09 0.02 1.47 -3089 

1 -13.27 -43.15 0.91 76.95 11.54 1.70 34.59 34.76 115.87 222.70 0.20 0.04 1.54 -3197 

1 -13.27 -42.04 0.94 74.39 12.48 1.87 34.69 34.76 85.19 142.43 0.07 0.02 1.53 -3253 

1 -13.27 -40.93 0.94 62.66 12.71 2.36 34.68 34.76 41.96 42.43 0.05 0.01 1.57 -2554 

1 -13.27 -39.82 0.93 52.90 13.28 1.79 34.70 34.77 73.98 113.83 0.05 0.03 1.59 -3646 

1 -13.27 -38.71 0.94 46.26 14.26 2.14 34.77 34.82 72.30 64.41 0.06 0.01 1.57 -3142 

1 -13.27 -37.61 0.93 46.14 15.45 2.17 34.92 34.86 74.91 107.64 0.07 0.01 1.45 -3189 

1 -12.23 -43.15 0.88 83.61 11.72 1.17 34.62 34.75 89.55 242.48 0.13 0.00 1.53 -3888 

1 -12.23 -42.04 0.95 76.53 12.24 1.85 34.66 34.77 60.65 84.65 0.06 0.02 1.59 -3244 

1 -12.23 -40.93 0.95 64.45 12.60 1.97 34.67 34.78 46.19 109.23 0.05 0.01 1.62 -2995 

1 -12.23 -39.82 0.94 53.03 13.28 1.97 34.69 34.79 66.13 125.47 0.06 0.04 1.57 -3295 

1 -12.23 -38.71 0.93 45.22 14.30 2.26 34.77 34.80 89.19 140.38 0.06 0.02 1.55 -3082 

1 -12.23 -37.61 0.93 44.28 15.33 2.05 34.89 34.87 53.91 243.72 0.09 0.02 1.49 -3823 

1 -12.23 -36.50 0.89 43.15 16.41 2.04 35.04 34.87 64.55 199.39 0.13 0.01 1.41 -3786 

1 -11.20 -43.15 0.94 86.43 11.53 1.20 34.61 34.76 66.42 168.60 0.13 0.01 1.55 -3749 

1 -11.20 -42.04 0.95 79.42 12.02 1.60 34.66 34.78 52.65 106.95 0.06 0.01 1.59 -3472 

1 -11.20 -40.93 0.95 67.24 12.43 1.85 34.65 34.79 45.09 105.05 0.06 0.01 1.58 -3296 
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1 -11.20 -39.82 0.95 51.02 13.18 1.99 34.67 34.79 62.50 85.88 0.07 0.02 1.57 -3188 

1 -11.20 -38.71 0.81 44.48 13.98 2.92 34.72 34.32 51.86 34.02 0.08 0.03 1.54 -1698 

1 -11.20 -37.61 0.93 42.99 15.30 2.06 34.87 34.87 71.43 171.51 0.06 0.03 1.49 -3555 

1 -10.16 -43.15 0.94 83.45 11.23 1.51 34.56 34.77 63.46 204.51 0.11 0.01 1.55 -3620 

1 -10.16 -42.04 0.94 77.45 11.81 1.26 34.63 34.77 49.22 167.20 0.08 0.01 1.59 -3821 

1 -10.16 -40.93 0.95 62.11 12.34 1.75 34.62 34.80 62.40 225.25 0.06 0.01 1.61 -3544 

1 -10.16 -39.82 0.94 50.21 13.07 2.00 34.64 34.81 38.23 130.69 0.04 0.01 1.59 -3450 

1 -10.16 -38.71 0.95 43.50 13.81 2.24 34.69 34.81 47.61 214.15 0.10 0.01 1.52 -2930 

1 -10.16 -37.61 0.93 41.47 14.92 2.10 34.80 34.87 56.85 189.89 0.09 0.00 1.47 -3283 

1 -9.13 -43.15 0.94 82.47 10.95 1.34 34.52 34.77 54.30 210.23 0.10 0.00 1.58 -3638 

1 -9.13 -42.04 0.94 75.82 11.50 1.26 34.57 34.77 63.26 170.77 0.10 0.00 1.61 -3797 

1 -9.13 -40.93 0.92 60.79 12.23 1.39 34.60 34.79 43.81 252.59 0.04 0.01 1.63 -3782 

1 -9.13 -39.82 0.94 48.04 12.94 1.96 34.61 34.82 75.14 112.67 0.05 0.02 1.56 -3326 

1 -9.13 -38.71 0.94 42.91 13.91 2.08 34.68 34.87 67.47 100.04 0.07 0.04 1.53 -3549 

1 -9.13 -37.61 0.83 40.35 15.12 2.11 34.81 34.87 83.78 104.93 0.07 0.00 1.44 -3368 

1 -8.10 -43.15 0.87 83.65 10.59 1.06 34.45 34.75 46.74 242.10 0.09 0.02 1.55 -4099 

1 -8.10 -42.04 0.94 73.46 11.28 1.30 34.53 34.78 71.35 201.36 0.12 0.02 1.61 -3781 

1 -8.10 -40.93 0.93 60.50 12.15 1.53 34.58 34.80 55.03 234.83 0.04 0.03 1.65 -3668 

1 -8.10 -39.82 0.95 50.16 12.65 2.08 34.57 34.82 52.80 137.07 0.07 0.02 1.57 -3266 

1 -8.10 -38.71 0.94 44.17 13.63 2.11 34.60 34.86 45.10 54.35 0.07 0.01 1.54 -3273 

1 -8.10 -37.61 0.91 40.76 14.89 2.12 34.77 34.86 69.08 80.71 0.11 0.04 1.45 -3389 

1 -7.06 -43.15 0.91 82.73 10.31 1.08 34.41 34.75 51.09 162.37 0.07 0.00 1.58 -3883 

