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RESUMO

Estudos de longo-prazo, que proporcionem um grande volume de dados de qualidade, sdo
essenciais para estimativas robustas de pardmetros populacionais e para compreensao das historias
de vida e dinamica populacional de animais selvagens. Modelos de marcagdo-recaptura tém se
tornado uma ferramenta central na estimacdo de parametros demograficos sob deteccao imperfeita
de individuos. Estudar espécies em ambiente natural ¢ sempre um grande desafio, especialmente
quando sdo espécies de vida longa, em ambientes marinhos e com uma vasta area de vida como ¢
o caso das grandes baleias. Por conta disso, ¢ crucial contar com ferramentas que permitam avaliar
a dinamica populacional e conhecer a biologia de cada espécie para promover sua conservagao.
As grandes baleias desempenham um papel central nos ecossistemas marinhos. Fertilizam os
oceanos promovendo a produtividade primaria, sustentam a biodiversidade, e sdo capazes de
incorporar toneladas de carbono nos seus imensos corpos transformando-se em grandes aliadas na
mitigacdo das mudangas climaticas. A caca de baleias diminuiu a biomassa destes animais no
mundo todo, levando algumas das espécies quase a extin¢ao. Pela importancia ecossistémica das
grandes baleias, ¢ primordial gerar conhecimentos sobre a dindmica populacional e identificar as
ameagas que possam impactar a conservagdo e comprometer a recuperagdo populacional. Nesta
tese, buscou-se explorar a base de dados das baleias-franca (Eubalaena australis) do Atlantico Sul
Ocidental, que ano a ano visitam as costas da Peninsula Valdés, na Argentina, com o intuito de
acessar a sua dindmica populacional e identificar possiveis ameagas para a sua recuperagdo. O
Instituto de Conservacdo de Ballenas e o Ocean Alliance realizaram o monitoramento desta
populacdo desde 1971, dispondo da maior base de dados baseada no reconhecimento individual
para uma espécie de baleia (~4 mil individuos). Aplicando modelos probabilisticos de marcagao-
recaptura a 47 anos de dados, estimou-se a sobrevivéncia das fémeas e dos filhotes e investigou-
se o impacto de ameagas globais e locais nestes pardmetros e na populacao. Além disso, utilizando
um subconjunto da base de dados, estimou-se a sobrevivéncia dos machos e a influéncia do esforco
amostral na probabilidade de recaptura. Assim, a presente tese esta estruturada em trés capitulos.
No capitulo 1, utilizou-se o historico de captura das fémeas (historico dos mesmos individuos ao
longo do tempo), para estimar sua sobrevivéncia. Utilizando os eventos do £/ Nifio como proxy de
mudancas climaticas, explorou-se o efeito destas na sobrevivéncia. A mortalidade das fémeas
aumentou ap6s fortes eventos do EIl Nisio. Este resultado pode estar associado a baixa
disponibilidade de krill, o principal alimento das baleias, apds eventos do El Nifio, e a
vulnerabilidade das fémeas reprodutivas frente a essa condi¢do. A relagdo do E/ Nifio com a

sobrevivéncia das fémeas permitiu projetar a abundancia da populagdo considerando diversos



cenarios futuros de mudancas climdticas. O resultado sugere que eventos de E/ Nifio mais fortes
podem levar a uma redugao critica no crescimento populacional. Esse capitulo revela a importancia
de se considerar os efeitos das mudangas climaticas na dindmica das populacdes de baleias, e
refor¢a a ideia de que frente a um futuro com um aquecimento global cada vez mais intenso, a
demora na recuperagdo das populacdes de baleias tem potencial de afetar fortemente as interagdes
troficas do Oceano Austral. Por outro lado, no capitulo 2, utilizou-se os histéricos de captura dos
filhotes (individuos identificados no ano do nascimento) com o intuito de avaliar o efeito da
problematica local dos ataques do gaivotao (Larus dominicanus) nas baleias francas na Peninsula
Valdés, também conhecido como micropredagdo. As gaivotas aprenderam a se alimentar
diretamente da pele e gordura de baleias vivas, provocando diversas feridas no dorso. Na década
de 1970 esses eventos eram raros, mas com o tempo tém se tornado constantes e severos. Estudos
recentes tém apontado esta micropredagdo como causa associada a elevada mortalidade de filhotes
na regido. Aplicando modelos de marcacgao-recaptura e utilizando informacgao individual de lesdes
provocadas pelas gaivotas nos primeiros meses de vida dos filhotes, investigou-se o efeito da
micropredacdo na sobrevivéncia dos filhotes. Os resultados mostraram que a sobrevivéncia dos
filhotes ¢ fortemente afetada pelo nimero e o tamanho das lesdes, e que estes tém aumentado ao
longo do tempo. Individuos que apresentam feridas mais sérias (uma maior area do dorso lesada)
tém menor probabilidade de sobreviver ao primeiro ano de vida. Por ultimo, no capitulo 3, utilizou-
se o histdrico de captura de todos os individuos identificados entre 1971 e 1990 (fémeas, machos
e individuos de sexo desconhecido) e, aplicando modelos ocultos de Markov, estimou-se uma
sobrevivéncia sexo-especifica (maior nas fémeas), uma probabilidade de recaptura dos machos,
dependente do esfor¢o amostral (maior em anos onde o monitoramento foi realizado desde o inicio
da temporada), e uma razdo sexual com um viés marginal em favor das fémeas. A partir deste
subconjunto de dados de vinte anos, detectou-se o efeito de eventos de E/ Nifio na sobrevivéncia
das fémeas, porém ndo nos machos. As baleias-franca que se reproduzem nas costas da Argentina,
Brasil e Uruguai, fazem parte da populagao do Atlantico Sul Ocidental e a Peninsula Valdés ¢ o
maior bergario para esta populacdo. Com os resultados gerados pela presente tese buscou-se
contribuir com informagdes de relevancia para a baleia-franca-austral e a viabilidade desta
populacdo em longo prazo, e assim auxiliar na futura avaliacdo do status de conservac¢dao da

espécie.

Palavras-chave: sobrevivéncia aparente, FEubalaena australis, mudangas climaticas,

fotoidentificacdo, micropredagdo, modelos de marcagdo-recaptura, ameacas globais e locais.



ABSTRACT

Long-term studies providing a large volume of data quality are essential to estimate robust
population parameters, and better understand the life history and population dynamic of wild
animals. Capture-recapture models have become a central tool for estimating demographic
parameters under imperfect detection of individuals. Studying species in their natural environment
is challenging, especially for long-lived marine species with extensive home ranges such as large
whales. Therefore, it is crucial to use tools that assess both population dynamics and to know the
biology of each species to accurately promote their conservation. Whales play critical roles in
marine ecosystems. They enhance primary production by fertilizing the ocean which sustains
biodiversity, and incorporating tons of carbon into their large bodies, becoming great allies in
climate change mitigation. Whaling has reduced the biomass of baleen whales worldwide, driving
some species to the brink of extinction. Due to large whales' ecosystem relevance, increasing our
knowledge of their population dynamics is essential in identifying threats that may impact
conservation and population recovery. In this thesis, we explored the database of the population
of southern right whales (Eubalaena australis) which calve off Peninsula Valdés, Argentina, with
the aim to assess population dynamics and identify threats that may jeopardise their continued
population recovery. The Instituto de Conservacion de Ballenas and Ocean Alliance have
monitored this population since 1971, providing the largest and longest database for a whale
species based on individual recognition (~4,000 individuals). Applying probabilistic capture-
recapture models to 47 years of data, we estimated female and calf survival and the influence of
global and local threats on these parameters. Furthermore, using a subset of the database, we
estimated male survival probability and the influence of sampling effort on the recapture
probability. The thesis was divided into three chapters. In Chapter 1, we used female encounter
histories — capture histories of the same individuals over time — to estimate female survival
probabilities. We investigated the effects of climate change on female survival by employing El
Nifio events as a proxy. Female mortality increased following strong El Nifio events, which are
associated with a reduction in the abundance of Atlantic krill, one of the main prey species for
southern right whales. This link between El Nifio events and female survival allowed us to project
future population abundance considering different scenarios of climate change. The result
suggested that stronger El Nifo events may lead to a marked decrease in the population growth
rate. The study revealed the importance of considering the effects of climate change on whale
populations and reinforced the idea that in the face of a future with more intense global warming,

the delay in whale recovery can potentially disrupt food-web interactions in the Southern Ocean.



In Chapter 2, we used calf encounter histories—capture histories of individuals identified in the
year of birth—to model calf survival and the effects on it of a local threat for this population at
Peninsula Valdes: micropredation by Kelp gull (Larus dominicanus). At this site, Kelp gulls feed
on the skin and blubber of surfacing whales creating several wounds on their backs. During the
1970s, these events were rare, but they increased over time. Furthermore, the population
experienced high calf mortality events between 2003 and 2013, with recent studies pointing to
Kelp gull harassment as a contributing factor to this calf mortality. By applying capture-recapture
models, we estimated calf survival and the effect of Kelp gull micropredation employing
individual information regarding gull-inflicted lesions on calves’ backs. Results showed that calf
survival was strongly affected by the number and size of lesions, and its proportion has increased
over time. Individuals with more severe wounds — with a larger area of injured back — were less
likely to survive their first year. Finally, in chapter 3, we used the encounter history of all
individuals identified between 1971 and 1990 (females, males, and individuals of unknown sex).
Applying hidden Markov capture-recapture models, we estimated a sex-specific survival
probability (which was higher in females), an effort-dependent male detection probability (which
was higher in years where surveys were conducted since the beginning of the season), and a
marginally female-biased sex ratio. By using twenty-year of data, we were able to detect the effect
of El Nifio events on female survival, but not on male survival. Peninsula Valdes is the largest
nursery ground for the right whales that calve off the coasts of Argentina, Brazil, and Uruguay (the
Southwest Atlantic population). Therefore, the results generated by this thesis, contribute
significantly to the knowledge of the southern right whales and its long-term viability in this

region, and help with future assessments of the conservation status of the species.

Keywords: apparent survival probabilities, Eubalaena australis, climate change, photo-

identification, micropredation, capture-recapture models, global and local threats
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CAPITULO 1

Fig. 1. SRW female survival and climate change. (A) Female survival probabilities for
SRWs (E. australis) identified between 1971 and 2017 at Peninsula Valdés,
Argentina. Estimated survival in year t should be read as the probability of surviving
to the end of that annual period. Estimates are shown with 95% CI (error bars). Years
are categorized by ENSO phase (color code). (B) Oceanic El Nifio Index (ONI)
representing 3 months running mean sea surface temperature (SST) anomalies in El
Nifio 3.4 region from 1970 to 2019 (ONI values greater than 0.5, red line, represent
the warm phase/El Nifio; ONI values lower than —0.5, blue line, represent the cool
phase/La Nina; ONI values between 0.5 and —0.5, black line, represent the neutral
phase). Data are taken from the rsoi R package. (C) Mean monthly SST of SW
Atlantic Ocean (30°W to 70°W, 42°S to 77°S) from 1970 to 2019. Data are taken
from the COBE Dataset (www.esrl.noaa.gov/psd/data/gridded/data.cobe.html). (D)
Mean density (individuals m—2) of Antarctic krill (Euphausia superba) within the
SW Atlantic Ocean, based on standardized densities. Years with >50 (black) and <50
(red) stations are plotted, yielding 6544 stations from the updated KRILLBASE
database from 1981 to 2016 (www.iced.ac.uk/science/krillbase.htm). (E)
Relationship between female survival probability and ONI [logit(e = 5.359 — 1.371
* ONI)] during cool phase/La Nina (blue), neutral phase (gray), and warm phase/El
Nifio (red). Estimates are shown with 95% CI (error bars). SRW and krill illustrations
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Fig. 2. SRW population recovery in different climate change scenarios. Simulations
of the effect of El Nifio events on SW Atlantic SRW population size over the next
100 years. The eight scenarios reflect different combinations of changes in El Nifio
frequency and intensity. (A) The population size is projected using the historical
estimate of the population growth rate, assuming density dependence. In (B) to (H),
the population size is projected on the basis of the predicted survival under the
different El Nifio scenarios: (B) The same frequency of weak/moderate/strong events
of El Nifio recorded in the past 50 years (baseline); (C) more frequent events (25%
weak, 27% moderate, and 47% strong); (D) more intense events (15% increase of
intensity); (E) events both more frequent and more intense; (F) assuming the
CMCC_CESM climate model from CMIPS5 under the RCP 8.5 scenario; (G and H)
assuming a distribution from four climate change models (GFDL-ESM2M, GISS-
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1. INTRODUCAO GERAL

1.1. ESTUDOS DE LONGO PRAZO: DA ECOLOGIA INDIVIDUAL A ECOLOGIA
POPULACIONAL

E crucial conhecer a dindmica das populagdes, quais os fatores que as afetam e de que maneira,
para a compreensdo de multiplos processos bioldgicos necessarios para o manejo ou
conservagao das espécies. No entanto, muitas questdes relevantes para a ecologia populacional,
s6 podem ser respondidas através das histérias de vida de individuos reconhecidos,
acompanhados continuamente, por varias décadas (CLUTTON-BROCK; SHELDON, 2010).
Desde meados do século XX, as pesquisas de longo prazo envolvendo o reconhecimento
individual de aves (KLUIJVER, 1951; LACK, 1954), mamiferos terrestres (GOODALL 1968;
SCHALLER 1972), répteis (KUSHLAN; MAZZOTTI 1989) e mamiferos aquaticos
(CONNOR; SMOLKER 1985; WHITEHEAD; PAYNE, 1981; WURSIG; WURSIG. 1977),
estdo em andamento em diferentes partes do mundo, com contribuigdes marcantes para a
literatura ecoldgica. Muitos dos conceitos ecoldgicos, processos com alta variabilidade, eventos
extraordinarios, raros ou pouco frequentes, e processos lentos — como dindmica populacional
de organismos longevos — requerem estes longos periodos de coleta de dados, com foco no

individuo (FRANKLIN, 1989).

Em um contexto de acompanhamentos de longo prazo, a dindmica das populagdes pode ser
avaliada por diferentes frentes, através da estimagdo do tamanho populacional, ou pela
descricao de padrdes de distribui¢do espacial e estruturacdo. Embora desempenhem um papel
fundamental na ecologia e fornecam as bases para o entendimento dos processos de regulagado
do nimero de animais e avalia¢do dos efeitos antropogénicos nas populagdes, historicamente
muitos estudos de longo prazo baseiam-se em premissas que violam dois dos principios basicos
da biologia: todos os individuos sdo diferentes e interagem uns com os outros e com o ambiente
(CLUTTON-BROCK; SHELDON, 2010; HUSTON; DEANGELIS; POST, 1988). Como
alternativa, cabe utilizar técnicas de modelagem baseadas em individuos considerando-os
entidades Unicas e discretas que tém propriedades intrinsecas além da idade: o comprimento e
a massa corporal (HUSTON; DEANGELIS; POST, 1988). Neste caso, o reconhecimento
individual ¢ uma condi¢do geralmente requerida para a avaliacdo da dindmica das populacdes
por modelos que focam no individuo . Existem muitas vantagens em estudos populacionais
deste tipo (CLUTTON-BROCK; SHELDON, 2010). Na ecologia e na evolu¢ao destaca-se a

possibilidade de: (i) avaliar os efeitos da idade nos pardmetros e dindmica populacional; (ii)
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conectar diferentes estagios da historia de vida; (iii) descrever estruturas sociais e de parentesco;
(iv) avaliar a influéncia de varidveis individuais na sobrevivéncia e sucesso reprodutivo; (v)
estimar com mais precisdo a direcdo da selecdo através do estudo das coortes, e (vi) realizar
estudos de genética quantitativa através das geragdes de individuos conhecidos. As constantes
melhoras nas implementacdes computacionais e softwares tém acompanhado o aumento no uso
destes modelos na ecologia (GRIMM, 1999; JUDSON, 1994), e tém aprimorado as predi¢des
dos efeitos das mudangas ambientais nas populagdes (STILLMAN et al., 2015).

1.2. MARCACAO-RECAPTURA: UMA ABORDAGEM PARA ESTUDAR A DINAMICA
POPULACIONAL

Os modelos de marcagdo-recaptura, baseados no reconhecimento individual, sdo amplamente
utilizados na ecologia para estimar pardmetros populacionais como sobrevivéncia, fecundidade,
dispersdo, abundancia, crescimento populacional, entre outros (LEBRETON et al., 1992). E
essencial conhecer estes pardmetros para acessar a dindmica populacional e gerar informagdes
para o manejo e conservagao das espécies. A abordagem conhecida como Cormack-Jolly-Seber
ou CJS (CORMACK, 1964; JOLLY, 1965; SEBER, 1965) ¢ um modelo para populacdes
abertas que se concentra apenas na sobrevivéncia aparente (sem distinguir a sobrevivéncia real
de processos de emigra¢do) e na estimativa da probabilidade de captura de animais marcados.
Esta abordagem aceita assumir dependéncia no tempo para ambos os parametros estimados,
bem como uma avaliacdo de potenciais moduladores da detec¢do imperfeita dos individuos
(LEBRETON et al., 1992). Por exemplo, uma vantagem desta abordagem ¢ a possibilidade de
avaliar o efeito de varidveis de grupo (ex. o sexo), variaveis individuais (ex. o peso), variaveis
externas (ex. esfor¢o) e a interacdo entre elas sobre as probabilidades de captura, mas também
no proprio parametro sobrevivéncia. Os modelos CJS assumem, como premissa, que (i) todos
os individuos tém a mesma probabilidade de recaptura, (ii) as marcas ndo interferem na
sobrevivéncia dos individuos, (iii) as marcas sdo permanentes, € (iv) todas as amostragens sdo
instantdneas e os animais sdo liberados instantaneamente apds a marcacdo. Algumas destas
premissas dependem do desenho amostral, outras fazem parte das propriedades intrinsecas da
populacdo. Para avaliar se existe quebra de premissas sdo utilizados testes de bondade de ajuste,
ou GOF test (Goodness-of-fit test). O teste Test3.SR, por exemplo, avalia se a premissa de que
as marcas ndo interferem na sobrevivéncia ¢ cumprida e permite identificar a presenca de
individuos transeuntes (PRADEL et al., 1997). Por outro lado, o Test2.ct permite avaliar a

premissa de homogeneidade na probabilidade de recaptura (PRADEL, 1993). Conhecer o
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sistema e quais premissas nao estdo sendo cumpridas permite ajustar adequadamente o modelo

e obter estimativas mais precisas e acuradas.