1 -7.06 -42.04 0.93 75.00 11.16 1.32 34.51 34.78 73.79 181.35 0.11 0.02 1.60 -3775 

1 -7.06 -40.93 0.94 61.56 11.95 1.85 34.55 34.83 53.00 251.68 0.08 0.02 1.62 -3581 

1 -7.06 -39.82 0.94 48.67 12.59 2.18 34.53 34.81 82.32 150.20 0.05 0.01 1.58 -2867 
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1 -7.06 -38.71 0.92 42.95 13.73 1.97 34.60 34.85 77.80 236.97 0.06 0.00 1.51 -3639 

1 -7.06 -37.61 0.90 40.78 14.73 2.12 34.73 34.86 74.64 104.82 0.09 0.01 1.45 -3440 

1 -6.03 -43.15 0.81 77.62 10.15 1.06 34.39 34.75 61.46 232.42 0.08 0.00 1.58 -4133 

1 -6.03 -42.04 0.94 69.83 11.07 1.39 34.47 34.79 71.39 94.12 0.11 0.01 1.58 -3840 

1 -6.03 -40.93 0.95 58.59 11.77 2.08 34.49 34.83 75.79 172.40 0.07 0.01 1.61 -3405 

1 -6.03 -39.82 0.95 45.83 12.35 2.20 34.50 34.81 68.34 117.51 0.12 0.01 1.59 -3090 

1 -6.03 -38.71 0.86 42.37 13.65 1.77 34.57 34.84 106.02 97.35 0.04 0.01 1.51 -3674 

1 -6.03 -37.61 0.85 41.86 14.87 2.12 34.74 34.86 99.20 242.17 0.08 0.00 1.43 -3420 

0 43.60 -61.05 0.07 56.45 -0.60 -0.66 33.89 34.66 88.65 209.72 0.04 0.01 1.66 -5349 

0 -172.69 9.76 0.05 35.35 27.90 0.81 34.39 34.70 263.90 51.55 0.19 0.01 1.20 -5898 

0 98.88 -24.77 0.04 37.50 22.01 0.69 35.52 34.71 206.66 49.34 0.02 0.02 0.92 -5600 

0 163.09 4.12 0.06 23.94 29.37 1.08 34.22 34.69 72.58 64.35 0.17 0.01 1.17 -4299 

0 -138.84 -15.58 0.05 33.68 27.68 1.32 36.08 34.68 228.87 253.28 0.08 0.02 0.99 -3576 

0 46.19 -28.21 0.20 29.27 24.06 2.25 35.32 34.75 92.64 64.18 0.16 0.02 1.16 -2466 

0 174.09 0.22 0.05 24.67 29.07 1.12 35.11 34.69 259.67 202.14 0.38 0.00 1.42 -4048 

0 169.37 -11.56 0.06 28.63 29.11 1.46 34.45 34.67 218.77 98.65 0.06 0.00 1.04 -3073 

0 -163.56 -12.99 0.05 32.75 28.91 1.18 35.42 34.69 218.47 151.77 0.08 0.01 0.98 -3940 

0 -34.13 -0.40 0.07 17.36 27.39 1.57 36.00 34.87 254.79 244.02 0.18 0.03 1.10 -4354 

0 -142.88 -9.66 0.05 33.87 28.21 0.95 35.52 34.70 236.45 38.23 0.10 0.01 1.44 -4607 

0 -48.79 -64.76 0.11 36.00 -1.68 -0.56 34.00 34.66 35.86 253.85 0.03 0.01 1.70 -3792 

0 -94.53 -46.24 0.19 57.01 9.34 0.57 34.09 34.71 65.35 155.46 0.05 0.00 1.53 -4175 

0 -26.30 -4.78 0.04 30.91 27.17 0.32 36.01 34.73 262.43 131.60 0.27 0.01 1.09 -5635 

0 -63.13 -42.80 0.24 32.69 13.51 9.58 34.06 33.99 46.26 48.22 0.07 0.03 1.78 -81 

0 -146.45 -27.04 0.05 35.93 22.81 1.37 35.51 34.68 152.67 204.85 0.07 0.01 0.89 -3448 

0 -44.52 -36.17 0.12 60.41 18.63 -0.20 35.77 34.67 51.55 185.42 0.07 0.02 1.88 -4934 
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0 7.14 -29.23 0.05 45.96 19.21 0.62 35.69 34.73 233.60 200.70 0.09 0.02 1.25 -5098 

0 -140.20 -6.63 0.05 36.58 27.51 1.05 35.32 34.70 249.80 115.58 0.19 0.00 1.45 -4267 

0 -17.12 -12.03 0.08 40.48 25.26 1.57 36.63 34.88 235.70 44.53 0.09 0.01 1.15 -4180 

0 -46.53 -68.78 0.08 46.01 -1.81 -0.43 34.07 34.66 242.84 36.05 0.02 0.02 1.41 -3678 

0 -45.91 -69.45 0.05 49.89 -1.81 -0.54 34.08 34.66 238.48 238.34 0.02 0.00 1.41 -4000 

0 -143.71 -59.13 0.16 52.09 0.34 0.21 34.01 34.71 99.42 144.47 0.13 0.05 1.43 -3293 

0 -45.75 -76.71 0.09 118.4 -1.78 -1.75 33.92 34.56 249.87 34.34 0.02 0.00 1.78 -308 

0 -112.43 -48.73 0.43 89.73 8.05 1.66 34.25 34.69 50.24 25.10 0.06 0.01 1.62 -2867 

0 135.29 4.15 0.05 17.65 29.29 1.09 34.15 34.69 79.19 212.16 0.42 0.01 1.23 -5017 

0 -155.94 -60.06 0.31 64.70 0.34 0.61 33.83 34.72 64.07 237.36 0.14 0.01 1.46 -3677 