O reconhecimento individual, uma condi¢do para a aplicagdo de modelos de marcagao-
recaptura, pode ocorrer através de marcas artificias, em que o animal ¢ capturado e marcado
com um codigo (geralmente alfanumérico), ou a partir de marcas naturais. Estas ultimas sdo
caracteristicas que permanecem perceptiveis ao longo da vida do individuo, permitindo seu
acompanhamento no tempo e espaco. Os modelos de marcagao-recaptura tém sido amplamente
utilizados em inimeros grupos taxondmicos. As pesquisas sobre dinamica populacional de
grupos de aves marcaram o inicio do monitoramento baseado no reconhecimento individual.
Estudos pioneiros foram realizados com o chapim-azul (Cyanistes caeruleus) e o chapim-real
(Parus major) (KLUIJVER, 1951; LACK, 1954). Posteriormente, os dados coletados dos
melros-d'agua (Cinclus cinclus) no este da Franga — mais conhecidos como “the dipper data” —
(MARZOLIN, 1988), tornaram-se um cldssico para ilustrar varias questoes analiticas dos
modelos de marcagao-recaptura. Estes dados foram analisados aplicando métodos de inferéncia
frequentista (LEBETON et al, 1992), assim como de inferéncia Bayesiana
(BROOKS; CATCHPOLE; MORGAN 2000).

Diversos estudos utilizaram métodos de marcagdo-recaptura para estimar parametros
populacionais em grandes cetdceos como a baleia-fin (Balaenoptera physalus) na costa leste do
Canada (SCHLEIMER et al. 2019); a baleia jubarte (Megaptera novaeangliae) no Pacifico
Norte (ASHE et al., 2013), Alaska (TEERLINK et al., 2015), Oceania (ORGERET et al., 2014),
Brasil (WEDEKIN et al., 2017), e Equador (FELIX; CASTRO; LAAKE, 2020); e a baleia-azul
(Balaenoptera musculus) no Chile (GALLETTI VERNAZZANI et al., 2017), para citar alguns.
Em pequenos cetaceos, os modelos de marcagdo-recaptura também sdo amplamente utilizados,
como no caso dos estudos com o golfinho-nariz-de-garrafa (Tursiops truncatus) no Brasil
(BEZAMAT etal., 2019; DAURA-JORGE; INGRAM; SIMOES-LOPES, 2013; FRUET et al.,
2015), Uruguai (LAPORTA; FRUET; SECCHI, 2017), ¢ no Mexico (BOLANOS-JIMENEZ
et al., 2022); com o boto-cinza (Sotalia guianensis) no sudeste do Brasil (CANTOR et al.,
2012), e com a baleia-piloto-de-aleta-curta (Globicephala macrorhynchus) do arquipélago da

Madeira em Portugal (ALVES et al., 2015), entre outros.

Para as baleias-franca, esta abordagem metodologica foi utilizada para estimar a probabilidade
de sobrevivéncia de Eubalaena glacialis no Atlantico Norte, em um estudo que além de
registrar um declinio abrupto da populacdo, sugeriu que se as ameagas para esta populacdo nao

forem reduzidas, a sua viabilidade estaria seriamente comprometida (CASWELL; FUIIWARA;
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BRAULT, 1999; PACE; CORKERON; KRAUS, 2017). No caso da baleia-franca-austral da
Nova Zelandia, utilizou-se métodos de marcagdo-recaptura com dados de fotoidentificagdo e
genotipagem de microssatélites para estimar a abundancia da populagdo total (CARROLL et
al., 2011; CARROLL et al.,, 2013). Recentemente, novas estimativas de abundancia e
crescimento populacional, aplicando modelos de marcagao-recaptura, foram reportadas para a
espécie no sudeste da Australia e no sudeste do Brasil (RENAULT-BRAGA; GROCH;
SIMOES-LOPES, 2022; STAMATION et al., 2020).

1.3.  AS GRANDES BALEIAS E SUA IMPORTANCIA ECOSSISTEMICA PARA A
MITIGACAO DAS MUDANCAS CLIMATICAS

Os estudos sobre mudangas climaticas envolvem diversas disciplinas, que vao de pesquisas em
meteorologia e oceanografia, até areas da biologia, economia e politica. Desde o inicio do
século até hoje, ¢ seguramente um dos temas mais polémicos e de grandes controvérsias
(COOK et al., 2016; LLOYD et al., 2021; ORESKES, 2004; ORESKES, 2018). Do ponto de
vista biologico, as mudancas climaticas produzem altera¢des na biodiversidade, abundancia,
distribui¢do e comportamento das espécies, nas taxas de extingdo, na estrutura e funcdo dos
ecossistemas, incluindo ciclos de nutrientes, fluxos hidricos, composi¢do e interacdo de
espécies. Grande parte de nosso planeta encontra-se coberto por agua (aproximadamente 75%),
e o clima ¢é regido em grande medida pelos oceanos. Porém, por um longo tempo, as discussdes
sobre as mudangas climaticas ndo incluiam os oceanos, provavelmente devido a falta de

informacao.

Recentemente, os mamiferos marinhos, principalmente as grandes baleias, foram
documentados pela importante contribuicdo ecoldgica no funcionamento dos ecossistemas
marinhos, seja como fertilizadores do oceano, provedores da biodiversidade e mitigadores das
mudancgas climaticas (BOWEN, 1997, DOUGHTY et al.,, 2016; LAVERY et al., 2012;
ROMAN et al., 2014; ROMAN; MCCARTHY, 2010) (Figura 1). Durante as migragdes, as
grandes baleias melhoram a produtividade primaria fertilizando as dguas oceanicas com fezes
enriquecidas de ferro, movimentam micronutrientes que influenciam a biogeoquimica do
ecossistema marinho e contribuem com a sustentabilidade da pesca (ROMAN; MCCARTHY
2010). A sua grande biomassa representa um repositorio estavel de carbono, ajudando assim na
mitigacdo das mudangas climaticas. Quando morrem, a carcaga contribui com a biodiversidade
dos organismos de fundo e o sequestro de carbono (LAVERY et al. 2010; PERSHING et al.,
2010; SMITH; ROMAN; NATION 2019; TREUDE et al. 2009). O valor destes servigos
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ecossistémicos para o funcionamento do planeta e seu potencial futuro, em cenarios em que as
populagdes de baleias possam ser recuperadas, é de interesse ndo s6 para os cientistas, mas

também para economistas e politicos vinculados com a conservagdo da biodiversidade.