0 -44.80 -57.45 0.21 43.34 0.73 0.13 33.88 34.68 49.20 80.60 0.25 0.04 1.89 -2831 

0 -125.33 -43.29 0.10 45.94 11.91 0.93 34.21 34.71 90.47 42.58 0.05 0.01 1.61 -4516 

0 141.55 -40.29 0.18 60.79 14.64 0.90 35.20 34.73 48.18 46.84 0.03 0.00 1.82 -4412 

0 30.36 -34.88 0.12 45.62 21.27 0.94 35.58 34.76 225.35 92.84 0.10 0.02 1.79 -4354 

0 -31.56 -35.15 0.13 43.27 17.89 0.77 35.39 34.74 70.02 77.13 0.04 0.00 1.41 -4141 

0 165.04 -9.18 0.05 24.80 29.44 1.20 34.47 34.69 126.76 74.49 0.07 0.01 1.16 -4122 

0 13.32 -35.05 0.07 50.52 18.42 0.73 35.55 34.74 232.49 232.02 0.12 0.13 1.67 -4720 

0 -142.24 -43.31 0.09 49.20 12.30 0.74 34.36 34.71 73.75 232.87 0.03 0.00 1.62 -5515 

0 9.89 -31.27 0.09 51.17 18.68 0.77 35.65 34.74 236.44 71.97 0.06 0.05 1.41 -4803 

0 -86.59 -1.88 0.08 12.26 23.52 1.64 34.73 34.67 253.13 67.93 0.19 0.01 1.93 -2652 

0 85.67 -1.05 0.05 24.40 29.24 0.96 34.52 34.72 99.36 172.44 0.05 0.00 1.14 -4631 

0 -15.85 -62.73 0.07 68.53 -1.31 -0.85 34.29 34.65 51.99 40.04 0.02 0.01 1.49 -5000 

0 170.89 0.29 0.05 21.28 29.19 0.97 35.05 34.69 255.47 247.76 0.41 0.02 1.35 -4381 

0 -28.97 -15.15 0.04 40.54 26.06 0.34 37.09 34.72 236.53 218.85 0.09 0.01 1.14 -5157 

0 -158.13 -4.18 0.05 33.14 28.17 0.81 35.42 34.71 255.42 261.67 0.31 0.01 1.44 -5206 
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0 -140.04 -44.35 0.10 49.77 11.54 0.75 34.36 34.71 70.09 237.94 0.04 0.00 1.61 -5188 

0 50.39 -25.78 0.04 27.65 24.49 0.64 35.28 34.71 187.82 89.82 0.07 0.01 1.11 -5010 

0 64.57 1.21 0.08 19.29 29.24 1.33 35.17 34.74 251.15 44.05 0.09 0.01 1.24 -3631 

0 -52.32 5.27 0.22 10.53 27.57 26.21 24.01 36.09 306.96 304.10 0.73 0.25 2.54 -25 

0 -8.63 -29.77 0.16 44.96 20.87 2.04 36.03 34.88 232.03 211.65 0.03 0.02 0.99 -3958 

0 152.62 -16.27 0.07 31.45 27.13 2.08 34.88 34.65 231.09 214.27 0.09 0.04 1.18 -2183 

0 162.15 -47.41 0.15 89.66 11.00 0.71 34.63 34.72 56.86 51.01 0.04 0.02 1.67 -4634 

0 -179.61 -24.54 0.07 30.25 24.00 2.10 35.25 34.63 148.51 19.25 0.03 0.00 1.05 -2197 

0 120.74 -13.07 0.08 27.30 28.62 2.37 34.34 34.72 235.99 175.78 0.04 0.01 1.30 -2055 

0 -47.64 -42.83 0.08 42.67 13.40 -0.17 34.66 34.67 50.53 210.59 0.04 0.11 1.88 -5269 

0 -0.67 -13.57 0.07 35.10 22.79 1.91 36.52 34.89 256.13 217.11 0.10 0.02 1.13 -5811 

0 170.24 0.87 0.05 21.12 29.22 1.01 34.99 34.69 261.54 95.27 0.37 0.00 1.35 -4248 

0 -1.08 -61.39 0.08 61.30 -1.10 -0.90 34.22 34.65 45.50 218.98 0.02 0.00 1.56 -5178 

0 149.68 7.57 0.07 26.05 29.18 2.39 33.98 34.62 225.54 226.51 0.08 0.02 1.18 -1870 

0 135.99 -56.21 0.25 81.90 3.44 0.06 33.84 34.69 72.34 199.58 0.11 0.01 1.46 -3749 

0 107.67 -24.24 0.06 34.99 22.81 1.83 35.31 34.73 233.34 115.75 0.03 0.01 0.95 -2586 

0 128.35 -62.63 0.07 46.63 -0.05 -0.31 33.91 34.68 118.03 56.73 0.06 0.02 1.46 -4262 

0 -179.16 -24.74 0.11 30.57 23.75 5.80 35.29 34.37 61.49 161.98 0.02 0.04 1.04 -977 

0 -26.28 -41.93 0.21 68.60 13.36 0.32 34.88 34.69 84.13 237.77 0.13 0.01 1.57 -4112 

0 -111.80 -43.35 0.39 47.37 11.61 1.68 34.09 34.69 59.21 35.03 0.04 0.01 1.59 -2657 

0 166.14 3.57 0.06 22.77 29.35 1.01 34.42 34.69 62.30 129.18 0.08 0.03 1.21 -4444 

0 88.59 -0.93 0.05 24.60 29.29 0.97 34.40 34.72 104.75 218.58 0.04 0.00 1.14 -4566 

0 -84.73 -54.20 0.11 139.1 6.42 0.15 34.16 34.71 73.46 127.88 0.06 0.00 1.54 -4880 

0 -59.44 -46.18 0.22 35.30 7.72 2.72 34.07 34.42 6.25 1.85 0.41 0.26 2.99 -1200 

0 17.77 -45.84 0.19 70.81 7.53 0.43 33.99 34.70 71.88 202.40 0.16 0.01 1.51 -4237 
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0 -95.06 -15.10 0.09 41.86 22.37 1.46 35.81 34.68 247.21 216.89 0.12 0.00 1.41 -3836 

0 175.56 -60.97 0.10 106.7 3.09 0.50 33.90 34.71 73.40 228.83 0.13 0.00 1.25 -4172 

0 146.21 -15.65 0.07 36.25 26.99 2.20 34.94 34.63 202.07 196.40 0.12 0.00 1.19 -2108 

0 -168.19 -38.25 0.25 40.00 16.07 2.23 34.91 34.62 48.40 228.37 0.02 0.02 1.38 -2546 

0 -112.70 -67.90 0.15 46.68 -1.00 0.07 33.75 34.70 49.14 226.11 0.07 0.00 1.39 -4268 

0 -154.44 6.37 0.05 32.63 28.09 0.96 34.61 34.70 75.84 96.40 0.23 0.01 1.30 -4628 

0 17.90 -43.77 0.22 71.37 10.54 0.38 34.51 34.70 49.76 248.01 0.09 0.03 1.56 -4764 

0 67.00 -22.06 0.06 37.81 24.69 1.36 35.18 34.73 222.62 149.07 0.05 0.01 1.05 -3366 

0 64.24 -3.05 0.10 19.71 28.91 1.37 35.11 34.74 101.23 111.50 0.16 0.00 1.20 -3505 

0 127.16 -9.68 0.07 21.61 28.69 3.82 34.19 34.63 246.76 246.16 0.30 0.00 1.38 -1530 

0 -12.59 -68.19 0.05 56.00 -1.45 -0.71 34.23 34.65 240.69 220.36 0.03 0.00 1.37 -4902 

0 43.38 -10.22 0.06 20.63 27.49 1.38 34.97 34.74 259.57 202.79 0.51 0.02 1.34 -3473 

0 -3.57 -9.00 0.07 29.40 25.02 1.98 36.18 34.90 241.64 149.59 0.08 0.01 1.15 -4448 

0 47.68 -62.83 0.07 48.91 -0.86 -0.59 34.02 34.66 118.15 255.39 0.02 0.02 1.62 -4651 

0 -27.41 -11.19 0.05 38.57 26.71 0.31 36.60 34.72 223.28 132.87 0.09 0.05 1.15 -5534 

0 -126.41 -71.80 0.08 39.10 -1.81 0.36 33.77 34.71 162.71 225.71 0.01 0.01 1.31 -2960 

0 -46.82 -27.50 0.11 32.19 24.06 4.50 36.70 34.30 207.83 19.28 0.26 0.06 1.51 -883 

0 -109.64 6.49 0.21 21.27 27.69 1.28 33.73 34.68 78.62 239.39 0.14 0.02 1.52 -3572 

0 35.20 -65.32 0.09 49.79 -1.16 -0.51 34.10 34.66 36.86 98.86 0.03 0.00 1.86 -5063 

0 -17.68 -62.62 0.08 65.44 -1.33 -0.85 34.26 34.65 56.38 128.21 0.03 0.01 1.53 -5100 

0 -51.11 6.60 0.13 19.67 28.06 2.20 34.43 34.91 281.22 116.54 0.67 0.12 1.20 -3558 

0 153.59 0.05 0.05 20.30 29.78 1.23 34.39 34.68 263.09 207.90 0.28 0.00 1.23 -3763 

0 -119.77 1.10 0.06 15.13 25.48 1.05 34.72 34.69 265.71 237.94 0.51 0.01 1.68 -4161 

0 95.36 -59.13 0.13 55.94 0.10 -0.28 33.88 34.68 61.49 79.93 0.10 0.07 1.56 -4431 

0 -110.56 -71.43 0.11 33.49 -1.75 1.17 33.57 34.64 147.22 47.01 0.00 0.01 1.68 -461 
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0 108.56 -47.17 0.36 92.55 7.68 1.08 34.14 34.73 87.02 237.70 0.27 0.02 1.55 -3043 

0 92.13 -6.92 0.04 23.48 28.46 0.73 34.20 34.71 226.98 231.07 0.09 0.01 1.15 -5065 

0 -25.30 -49.55 0.19 59.85 4.63 -0.17 33.87 34.67 76.44 37.40 0.16 0.05 1.50 -4507 

0 65.78 -51.74 0.40 96.06 2.96 0.25 33.79 34.70 73.08 100.61 0.13 0.03 1.47 -3928 

0 -163.40 -52.85 0.17 112.7 7.65 0.55 34.23 34.71 59.85 73.88 0.14 0.02 1.55 -4779 

0 123.26 2.12 0.10 13.71 29.26 3.01 33.49 34.64 74.15 107.35 0.24 0.01 1.35 -5438 

0 143.01 -45.15 0.12 99.67 11.83 0.67 34.85 34.72 63.67 217.79 0.03 0.01 1.74 -5085 

0 -129.38 -66.49 0.12 53.59 -0.91 0.00 33.78 34.70 80.95 249.78 0.04 0.01 1.35 -4599 

 

 

 

 

 

 

 

 

Supplementary Table 2. Environmental and climatic variables used to model the environmental suitability of the eight known breeding colonies (Bio-ORACLE) and the extra-limital distribution (*) 

of the sub-Antarctic fur seal Arctocephalus tropicalis along the Brazilian coast. 

Variables Acronym Unit Resolution Source/Reference Description/Relevance 
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Sea Surface Temperature SST °C 0.05° Copernicusx* Monthly sea surface temperature estimates based on observations from 

multiple satellite sensors. SST is known to be a significant driver of 

global weather and climate patterns and to play important roles in the 

exchanges of energy, momentum, moisture and gases between the ocean 

and atmosphere. As such, its knowledge is essential to understand and 

assess variability and long-term changes in the Earth’s 

climatex. 