A caga de baleias diminuiu a grande biomassa de baleias em mais de 85%, com uma diminuig¢ao
das populagdes de aproximadamente 66 a 90%, dependendo das espécies (BRANCH,;
WILLIAMS, 2006), colocando em xeque a viabilidade de algumas populacdes e pondo algumas
espécies em risco de extingdo. Assim, ¢ fundamental o conhecimento sobre as populagdes de
grandes baleias, sua dindmica populacional e tendéncias de recuperagdo. Acompanhar suas
taxas de crescimento e identificar os impactos antropogénicos e naturais que podem afeté-las €
chave para conserva-las, mas também — considerando seus papeis ecossistémicos — para pensar
em estratégias de mitigacdo desses impactos, contribuir para a sustentabilidade da pesca, e para

a conservagdo da biodiversidade marinha como um todo.
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Figura 1. Modelo conceitual de intera¢es da teia alimentar no Oceano Antartico relacionado as
mudancgas climaticas (setas pretas). As grandes baleias sdo componentes criticos porque mantém a
abundancia de krill pela reciclagem de ferro e fertilizacdo, e contribuem para a regulagdo do clima pelo
sequestro de carbono. Um feedback positivo entre a produgdo primdria, o krill e as baleias, conhecido
como paradoxo do krill (setas amarelas), poderia sustentar a teia alimentar em larga escala no Oceano
Antartico (setas cinzas).
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1.4. O EFEITO DO AQUECIMENTO DO OCEANO AUSTRAL

Os impactos das mudancas climaticas podem ocorrer em escala local, regional ou global. Esses
impactos podem gerar efeitos diretos, como o da reducdo da extensdo do gelo, ou efeitos
indiretos, que incluam mudangas na disponibilidade de presas, abundancia e padrdes de
migracdo (LEARMONTH et al., 2006; O’BRIEN et al., 2022). O El Nifio-Oscilagdao Sul ¢ um
fendmeno climéatico bem conhecido que se caracteriza pelo aumento da temperatura superficial
do mar no Pacifico Equatorial. O aquecimento das 4guas, combinado aos efeitos atmosféricos
dos eventos do El Nifio, produzem mudangas interanuais no gelo marinho (TURNER 2004;
PAOLO et al., 2018). A Peninsula Antartica Ocidental ¢ uma das regides que estd aquecendo
mais rapidamente, gerando a diminui¢do da extensdo do gelo antartico (VAUGHAN et al.,
2003), durante o inverno, que € necessario para o recrutamento de larvas e reabastecimento do
estoquede krill para o verdo seguinte (ATKINSON et a., 2004). O krill ¢ o principal alimento
de muitas espécies de baleias, pinguins e focas, e € uma espécie chave na teia trofica do Oceano
Austral (MURPHY et al., 2007; SAVOCA et al., 2021). A diminui¢do na disponibilidade do
krill pode levar a uma baixa condi¢ao corporal, ocasionando um decréscimo da fecundidade e
sobrevivéncia, e consequentemente uma reducdo na taxa de crescimento populacional nas
espécies do Oceano Austral (BARBRAUD; WEIMERSKIRCH, 2001; FORCADA et al., 2005;
GREENE; PERSHING, 2004; LEAPER et al., 2006; SEYBOTH et al., 2016; VAN DEN
BERG et al., 2021; WILLIAMS et al., 2013). Porém, pela auséncia de dados de longo prazo
sobre a dinamica populacional de muitas espécies de baleias, ainda existe uma grande lacuna
de conhecimento sobre os efeitos das mudangas climaticas nos principais parametros

demograficos (GULLAND et al., 2022).

1.5. CONHECENDO AS BALEIAS-FRANCA

1.5.1. Caracteristicas gerais

Junto as baleias da Groenlandia (Balaena mysticetus Linnaeus, 1758), as trés espécies de
baleias-franca — a baleia-franca do Atlantico Norte (Eubalena glacialis Muller, 1776), a baleia-
franca do Pacifico Norte (E. japonica Lacépéde, 1818) e a baleia-franca-austral (E. australis
Desmoulins, 1822) — compdem a familia Balaenidae. Caracteristicas especificas tais como o
corpo robusto, a cabeca atingindo até um terco do comprimento total nas baleias-de-

Groenlandia e um quarto nas baleias-franca, a mandibula curvada com barbatanas de mais de
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2.5 metros, a auséncia de nadadeira dorsal e sulcos ventrais, nadadeiras peitorais com formato
de trapézio, e o borrifo em forma de “V”, definem as espécies da familia Balaenidae, facilmente

reconheciveis frente a outras espécies de baleias.

A coloracdo do corpo das baleias-franca pode variar do preto ao acinzentado, com manchas
brancas no ventre e no mento (PAYNE et al., 1983). Alguns individuos de E. australis podem
apresentar manchas brancas ou cinzas no dorso (Figura 2). Nas populacdes de baleias-franca
da Africa do Sul e do Atlantico Sul Ocidental foram descritos cinco fenétipos de coloragdo do
dorso: (i) preto; (ii)) com manchas brancas (que se mantem brancas ao longo da vida); (iii)
morfotipo cinza (também conhecido como semialbino, quando ao nascer os individuos sao
brancos com machas pretas e com a idade se tornam cinza-amarroados); (iv) morfotipo cinza
parcial (com manchas brancas que se tornam cinza com a idade); e (v) morfotipo cinza parcial
com manchas brancas (que permanecem brancas) (BEST, 1990; PAYNE et al., 1983;
SCHAEFF et al., 1999).

Figura 2. Baleia-franca fémea com filhote semialbino. A coloracdo branca do morfotipo cinza muda
com a idade se tornando cinza-amarroado. Foto: Instuituto de Conservacion de Ballenas.

1.5.2. Caca de baleias-franca no hemisfério sul

A baleia-franca, right whale em inglés, deve o seu nome ao fato de ser a baleia “certa” para ser
cacada. Por conta do seu deslocamento lento, habitos costeiros, flutuar quando morta e possuir
grandes quantidades de 6leo, esta espécie foi alvo da caca comercial até o inicio do século XX.
As populagdes do hemisfério sul foram fortemente reduzidas (RICHARDS, 1998). A
abundancia pré-exploragdo de baleias francas no Hemisfério Sul foi estimada entre 50.000 e

150.000 baleias (BEST; BANNISTER; DONOVAN, 2001; TULLOCH et al., 2017).
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Recentemente, foi estimada uma abundéancia historica entre 28.800 e 47.100 baleias francas na
Nova Zelandia e no Sudeste da Australia, e ~58.000 individuos no Atlantico Sul Ocidental
(JACKSON et al., 2016; ROMERO et al., 2022). Para a época da caga comercial moderna, em
1860, as populagdes de baleias-franca tinham sofrido tal declinio, que se tornou raro encontra-
las nos oceanos (BEST; BANNISTER; DONOVAN, 2001). A caca de baleias no Brasil
remonta a época colonial, desenvolvida principalmente nas antigas armacgdes baleeiras da
Bahia, Rio de Janeiro e Santa Catarina (EDMUNDSON & HART, 2014; ELLIS, 1969,
MORALIS et al., 2016).

Junto com as baleias de Groenladndia, foram as primeiras espécies a receber protecao
internacional. Apesar de estarem protegidas desde 1935, entre 1950-1970, a frota baleeira da
Unido Soviética cagou ilegalmente 3.300 baleias francas em aguas internacionais perto de
Peninsula Valdés. Em uma temporada (1961-1962) foram cacadas 1.368 baleias-franca
provocando um atraso na sua recuperagdo (TORMOSOV et al., 1998). No Brasil, a caga
continuou até 1973, quando o tltimo exemplar foi encontrado morto e a populacdo parecia ter
sido completamente dizimada da regido. Independente da proibicdo imposta em 1965, a caca
de baleias continuava sendo realizada pelos pescadores artesanais. Estima-se que entre 1952 e
1973, foram cagadas no minimo 350 baleias na regido (PALAZZO & CARTER, 1983). A caca
comercial de toda espécie de ceticeo nas aguas jurisdicionais brasileiras foi proibida

definitivamente em 1987 (Lei federal 7643, 18 de dezembro de 1987).

1.5.3. Recuperando as populacées de baleia-franca austral

A baleia-franca austral se distribui ao longo de todo o hemisfério sul (Figura 3). Inicialmente
foram reconhecidas onze unidades de manejo: Austrdlia, Nova Zelandia subantartica e
continental, Oceano Indico Central, Africa do Sul, Namibia, Mocambique, Tristdo da Cunha,
Brasil, Argentina e Chile/Peru. Em seguida, varias destas unidades de manejo foram
reconhecidas como parte de uma mesma populacdo em expansdo, e atualmente sdo
reconhecidas cinco populagdes: Australia (sul e sudeste da Australia), Nova Zelandia, Africa
do Sul, Atlantico Sul Ocidental (Argentina, Brasil e Uruguai), e Pacifico Sudeste (Chile e Peru).
As populagdes da Austrdlia e do Atlantico Sul Ocidental continuam sendo monitoradas

separadamente em suas respectivas areas de reproducao (IWC, 2013).
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Figura 3. Distribuicdo da baleia-franca austral (Eubalaena australis) no hemisfério sul. Imagem
extraida do site oficial da Unido Internacional para a Conservagdo da Natureza (IUCN).

As populagdes da baleia-franca austral — com excecdo da populagdo do Pacifico Sudeste — vém
se recuperando desde o inicio dos esfor¢os internacionais de conservagdo (IWC, 2011). O
reconhecimento individual, e a contagem de individuos através de censos, t€ém sido a base para

a avaliagdo da dindmica populacional da espécie em cada uma das areas de reprodugéo.

A abundancia e taxas de crescimento populacional foram estimadas para cada populagdo
utilizando distintas abordagens analiticas. As estimativas do tamanho populacional mais
recentes para cada regido indicam uma abundancia de 2.585 individuos no sul da Australia
(SMITH et al., 2021), 268 no sudeste da Australia (STAMATION et al., 2020), 2.169 na Nova
Zelandia (CARROLL et al., 2013), 6.116 na Africa do Sul (BRANDAO; VERMEULEN;
BUTTERWORTH, 2018), 4.006 na Argentina (COOKE, 2012; COOKE; ROWNTREE;
SIRONI, 2015) e 3.195 no Brasil (RENAULT-BRAGA; GROCH; SIMOES-LOPES, 2022).
Até 2009 a populagdo global tinha atingido 13.600 individuos, com as principais populagdes
crescendo a uma taxa de ~7% (IWC, 2013). Porém, estimativas mais recentes sugerem uma
diminuigdo desta taxa de crescimento populacional, indicando um crescimento populacional de
4,5% no sul da Australia (SMITH et al., 2021), 4,7% no sudeste da Australia (STAMATION
et al., 2020), 6% na Nova Zelandia (CARROLL et al., 2013), 6,5% individuos para Africa do
Sul (BRANDAO; VERMEULEN; BUTTERWORTH, 2018), 3.15% na Argentina (CRESPO
etal., 2019) e 4.8% no Brasil (RENAULT-BRAGA; GROCH; SIMOES-LOPES, 2022).
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Colaboracdes internacionais vém se fortalecendo entre os pesquisadores de baleia-franca do
Hemisfério Sul. O projeto “Avaliagdo multi-ocednica dos pardmetros demograficos da baleia-
franca austral e correlacdes ambientais” ¢ um componente fundamental do Tema 6 do Programa
de Pesquisa do Oceano Austral da Comissao Baleeira Internacional (IWC-SORP), “A sentinela
certa das mudancas climdticas: vinculando a variabilidade das areas de alimentacdo a
recuperacdo da populagdo de baleias-franca”. Este projeto visa comparar a demografia das
populagdes de baleias-franca nas principais areas de reproducao no hemisfério sul para a melhor
compreensdo da dindmica populacional e conservacao da espécie (BUTTERWORTH et al.,
2021). Recentemente, foi estabelecido o Consorcio da baleia franca austral que visa melhorar
o estado de conservagdo em escala global a partir da colaboragdo internacional. O Consoércio
se propoe a formalizar e facilitar o intercambio de dados e informacgdes entre os projetos
envolvidos com o intuito de avaliar pardmetros populacionais sob um modelo biologico e

estatistico comum (VERMEULEN et al., 2021a).

1.5.4. A fotoidentificacao: conhecendo e reconhecendo individuos

O que fez com que o género Eubalaena fosse amplamente estudado no mundo todo, ¢ a
presencga de marcas naturais evidentes — um conjunto de calosidades na regido da cabeca — que
permite o reconhecimento individual através da fotoidentificagio (WHITEHEAD; PAYNE,
1981, PAYNE et al., 1983). As calosidades sdo espessamentos da pele infestados por colonias
de crustaceos anfipodes da familia Cyamidae (piolho de baleia, Cyamus sp.) responsaveis pela
coloracdo branca ou amarelada (ROWNTREE, 1996). A distribui¢cdo e nimero das calosidades
constitui um padrao Unico para cada individuo (PAYNE et al., 1983) (Figura 4).
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Figura 4. Exemplo do catalogo de referéncia digital das baleias-franca da Peninsula Valdés. Fonte:
Instuituto de Conservacion de Ballenas.

Um artigo publicado em 1981 chamado “Novas técnicas para avaliar populacdes de baleias
francas sem maté-las”, utilizou dados das baleias francas na Peninsula Valdés, Argentina, e
evidenciou a importancia da informacao que pode ser obtida a partir de estudos ndo letais de
cetaceos (WHITEHEAD; PAYNE, 1981). Este estudo pioneiro tem tragado o caminho da
pesquisa nao letal de cetaceos das ultimas cinco décadas, que vem crescendo exponencialmente
e permite acessar aspectos da biologia, ecologia e conservacao das grandes baleias no mundo

todo. Entre eles destacam-se os aspectos reprodutivos da espécie.

As baleias-franca possuem um sistema de acasalamento promiscuo — caracterizado por uma
fémea e varios machos, mas podendo os machos copularem com outras fémeas — com
competicdo previa ao acasalamento e uma alta competicdo espermatica pos-acasalamento
(FRAZIER et al 2007). Os individuos formam grupos de reproducao formados por uma fémea
(geralmente jovem) e de dois até 40 machos (BEST et al., 2003; KRAUS; HATCH, 2001,
PAYNE; DORSEY, 1983). As fémeas emitem um chamado para atrair aos machos, € uma vez
que o grupo esta formado, a fémea costuma ficar com o ventre fora d’agua dificultando a copula,
que s6 ocorre toda vez que ela vira para respirar (KRAUS; HATCH, 2001). A partir de estudos
genéticos realizados em baleias-franca do Atlantico Norte foi estimada a idade da primeira
paternidade em torno aos 15 anos (sendo a paternidade enviesada para os machos mais velhos),
com um intervalo reprodutivo médio para os machos de 5.7 anos (FRASIER et al., 2007). Os

resultados também indicaram um numero maior ao esperado de machos sem sinais de
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paternidade, uma deficiéncia de machos pais de s6 um filhote e um excesso de machos pais de
varios filhotes da populagdo ao longo do tempo (FRASIER et al., 2007). A maturidade sexual
das fémeas de baleia-franca ¢ atingida em torno dos seis anos e, embora a idade média da
primeira gestagdo ocorra em torno dos nove anos, também foram registradas as primeiras
gestacdes em fémeas de seis ou sete anos de idade (COOKE; PAYNE; ROWNTREE, 2001;
HAMILTON et al., 1998; KNOWLTON; KRAUS; KENNEY, 1994; PAYNE, 1986). O
periodo de gestacdo estd entre 11 e 13 meses (BEST, 1994; PAYNE, 1986). Dentre os trés
quadrimestres de gestacdo, o ultimo ¢ o de maior custo energético (95%) para a f€émea, quando
o feto cresce ~1.80 metros de comprimento (no final do segundo quadrimestre) até atingir entre
4.1 e 5.3 metros (comprimento estimado ao nascer) (CHRISTIANSEN et al., 2022b). As fémeas
lactantes medem entre 13 e 14.2 metros de comprimento (BEST; RUTHER, 1992;
CHRISTIANSEN et al., 2018; TORMOSOV et al., 1998; WHITEHEAD; PAYNE, 1981) e ddo
a luz a2 um unico filhote por vez, embora existam registros de fetos gémeos (TORMOSOV et
al., 1998). A taxa de crescimento corporal do filhote decresce de 108 kg d-!' ao nascer, para 50
kg d-1 com um més de idade, até atingir 16.1 kg d"! com um ano de idade (CHRISTIANSEN
et al., 2022). O comprimento durante o primeiro ano de vida do filhote apresenta 0 mesmo
padrdo de decrescimento de ~11 cm d-1 ao nascer, até 0.43 cm d! com um ano de idade
(CHRISTIANSEN et al., 2022). Nos primeiros meses de lacta¢do as fémeas perdem em média
25% do volume corporal (CHRISTIANSEN et al., 2018). O desmame ocorre apds o primeiro
ano de vida do filhote (HAMILTON; MARX; KRAUS, 1995; THOMAS; TABER, 1984).
Porém, recentemente foi reportado o desmame de baleias-franca do Atlantico Norte com 7.5 e
8 meses de idade (HAMILTON et al., 2022). O desmame ¢ seguido por um periodo de descanso
para recuperar as reservas energéticas, completando assim um ciclo reprodutivo de trés anos
(BANNISTER 1990; BEST 1990; BURNELL 2001; COOKE; PAYNE; ROWNTREE 2001;
KNOWLTON; KRAUS; KENNEY 1994; PAYNE 1986) (Figura 5). O ciclo reprodutivo de
trés anos ocorre em condi¢des normais de disponibilidade de alimento. Recentemente, foram
reportados para as populagdes de baleias-franca no hemisfério sul, intervalos reprodutivos de
dois anos (associado a morte do filhote nos primeiros meses de vida), e de quatro e cinco anos
(maiormente associados a uma baixa disponibilidade de alimento) (CHARLTON et al., 2021;
MARON et al., 2015a; VERMEULEN et al., 2021b; WATSON et al., 2021). Intervalos de seis
a dez anos foram registrados nas baleias-franca do  Atlantico  Norte

(https://www.fisheries.noaa.gov/species/north-atlantic-right-whale). A expectativa de vida das

baleias-franca ¢ alta, podendo viver pelo menos 65 anos (HAMILTON et al., 1998). Individuos

de baleia-franca austral identificados na Argentina na década de 1970s, que se encontravam
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com filhote (que tinham no minimo entre 7 e 9 anos de idade), foram reavistados também com

filhote quase cinco décadas depois.

pcasalamen to
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Figura 5. Ciclo reprodutivo da baleia-franca: ap6s o acasalamento, a baleia-franca passa um ano
gestando, um ano de amamentando o filhote e um ano de repouso para recuperar as reservas energeticas,
completando assim um ciclo reprodutivo trianual, dando a luz um filhote a cada trés anos em condicdes
normais de disponibilidade de alimento.