Sea Surface Temperature SST °C 0.05° Bio-ORACLEx Climatological layer of sea surface temperature, calculated from 2000 

to 2010x. 

Sea Temperature at Minimum 

Depth 

STMD °C 0.05° Bio-ORACLEx Climatological layer of sea temperature at Minimum Depth, calculated 

from 2000 to 2010. The benthic layers were produced with an 

interpolation process considering the geographic position and depth of 

cells, as inferred from a bathymetry layer. Since focal cells included a 

wide range of depth values, benthic layers are available for the 

minimum, average and maximum depthsx. 

Mixed Layer Depth MLD M ~0.25° Copernicusx* Monthly mixed layer detph (MLD) estimates based on global ocean and 

sea ice reanalyses (ORAS5: Ocean Reanalysis System 5). The depth of 

the ocean where the average sea water density exceeds the near surface 

density plus 0.01 kg/m3. The MLD is a major controller of primary 

production. deeper mixed layers bring more nutrients to the surface but 

result in phytoplankton spending less time in shallower water where 

photosynthetically active radiation is highestx (Constable et al. 2014). 

Mixed Layer Depth MLD M 0.05° Bio-ORACLEx Climatological layer of mixed layer depth (MLD), calculated from 

2000 to 2010. The depth of the ocean where the average sea water 

density exceeds the near surface density plus 0.01 kg/m3x. 
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Wind Speed 10m W_Spd 

ms-1 ~0.25° Copernicusx* This parameter is the horizontal speed of the wind, or 

movement of air, at a height of ten metres above the surface 

of the Earth. Surface ocean winds play a crucial role in 

increasing the kinetic energy of vortex currents, influencing 

the variation of mixed layers and the regional distribution of 

sea ice, which directly impacts the climate and ecosystems. 

Additionally, these winds intensify the upwelling of deep 

waters, affecting nutrient flux and the dynamics of Ekman 

transportx (Costable et al. 2014) 

Subantarctic Front 

distance to TDC/Gough 

SAF Km 0.05° Copernicusx* Monthly values of the distances from the Subantarctic Front 

(SAF) to the center of the TDC/Gough Archipelago. The 

SAF was defined based on the 8°C SST isotherms, 

according to Kirkman et al. (2016) and Kostianoy et al. 

(2004). Oceanic fronts are transition zones between water 

masses with different physical characteristics, such as 

temperature, salinity, and density. These contrast zones 

promote nutrient mixing, enhancing biological productivity 

and marine biodiversity. In particular, the species 

Arctocephalus tropicalis has its geographic distribution 

associated with the SAF and STFNx. 

Subtropical Front 

Northern Boundary 

distance to TDC/Gough 

STFN Km 0.05° Copernicusx* Monthly values of the distances from the Subtropical Front 

Northern Boundary (STFN) to the center of the TDC/Gough 

Archipelago. The STFN was defined based on the 19°C 

SST isotherms, according to 

Kirkman et al. (2016) and Kostianoy et al. (2004)x. 

Chlorophyll-a Chl-a mg m-3 0.042° Copernicusx* Monthly values of chlorophyll-a mass concentration per unit 

of volume of near-surface water. Chlorophyll-a is the main 

photosynthetic pigment found in phytoplankton, which 

forms the base of the marine food-web and is responsible 

for approximately half of global photosynthesisx. (Jackson 

et al. 2022 - Copernicus) 

Chlorophyll-a Chl-a mmol 0.05° Bio-ORACLEx Climatological layer of chlorophyll-a mass concentration per 

unit of volume of near-surface water, calculated from 2000 to 
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m-3 2010x. 

Sea Surface Primary 
Productivity 

SSPP mmol 

m-3 

0.05° Bio-ORACLEx Climatological layer of total phytoplankton concentration 

on the ocean surface, calculated from 2000 to 2010. Primary 

productivity sustains the biodiversity and abundance of 

species in an ecosystem, directly influencing the health and 

stability of organism populations. Additionally, it plays a 

crucial role in regulating the global climate by contributing 

to carbon sequestration and mitigating the effects of climate 

changex. 

Sea Primary 

Productivity at 

Minimum Depth 

 

SPPMD mmol 

m-3 

0.05° Bio-ORACLEx Climatological layer of total phytoplankton concentration 

at Minimum Depth, calculated from 2000 to 2010. 

Sea Surface Salinity SSS ppm 0.05° Bio-ORACLEx Climatological layer of salt concentration close to the 

ocean surface, calculated from 2000 to 2010x. 

Sea Salinity at Minimum 

Depth 

SSMD Ppm 0.05° Bio-ORACLEx Climatological layer of salt concentration at Minimum 

Depth, calculated from 2000 to 2010x. 

Sea Surface Water Speed SSWS m s-1 0.05° Bio-ORACLEx Climatological layer of sea water speed close to the ocean 

surface, calculated from 2000 to 2010x. 

Sea Water Speed at 

Minimum Depth 

SWSMD m s-1 0.05° Bio-ORACLEx Climatological layer of sea water speed at Minimum Depth, 

calculated from 2000 to 2010x. 

Sea Water Direction SWD Degree 0.05° Bio-ORACLEx Climatological layer of sea water direction close to the 

ocean surface, calculated from 2000 to 2010x. 

Sea Water Direction at 

Minimum Depth 

SWDMD Degree 0.05° Bio-ORACLEx Climatological layer of sea water direction at Minimum 

Depth, calculated from 2000 to 2010x. 