1.6. 50 ANOS DE ESTUDO DA BALEIA-FRANCA AUSTRAL DO ATLANTICO SUL
OCIDENTAL

A baleia-franca austral visita anualmente o litoral leste de América do Sul. Migra das areas de
alimentacdo em aguas frias de altas latitudes, onde se alimenta, para areas de reprodugdo em
aguas temperadas de baixas e médias latitudes, onde encontra as condi¢des favoraveis para dar
a luz e amamentar seus filhotes. Junto com as baleias-franca que utilizam a costa do Brasil
(CAMARA; PALAZZ0, 1986; GROCH et al., 2005; SIMOES-LOPES et al., 1992) e Uruguai
(COSTA et al., 2005; RIET SAPRIZA et al, 2011), as baleias-franca de Peninsula Valdés, na
Argentina (WHITEHEAD; PAYNE, 1981) fazem parte da populagdo de baleias-franca do
Atlantico Sul Ocidental. A Peninsula Valdés e o sul do Brasil constituem os principais bergarios
para esta populagdo. Apesar de fazerem parte de uma mesma populagcdo (CARROLL et al.,
2020; OLIVEIRA et al., 2011; OTT et al., 2011), estas duas areas reprodutivas vém sendo
monitoradas separadamente através de duas bases nacionais de fotoidentificagdo individual. Ao
comparar os catdlogos das duas areas foram encontradas 124 coincidéncias de individuos
avistados na Peninsula Valdés e no Brasil (ROWNTREE et al., 2020). Novos esfor¢os estdo

em andamento, a partir de técnicas analiticas mais recentes, para integrar os dados de ambas as
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areas de forma a estimar uma Uinica abundancia populacional e a probabilidades de movimentos

entre areas (AGRELO et al., 2021; BUTTERWORTH et al., 2021).

1.6.1. Estudando as baleias-franca na Peninsula Valdés

O maior ber¢ario para a populacdo da baleia-franca austral no Atlantico Sul Ocidental,
encontra-se localizado na Area Natural Protegida de Peninsula Valdés (lei 4722, 2001),
declarada Patrimonio Global pelas Nagdes Unidas em 1999. A Peninsula Valdés inclui duas
enseadas — Golfo Nuevo ao sul e Golfo San Jos¢ ao norte. Através do Programa Ballena Franca
Austral, o Instituto de Conservacion de Ballenas e Ocean Alliance (ICB e OA) tém realizado o
monitoramento continuo da populacdo de baleias-franca da Peninsula Valdés desde 1971. Este
monitoramento de longo prazo ¢ o mais longo ja realizado para uma espécie de baleia. Registros
de fotoidentificacdo, para posterior reconhecimento individual, sdo coletados durante os
sobrevoos junto com informagdes sobre o sexo (quando possivel), data do registro, presenca de
filhote, associagdo fémea e filhote, ¢ a enseada onde foi avistada (PAYNE et al., 1990;
ROWNTREE; PAYNE; SCHELL, 2001). No comeco do estudo, na década de 1970, eram
realizados véarios sobrevoos por ano. Porém, esse nimero teve que ser reduzido por conta do
alto custo, mantendo-se o monitoramento durante o més de setembro (ROWNTREE; PAYNE;
SCHELL, 2001). Cada ano, novos individuos sdo identificados e adicionados ao catalogo de
referéncia, assim como os novos registros de individuos conhecidos. Entre 1971 e 2015, o
nimero anual de individuos identificados variou de 55 em 1982 a 282 em 1999. A quantidade
de novos individuos adicionados ao catdlogo por ano também foi varidvel. Em 1981
registraram-se 16 individuos novos, enquanto em 2014 registraram-se 175 (Figura 6). A base
de dados analisada até 2018 inclui o historico de avistagens de 4.007 individuos conhecidos. A
fotoidentificacdo dos individuos da populagdo de baleias-franca da Peninsula Valdés, realizada
ao longo de cinco décadas de estudo, esteve a cargo da professora Victoria Rowntree, da
Universidade de Utah, nos Estados Unidos. No comeco, as fotos eram analisadas manualmente
(PAYNE et al., 1990), mas com a chegada de novas ferramentas tecnologicas, o processo de
reconhecimento individual foi aprimorado com o uso de um sistema computacional
automatizado que compara e identifica os registros de campo com o catalogo de referéncia

(HIBY; LOVELL, 2001).
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Figura 6. Numero de baleias identificadas entre 1971 e 2015. Novos individuos (verde azulado) e
individuos conhecidos (amarelo). Os pontos mostram o nimero acumulado de baleias identificadas.

1.6.2. Dinamica populacional da baleia-franca austral da Peninsula Valdés

O reconhecimento individual também facilitou estudos populacionais. Diversos parametros
foram estimados para a populagao de baleias francas da Peninsula Valdés (PAYNE et al., 1990;
WHITEHEAD; PAYNE; PAYNE, 1986), incluindo a utilizagdo de modelos analiticos
desenvolvidos especificamente para a populagdo em estudo (COOKE; PAYNE; ROWNTREE,
2001; COOKE; ROWNTREE; PAYNE, 2003; COOKE; ROWNTREE; SIRONI, 2015). Os
primeiros parametros populacionais estimados para as baleias-franca da Peninsula Valdés
surgiram da aplica¢do da abordagem de Jolly-Seber (JOLLY, 1965; SEBER, 1965) a uma
matriz de dados de marcagdo-recaptura (WHITEHEAD; PAYNE; PAYNE, 1986). Dentre os
parametros estimados destacam-se: o intervalo reprodutivo, a idade da primeira reprodugéo,
taxas anuais de crescimento populacional, taxa anual de mortalidade e abundancia de fémeas
adultas. Foi estimado para o periodo de 1971-1976 um total de 450-600 individuos, uma
abundancia de fémeas adultas entre 120 e 200 individuos e uma taxa de crescimento
populacional de 6,8%. (WHITEHEAD; PAYNE, 1981). Em seguida, novas estimativas foram
realizadas utilizando uma serie temporal de 15 anos, 1971-1986. Um modelo tedrico de
reproducdo foi desenvolvido pelos prdoprios autores e a partir dele estimou-se um intervalo
reprodutivo de 3,6 anos (IC 95%, 3,3-4,1 anos), uma taxa de crescimento populacional de 7,6%,
e uma abundancia total de 1.200 individuos (PAYNE et al., 1990). Com os dados disponiveis

do catalogo foi utilizado, pela primeira vez, os historicos individuais de captura das fémeas em
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matrizes de transicdo de estados para serem aplicadas em modelos probabilisticos. Foram
considerados trés tipos de observagdes: fémeas catalogadas como filhotes (individuos
identificados no primeiro ano de vida que foram avistados posteriormente com um filhote),
fémeas catalogadas com filhote e, individuos que ndo tinham sido observados com filhote nem
foram catalogados como filhote (COOKE; PAYNE; ROWNTREE, 2001). Foi descrita a
probabilidade individual de transicdo entre estados e a propor¢do da populacdo esperada em
cada estado. Em um novo modelo tedrico, foi incluido o nimero de fémeas recrutadas da
populacao (COOKE; ROWNTREE; PAYNE, 2003). Ao longo dos anos, com a chegada de
novas informagdes, esses modelos foram se ajustando considerando variagdes na sobrevivéncia
e na transi¢ao entre as classes reprodutivas além dos intervalos entre nascimentos dependentes
da sobrevivéncia ou mortalidade do filhote anterior (COOKE; ROWNTREE; SIRONI, 2015).
Com tudo, a ultima estimativa de abundancia reportada para esta populacao foi de 4.006
individuos e incluiu a analises do histérico das fémeas avistadas junto aos filhotes entre 1971 e
2010 (COOKE, 2012). Utilizando dados até 2012 foi estimado um crescimento populacional
de 6.5+0.2 % (COOKE; ROWNTREE; SIRONI, 2015). Recentemente, uma estimativa usando
Modelos Lineares Generalizados (GLMs) com dados de censos aéreos (contagens), indicou
uma taxa de crescimento populacional anual em Pensinsula Valdés de 3,15% (95% IC 0,53%—
5,75%) entre 1999-2015 (CRESPO et al., 2019). Essas estimativas continuam sendo
atualizadas, revelando ano a ano um processo de denso-dependéncia dentro da area de

reproducdo de Peninsula Valdés (CRESPO et al., 2022).

1.6.3. Ameacas e Plano de Manejo e Conservagiao

Segundo a lista vermelha de espécies ameagadas da Unido Internacional para a Conservacao da
Natureza (IUCN), a baleia-franca austral encontra-se classificada na categoria de pouca
preocupacdo “Least Concern” (COOKE; ZERBINI, 2018). Esta categoria foi atribuida no ano
2008 e se mantém até hoje pois, com excecao da populacdo de baleias francas do Pacifico Sul
(Chile-Peru), que possui aproximadamente 50 individuos, as populagdes do hemisfério sul
apresentaram, nos ultimos anos, uma taxa anual de crescimento populacional de ~7% (REILLY

etal., 2013).

A baleia-franca do Atlantico Sud Ocidental encontra-se classificada na categoria “Em perigo”
no Brasil (PORTARIA MMA N° 148, 7 de junho de 2022), enquanto na Argentina foi
recentemente classificada na categoria de “Menor preocupagao” (D’AGOSTINO et al., 2019).

No entanto, encontra-se exposta a multiplas ameacas. A alta mortalidade registrada nos ltimos
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anos na Peninsula Valdés (ROWNTREE et al., 2013; SIRONI et al., 2018), os ataques de
gaivotas (AZIZEH et al., 2021; FERNANDEZ AJO et al., 2018, 2020; FIORITO et al., 2016;
MARON et al., 2015b; ROWNTREE et al., 1998; SIRONI et al., 2018), os emalhes em redes
de pesca e colisdes com embarcagdes (MARON et al., em prep.), a ingestio de plasticos
(ALZUGARAY et al., 2020) e a contaminagdo acustica sdo algumas das ameacas frequentes

para a espécie.

Por conta disso, dentro do marco de agdo da Comissdo Baleeira Internacional (CBI),
implementou-se no ano 2013 o Plano de Manejo e Conservagdo (CMP, Conservation
Manegment Plan) para a populacdo de baleias-franca do oeste do Atlantico Sul. O CMP foi
adotado pela CBI como ferramenta pratica para melhorar o estado de conservagdo das
populacdes de baleias e outros cetidceos que se encontram em alto risco. O CMP da baleia-
franca do Atlantico Sul Ocidental visa proteger a espécie monitorando os atributos da
populacdo, minimizando as ameacas antropogénicas € maximizando a probabilidade de

recuperagio e recolonizagio da sua 4rea historica (INIGUEZ BESSEGA, 2018).

A partir do ano 2000 um aumento na mortalidade foi registrado para a populacdo de baleias-
franca da Peninsula Valdés. Entre 1971 e 2011, registraram-se 630 individuos mortos dos quais
76% foram do periodo 2003-2011 (ROWNTREE et al., 2013). Entre 2003 ¢ 2017, um total de
774 baleias mortas foram registradas na Peninsula Valdés, sendo a maioria das mortes (~90%)
de filhotes com menos de 3 meses de idade (SIRONI et al., 2018). Biotoxinas, doengas
infecciosas, desnutricdo, efeitos fisioldgicos e comportamentais aos ataques de gaivotas e
processos de denso-dependéncia sdo algumas das hipdteses levantadas para explicar esse nivel
de mortalidade de filhotes (CRESPO et al., 2019; FAZIO et al. 2015; FIORITO et al. 2016;
FERNANDEZ AJO et al. 2018; FERNANDEZ AJO et al. 2020; MARON et al. 2015b;
MARON et al. 2020; MARON et al. 2021; MCALOOSE et al. 2016; PIOTTO et al., em prep.).
Resultados recentes apontaram o estresse devido aos ataques das gaivotas pode como um fator
contribuinte para a elevada mortalidade de filhotes registrada nos Gltimos anos (FERNANDEZ
AJO et al., 2018, 2020; SIRONI et al., 2018).

O assédio das gaivotas (Larus dominicanus) as baleias, ou micropredacdo, foi proposto como
uma das principais ameagas para as baleias-franca na Peninsula Valdés. Nesta regido, as
gaivotas apreenderam a se alimentar diretamente da pele e gordura das baleias vivas (Figura 6),
afetando os individuos em um periodo critico do seu ciclo de vida: a amamentacgdo dos filhotes
(ROWNTREE et al., 1998; SIRONI et al., 2009; THOMAS, 1988). Este comportamento foi

registrado inicialmente no Golfo San José na década de 1970 e posteriormente expandiu-se para
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o Golfo Nuevo (ROWNTREE et al., 1998. THOMAS, 1988). No inicio, estes eventos eram
raros e s0 2% da populacao apresentava feridas produzidas pelas gaivotas. Porém, no inicio da
década de 2010, esses eventos se tornaram constantes € 99% da populagdo apresentou feridas
produzidas pela micropredagio das gaivotas (MARON et al., 2015b). Desde que os filhotes se
tornaram alvo dos ataques das gaivotas, um maior numero e tamanho de feridas produzidas
pelas gaivotas foram registradas nos filhotes no Golfo Novo (MARON et al., 2015b), assim
como uma maior frequéncia de ataque em maes e filhotes em comparagdo com Golfo San José
(PIOTTO in prep.). As baleias passam uma parte significativa (~ 25%) das horas de luz do dia
fugindo de disturbios induzidos pelas gaivotas (ROWNTREE et al., 1998). Na ultima década,
varios estudos relataram o efeito do assédio de gaivotas na fisiologia, comportamento e satide
dos filhotes (MARON et al., 2015b). Embora dificil de ser comprovado, ja foi sugerido que o

assédio das gaivotas poderia reduzir a sobrevivéncia dos filhotes.

Figura 7. Assédio da gaivota-meridional (Larus dominicanus) a baleia-franca austral (Eubalaena
australis) na Peninsula Valdés, Argentina. Foto: Macarena Agrelo

1.7. OBJETIVOS
1.7.1.Objetivo geral

Estruturada em trés capitulos, esté tese teve como objetivo principal estimar a sobrevivéncia de

adultos e filhotes de baleia-franca austral. Utilizando os registros das baleias identificadas e
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monitoradas na Peninsula Valdés desde 1971, e através de modelos probabilisticos de
marcagdo-recaptura, pretendeu-se investigar se as ameacas em multiplas-escalas podem
influenciar as taxas de sobrevivéncia individual e a recuperagdo populacional no Atlantico Sul
Ocidental. Abrangendo uma escala global, no capitulo 1 foi explorado o papel das mudancas
climaticas na sobrevivéncia das fémeas e na recuperagdo da populagdo, considerando cendrios
futuros de aquecimento global. Assim, neste primeiro capitulo foram testadas as hipdteses de
que: (i) eventos de mudancas climaticas, que afetam a disponibilidade de alimento, provocardo
maior mortalidade das fémeas de baleia-franca; e (ii) que considerando a maior frequéncia e
intensidade de eventos de EIl Nifio previstos para o futuro e seus potenciais efeitos na
sobrevivéncia, a recuperacao populacional ao longo prazo sera ameagada. Numa escala mais
local, o capitulo 2 visa aprofundar o estudo da micropredagdo pela gaivota-meridional na
sobrevivéncia dos filhotes, avaliando os efeitos desta interacdo nos parametros populacionais.
Assim, neste segundo capitulo buscou-se testar as seguintes hipdteses: (i) de que a
micropredacdo pela gaivota-meridional tem uma influéncia negativa na sobrevivéncia do
primeiro ano de vida dos filhotes de baleia-franca austral na Peninsula Valdés; (ii) de que
individuos que sofrem maior assédio por parte das gaivotas durante os primeiros meses de vida,
tem menor probabilidade de sobreviver; e (iii) de que existem diferengas na sobrevivéncia dos
filhotes dependendo da enseada onde nasceram, sendo que individuos nascidos no Golfo Nuevo
tem menor probabilidade de sobreviver que os individuos nascidos no Golfo San José¢. Num
terceiro capitulo, j4 numa escala mais fina e através da utilizagdo do historico de captura de
individuos fémeas, machos e animais de sexo desconhecido, foram utilizados modelos ocultos
de Markov para dados de marcagdo-recaptura para estimar a propor¢do de machos na
populacao, explorar se existem diferengas na sobrevivéncia entre ambos os sexos e avaliar se o
esfor¢o amostral influéncia a probabilidade de recaptura dos machos. Utilizando o histérico de
captura entre 1971 e 1990, as seguintes hipoteses foram testadas: (i) de que existem diferengas
entre fémeas e machos na sobrevivéncia sendo a sobrevivéncia das fémeas maior que a dos
machos, (ii) de que a probabilidade de captura dos machos ¢ maior quando existe esfor¢o
amostral durante o inicio da temporada; e (iii) de que ndo existem diferencas na propor¢ao de

fémeas e machos que utilizam a Peninsula Valdés como éarea de reprodugao.