Bathymetry Bathy m 

 

0.05° Bio-ORACLEx Climatological layer of bathymetry, calculated in the 

period 1970. Fixed variablex. 
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Multivariate ENSO Index ENSO - - National Center Atmospheric 

Research (NCAR-

NOAA)x* 

Monthly value of the ENSO Multivariate Index second 

version (MEIv2). It considers fve variables operating in the 

equatorial Pacifc in the area between 30°S and 30’N, 100°E 

and 70’W: SST, sea level pressure (SLP), surface zonal 

winds (U), surface meridional winds (V), and outgoing 

longwave radiation (OLR). The positive values of this index 

represent the months of occurrence of El Niño, and the 

negative values are the months of La Niñax (NCAR 2019). 

The efects of climatic events such as ENSO are wellknown 

on the Pacifc coast, such as increased SST resulting in 

reduced productivity and changes in the Humboldt current. 

The infuence of ENSO on other ocean basins occurs through 

changes in the Walker and Hadley circulation, which are 

associated with changes in atmospheric wind, humidity, 

cloud cover, and so on. These changes, in turn, infuence 

surface heat fuxes, wind and ocean circulation, resulting in 

SST variations in the other oceans. In the South Atlantic 

Ocean, its effects are best known for equatorial and coastal 

regions, such as El Niño causing increased precipitation, 

freshwater discharges, and consequently increasing 

productivity in some areas as the Rio de la Plata plumex 

(Oliveira et al. 2024). 

 

Southern Annular 

Mode/Antarctic Oscillation 

 

SAM 

 

- 

 

- 

 

Centro de Ciências Atmosféricas da 

Universidade Federal de Itajubá 

(UNIFEI)x* 

 

Monthly value of the Southern Annular Mode (SAM). The 

SAM dominates Southern Hemisphere climate variability 

and is based on the zonal pressure diference between six 

meteorological stations at latitude 40°S and six stations at 

latitude 65°S (Marshall 2003). A positive phase of SAM 

occurs when pressures at mid-latitudes (30 S-50°S) are 

above average (Marshall 2003). This corresponds to 

stronger than average westerly winds at sub-Antarctic 

latitudes (50 S-70°S) and weaker winds at mid-latitudes 

(30°S-40°S) (Marshall 2003; NCAR 2019), including the 
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South Atlantic Ocean region. Ayers and Strutton (2013), 

demonstrated the infuence of positive SAM and wind stress 

anomalies on nutrient variability and dynamics in the 

subantarctic region of the Pacifc sectorx. 
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South Atlantic Ocean Dipole 
Index 

SAODI - - Centro de Ciências Atmosféricas da 

Universidade Federal de Itajubá 

(UNIFEI)x* 

Monthly value of the South Atlantic Ocean Dipole Index 

(SAODI). SAODI corresponds to the heating of surface 

waters on the coasts of West/Central Equatorial Africa, 

between 10°20’E, 0°15’S and simultaneous cooling of 

similar magnitude on the coast between Argentina, 

Uruguay, and Brazil, between 10°40’W, 25°40’S 

(Venegas et al. 1997). The positive phase is equivalent to 

SST in Equatorial Africa being above the average 

compared to the southwest region, while its negative 

phase is below the averagex. 

South Atlantic 

Subtropical Dipole Index 

SASDI - - Centro de Ciências Atmosféricas da 

Universidade Federal de Itajubá 

(UNIFEI)x* 

Monthly value of the South Atlantic Subtropical Dipole 

index (SASDI). SASDI is obtained by calculating the 

spatial averages of sea surface temperature anomalies for 

the northeastern sector of the South Atlantic, 0º–20ºW and 

15ºS–25ºSx (Morioka et al. 2011). 

Sine* SINE - - - Months transformed into sine and later into a quantitative 

variable. The sine and cosine signals represent the four 

seasons of the year, in addition to adding cyclicity to 

seasonality analyses. For the sine, the peaks (positive and 

negative) occurred at the equinoxes and the null value at 

the solstices. For cosine, the analysis was inverted, null at 

the equinoxes and peaks at the solstices. This process 

consisted of dividing 360° by 12 months, thus fnding the 

angle for each month. Subsequently, the sine and cosine 

values for the corresponding angle were calculatedx. 

Cossine* COS - - - Months transformed into cossine and later into a 

quantitative variablex. 
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Supplementary Material 1. Parameters specified in the scripts of the Random Forest (RF), Extreme Gradient 

Boosting (XGBoost), Generalized Boosted Regression Models (GBM), and Generalized Additive Model 

(GAM) algorithms, for the analyses of the environmental suitability of the eight known breeding colonies of 

the sub-Antarctic fur seal Arctocephalus tropicalis. 

 

a_tropicalis_opt <- BIOMOD_Tuning( 

  GBM = list( distribution = 'bernoulli', 

              n.trees = 500, 

              interaction.depth = 7, 

              n.minobsinnode = 5, 

              shrinkage = 0.01, 

              bag.fraction = 0.5, 

              train.fraction = 0.7, 

              cv.folds = 3, 

              keep.data = FALSE, 

              verbose = FALSE, 

              perf.method = 'cv'), 

  GAM = list( algo = 'GAM_mgcv', 

              type = 's_smoother', 

              k = -1, 

              interaction.level = 0, 

              family = binomial(link = 'logit'), 

              method = 'GCV.Cp',  

              optimizer = c('outer','newton'), 

              select = FALSE, 

              knots = NULL, 

              paraPen = NULL, 

              control = list(nthreads = 1, ncv.threads = 1, irls.reg = 0, epsilon = 0.0000001, maxit = 200, trace = 

FALSE 

                             , mgcv.tol = 0.0000001, mgcv.half = 15, rank.tol = 0.0000000149011611938477 
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                             , nlm = list(ndigit=7, gradtol=0.000001, stepmax=2, steptol=0.0001, iterlim=200, 

check.analyticals=0), optim = list(factr=10000000) 

                             , newton = list(conv.tol=0.000001, maxNstep=5, maxSstep=2, maxHalf=30, use.svd=0), 

idLinksBases = TRUE, scalePenalty = TRUE 

                             , efs.lspmax = 15, efs.tol = 0.1, keepData = FALSE, edge.correct = FALSE) ), 

  RF = list( do.classif = TRUE, 

             ntree = 500, 

             mtry = 3 ), 

  XGBOOST = list( eta = 0.1, 

                  nrounds = 500, 

                  objective = "binary:logistic", 

                  nthread = 2 ) 

) 

 

# Model single models 

a_tropicalis_model <- BIOMOD_Modeling(bm.format = myBiomodData, 

                                      modeling.id = 'AllModels', 

                                      models = c("GBM", "GAM","RF","XGBOOST"), 

                                      bm.options = a_tropicalis_opt, 

                                      CV.strategy = 'random', 

                                      CV.nb.rep = 10, 

                                      CV.perc = 0.7, 

                                      var.import = 3, 

                                      nb.cpu = 2, 

                                      seed.val = 123, 

                                      metric.eval = c('TSS','ROC')) 

 

a_tropicalis_ens <- BIOMOD_EnsembleModeling( 

  a_tropicalis_model, 

  models.chosen = mods, 
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  em.by = "all", 

  em.algo = c('EMmean'), 

  metric.select = c('TSS'), 

  metric.select.thresh = 0.8, 

  metric.eval = c("TSS", "ROC"), 

  var.import = 3, 

  EMci.alpha = 0.05, 

  EMwmean.decay = "proportional", 

  nb.cpu = 2, 

  seed.val = 123, 

  do.progress = TRUE, 

) 
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Supplementary Table 3. Number of records of the sub-Antarctic fur seal (Arctocephalus tropicalis) by year, between 1992 and 2021, by states and regions along 

the Brazilian coast. Abbreviations: RS - Rio Grande do Sul, SC - Santa Catarina, PR - Paraná, SP - São Paulo, RJ - Rio de Janeiro, ES - Espírito Santo, BA - 

Bahia, SE - Sergipe, AL - Alagoas, PE - Pernambuco, and RN - Rio Grande do Norte. 

Year RS SC PR Southern SP RJ ES Southeastern BA SE AL PE RN Northeastern 

1992 19 0 3 22 3 0 0 3 1 0 0 0 0 1 

1993 1 0 1 2 0 0 0 0 0 0 0 0 0 0 

1994 26 0 0 26 2 4 0 6 0 0 0 0 0 0 

1995 6 0 0 6 0 0 0 0 0 0 0 0 0 0 

1996 7 0 0 7 1 0 0 1 2 0 0 0 0 2 

1997 5 0 0 5 0 1 0 1 0 0 0 0 0 0 

1998 16 0 0 16 5 0 0 5 1 0 0 0 0 1 

1999 3 0 0 3 2 1 1 4 1 0 0 0 1 2 

2000 19 0 0 19 9 6 1 16 1 0 0 0 0 1 

2001 7 0 1 8 2 1 0 3 0 0 0 0 0 0 

2002 115 0 0 115 3 6 0 9 2 0 1 1 0 4 

2003 21 0 0 21 3 2 0 5 1 0 0 0 0 1 

2004 2 0 0 2 0 0 0 0 1 1 0 0 0 2 

2005 4 0 0 4 1 1 0 2 1 0 0 0 0 1 

2006 10 0 0 10 0 4 1 5 0 0 0 0 0 0 

2007 4 0 1 5 5 0 0 5 0 0 0 0 0 0 

2008 2 0 0 2 5 3 0 8 4 0 0 0 0 4 

2009 19 0 0 19 6 0 0 6 0 0 1 0 0 1 

2010 6 0 0 6 7 2 0 9 0 0 0 0 0 0 

2011 9 0 0 9 3 2 1 6 0 0 0 0 0 0 

2012 13 0 0 13 10 6 1 17 1 0 0 0 0 1 

2013 14 0 0 14 8 3 2 13 1 3 0 0 0 4 

2014 3 0 0 3 1 5 0 6 0 0 0 0 0 0 

2015 15 1 0 16 1 0 0 1 0 1 0 0 0 1 

2016 6 1 2 9 3 1 0 4 0 0 0 0 0 0 

2017 7 1 3 11 4 1 0 5 0 0 0 0 0 0 

2018 14 3 8 25 13 4 0 17 0 0 0 0 0 0 

2019 6 4 2 12 2 2 1 5 1 0 1 0 0 2 

2020 6 15 2 23 10 4 0 14 0 0 0 0 0 0 
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2021 7 7 2 16 3 0 0 3 0 0 0 0 0 0 

Total 392 32 25 449 112 59 8 179 18 5 3 1 1 28 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Table 4. Collinearity values between environmental variables and climate models for the analysis of the extra-limital occurrences of 

the sub-Antarctic fur seal, Arctocephalus tropicalis, from 1998 to 2020 along the Brazilian coast. Green cells correspond to the south ern region and 

orange cells to the southeastern plus northeastern region. Variables with r values > 0.7 are in bold. 

Variables Sine Cossine aSST aSAF aSTFN aW_Spd aMLD MEI SAM SASDI SAODI aChl-a 
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Sine  0.10 0.06 -0.01 -0.12 -0.13 0.04 0.04 0.06 -0.03 0.04 0.03 

Cossine 0.14  -0.21 -0.10 0.14 0.02 0.29 -0.04 -0.10 0.20 0.15 0.02- 

aSST -0.11 -0.06  0.65 -0.59 -0.29 -0.18 -0.26 0.22 -0.69 -0.25 -0.22 

aSAF -0.14 0.02 0.66  -0.31 -0.03 -0.14 -0.21 -0.04 -0.33 -0.05 -0.15 

aSTFN 0.11 0.11 -0.54 -0.24  0.21 0.33 0.15 -0.20 0.63 0.41 0.20 

aW_Spd -0.03 0.03 -0.20 -0.06 0.20  0.12 0.13 -0.53 0.26 0.04 0.13 

aMLD 0.13 0.32 -0.17 -0.07 0.38 0.12  -0.07 0.03 0.17 0.07 -0.04 

MEI 0.10 -0.05 -0.35 -0.21 0.26 0.15 0.00  -0.10 0.31 0.05 0.29 

SAM -0.03 -0.05 0.04 -0.07 -0.11 -0.37 0.04 -0.05  -0.19 0.03 -0.06 

SASDI 0.04 0.12 -0.63 -0.23 0.59 0.23 0.16 0.39 -0.07  0.64 0.26 

SAODI 0.02 0.09 -0.25 -0.02 0.41 0.05 0.06 0.10 0.07 0.73  0.14 

aChl-a 0.03 0.03 -0.30 -0.14 0.26 0.15 -0.01 0.38 0.05 0.36 0.18  

Supplementary Table 5. Collinearity values between environmental layers for the analysis of the suitability of global breeding colonies of the sub-Antarctic 

fur seal, Arctocephalus tropicalis. Abbreviations: Sea Surface Temperature (SST), Sea Temperature at Minimum Depth (STMD), Mixed Layer Depth 

(MLD), Chlorophyll-a (Chl-a), Sea Surface Primary Productivity (SSPP), Sea Primary Productivity at Minimum Depth (SPPMD), Sea Surface Salinity 

(SSS), Sea Salinity at Minimum Depth (SSMD). Sea Surface Water Speed (SSWS), Sea Water Speed at Minimum Depth (SWSMD), Sea Water Direction 

(SWD), Sea Water Direction at Minimum Depth (SWDMD), Bathymetry (Bathy). Variables with r values > 0.7 are in bold. 

Variables SST STMD MLD Chl_a SSPP SPPMD SSS SSMD SSWS SWSMD SWD SWDMD Bathy 

SST  - - - - - - - - - - - - 

STMD 0.27  - - - - - - - - - - - 
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MLD -0.63 -0.23  - - - - - - - - - - 

Chl-a -0.79 -0.02 0.66  - - - - - - - - - 

SSPP -0.46 0.28 0.34 0.84  - - - - - - - - 

SPPMD 0.05 0.75 -0.13 0.11 0.28  - - - - - - - 

SSS 0.32 -0.57 -0.07 -0.39 -0.44 -0.54  - - - - - - 

SSMD 0.12 0.44 -0.07 -0.04 0.10 0.17 -0.42  - - - - - 

SSWS 0.32 0.36 -0.29 -0.09 0.13 0.25 -0.34 0.25  - - - - 

SWSMD -0.02 0.49 -0.11 0.24 0.46 0.37 -0.44 0.22 0.46  - - - 

SWD 0.56 0.09 -0.50 -0.60 -0.43 0.09 0.14 0.12 0.37 0.07  - - 

SWDMD 0.07 0.05 -0.02 -0.06 -0.06 0.02 -0.06 0.18 0.08 -0.04 0.08  - 

Bathy -0.08 0.54 0.02 0.18 0.30 0.32 -0.26 -0.14 0.04 0.23 -0.14 -0.17  
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Supplementary Figure 1. Performance of True Skill Statistic (TSS) and Area Under the Receiver Operating 

Characteristic Curve (AUC/ROC) of the four algorithms used for training and validation in the analysis of the 

current suitability of the eight known breeding colonies of the sub-Antarctic fur seal Arctocephalus tropicalis. 

Abbreviations: Random Forest (RF), Generalized Boosted Regression Models (GBM), Extreme Gradient 

Boosting (XGBoost), and Generalized Additive Model (GAM). 
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Supplementary Figure 2. Importance of variables of current environmental suitability of the eight known 

breeding colonies of the sub-Antarctic fur seal Arctocephalus tropicalis, after application of the ensemble 

model with a True Skill Statistic (TSS) and Area Under the Receiver Operating Characteristic Curve 

(AUC/ROC) threshold > 0.8. Abbreviations: Sea Surface Temperature (SST), Sea Temperature at Minimum 

Depth (STMD), Mixed Layer Depth (MLD), Sea Surface Primary Productivity (SSPP), Sea Surface Salinity 

(SSS), Sea Salinity at Minimum Depth (SSMD). Sea Surface Water Speed (SSWS), Sea Water Speed at 

Minimum Depth (SWSMD), Sea Water Direction (SWD), Sea Water Direction at Minimum Depth 

(SWDMD), Bathymetry (Bathy). 
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Supplementary Video 1. Animation of current and projected environmental suitability maps of the eight known breeding colonies of the sub-Antarctic fur seal 

Arctocephalus tropicalis, based on climate scenarios from the Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC, 2021) 

for two periods: up to 2050 and up to 2100. The corresponding scenarios are SSP1-2.6, SSP2-4.5 and SSP5-8.5. 
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Supplementary Figure 3. Percentage change in the gain and loss of areas of environmental 

suitability, in km², associated with the breeding colony of the sub-Antarctic fur seal 

Arctocephalus tropicalis in the Tristan da Cunha/Gough Archipelago, covering the Austral and 

South Atlantic Oceans (-34°S to -80°S; -70°W to 20°E), compared to the current scenario. The 

areas were classified into suitability intervals (>0.5–1, >0.5–0.7, >0.7–0.9 and >0.9–1) and 

projected based on the climate scenarios of the Sixth Assessment Report (AR6) of the 

Intergovernmental Panel on Climate Change (IPCC, 2021) for the periods: A) 2050 and B) 

2100, considering the scenarios SSP1-2.6, SSP2-4.5 and SSP5-8.5. 

 