1.7.2. Objetivos especificos

Capitulo 1:
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(1) Avaliar o efeito do ENSO (E! Nifio-Southern Oscillation) na sobrevivéncia das fémeas de
baleia-franca-austral, aplicando modelos de marcagdo-recaptura a 47 anos de
monitoramento continuo.

(2) Projetar o crescimento populacional para os proximos 100 anos em diferentes cenarios

futuros de mudangas climéaticas considerando o efeito do ENSO.

Capitulo 2:

(1) Avaliar a variagdo no numero e tamanho das lesdes de gaivotas nos filhotes ao longo do
tempo.

(2) Avaliar se o grau dos ataques de gaivotas no primeiro ano de vida influéncia a sobrevivéncia
dos filhotes considerando o histdrico de captura dos filhotes nascidos na Peninsula Valdés
entre 1982 e 2011.

(3) Avaliar se existe influéncia da enseada utilizada nos primeiros meses de vida na

sobrevivéncia dos filhotes.

Capitulo 3:

(1) Estimar a sobrevivéncia e propor¢cdo de fémeas e machos de baleia-franca aplicando
modelos ocultos de Markov com inferéncia bayesiana ao historico de captura de fémeas,
machos e individuos de sexo desconhecido.

(2) Estimar a probabilidade de captura dos machos considerando o esfor¢o amostral ao longo

da temporada.
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ABSTRACT

Whales contribute to marine ecosystem functioning, and they may play a role in mitigating
climate change and supporting the Antarctic krill (Euphausia superba) population, a keystone
prey species that sustains the entire Southern Ocean (SO) ecosystem. By analyzing a five-
decade (1971-2017) data series of individual southern right whales (SRWs; Eubalaena
australis) photo-identified at Peninsula Valdés, Argentina, we found a marked increase in
whale mortality rates following El Nifio events. By modeling how the population responds to
changes in the frequency and intensity of El Nifio events, we found that such events are likely
to impede SRW population recovery and could even cause population decline. Such outcomes
have the potential to disrupt food-web interactions in the SO, weakening that ecosystem’s

contribution to the mitigation of climate change at a global scale.

INTRODUCTION

Whales play critical roles in marine ecosystems by vertically and horizontally mixing ocean
waters, delivering and recycling nutrients, promoting biodiversity, and mitigating climate
change by sequestering carbon for long periods (/—5). Most baleen whales migrate annually
from resource-poor mid-latitude breeding grounds in spring to high-latitude productive feeding
grounds during summer (6). On their feeding grounds, whales enhance primary productivity by
fertilizing ocean waters with feces rich in iron, nitrogen, and phosphorus and distributing other
nutrients (7, §). Their large biomass and long lives sequester carbon, and when they die, their

carcasses contribute to biodiversity and carbon sequestration on the seafloor (7).

Over several centuries, the whaling industry removed most of the global biomass of these key
players from pelagic ocean ecosystems. Whaling decreased whale biomass by more than 85%,
with populations declining by 66 to >90% in some species (8). These depleted whale
populations now play a diminished role in ocean ecosystem processes. Whales are essential to
support the survival of whale-fall specialist species (9). The link between whale over-
harvesting and the sequential megafaunal collapse in the North Pacific at the end of the 20th
century has been debated (10, 11).

The Southern Ocean (SO) ecosystem provides nutrients for global biogeochemical cycles (72).
Thus, removing critical components from the SO ecosystem may affect the functioning of other
ecosystems and climate regulation. Many vertebrates in the SO, including the great whales, are

highly dependent on Antarctic krill (/3—15). Apparently paradoxically, whales also seem to
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support krill populations by stimulating primary productivity via iron recycling, a feedback
mechanism known as the “krill paradox” (16, 17). The El Nifio—Southern Oscillation (ENSO)
is a well-known climate driver affecting the SO by producing interannual changes in sea ice
and atmospheric effects (/8, 79). El Nifio events increase sea surface temperature (SST),
reducing the extent of sea ice and thereby affecting the abundance of Antarctic krill in
subsequent years (20, 21). This effect offers clues about the ecological consequences of climate

change in the Antarctic ecosystem.

The Western Antarctic Peninsula is one of the world’s fastest- warming areas, and the extent
of its sea ice is diminishing due to regional climate change (22, 23). As a consequence, krill
abundance has declined since 1970 (24). A regional increase of 1°C over the next 100 years has
been predicted to cause a 95% reduction in krill abundance by the end of this century (235).
Considering the worst scenario of greenhouse concentration trajectory—Representative
Concentration Pathways (RCP) 8.5 scenario—adopted by the Inter- governmental Panel on
Climate Change, recent ecosystem models predict the continuing decline of Antarctic krill
throughout the 21st century and hence a worrying future for baleen whales in the SO (26).
However, the correlation of changes in whale population dynamics with El Nifio events, climate
change, and fluctuations in krill abundance is difficult to measure due to the lack of long-term

data for many baleen whale species (27).

Since 1971, the Right Whale Program (Ocean Alliance and Instituto de Conservacion de
Ballenas) has monitored individual southern right whales (SRWs; Eubalaena australis) off
Peninsula Valdés, Argentina, the main calving ground for the Southwest (SW) Atlantic
population (table S1). Individuals are identified by their callosity patterns—patches of
roughened skin covered with white cyamids or “whale lice”—that give every right whale’s head
a unique and stable pattern (28). This research program has created an exceptionally long and
detailed record of resightings of known individuals, which can be used to study the effects of
climate change on the dynamics of a baleen whale population. The current data series includes
4007 known individuals (29), mostly reproductive females. Some have been seen in as many

as 18 different years and with up to 11 calves.

To date, population parameters of SRW in the Southern Hemisphere have been estimated on
the basis of resightings of adult females, with emphasis on reproductive success (30-32). The
SW Atlantic SRW population shows maternally driven high fidelity to its summer foraging
grounds (33) and decreased reproductive rates following El Nifio events, which cause increased

SST in their feeding grounds off South Georgia/Georgias del Sur (27, 34). However, the
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impacts of climate change on adult survival and population dynamics are unknown. Here, we
estimate the effects of El Nifio events on survival probabilities of SW Atlantic SRWs and on
the growth of their population, and we discuss how the ecosystem consequences of a slowdown

in whale recovery may further limit population growth in the southern Atlantic Ocean.

RESULTS

Effect of El Nifno events on SRW female survival

Mark-recapture models were fitted to the encounter histories of 4183 noncalf sightings of
1380 female whales (Table 1). Two candidate models were well supported by the data, so we
estimated the parameters of interest using weighted model averaging. The better model (53%
support) allowed survival probabilities to vary in response to ENSO, which was represented
by the Oceanic Nifio Index (ONI) (see Materials and Methods). The alternative model (47%
support) fit a single constant annual survival probability over the 47-year history, which was
estimated as 0.990 = 0.001. In the variable-survival model, survival probabilities depended
strongly on both the phase and intensity of ENSO (Fig. 1). In particular, in 1997-1998 and
2015-2016, which are considered the most extreme El Nifio events on record, averaged
survival probabilities dropped to 0.958 £ 0.042 and 0.951 + 0.055, respectively. This decrease
in survival represents a mortality rate increase from ~1% in years without El Nifio events to
4.2% in 1997-1998 and 4.9% in 2015-2016 (table S2). Estimated female survival decreased
sharply after each of the four strong El Nifo years (1972—-1973, 1982-1983, 19971998, and
2015-2016) but not after La Nifia years (

Fig. 1). Peaks in the ONI usually occur in the Southern Hemisphere summer between
December and March. The associated decreases in female survival indicate that whales seen
before a strong El Nifio event experience elevated probabilities of never being seen again.
Following cool phase (La Nifia) years, the mean annual survival was estimated as 0.995+ 0.012;
following neutral phase years, it was 0.993 + 0.019, but following all warm phase (El Nifio)
years combined, it decreased markedly to 0.979 £ 0.078. For the four strong El Nifio events,
average annual survival was 0.963 = 0.076, corresponding to a mortality rate of 3.7% (Table

2).



45

Table 1. Model selection for SRW female survival. CJS models fitted for female SRWs identified
from 1971 to 2017 at Peninsula Valdés, Argentina. Models are presented in ascending order based on
their AIC corrected for overdispersion (QAICc). The selected models appear in bold. Number of
parameters (k); difference in QAICC in relation to the model with the lowest QAICc (AQAIC); apparent
survival (¢); recapture probability (p); time (sampling occasion) (t); linear temporal trend (T); constant
(.); El Nifio Oscillation Index (ONI); trap dependence (td).

Model k QAICc AQAICc weight
¢ (OND) p(t + td) 49 59324 0 0.57
¢ (1) p(t+td) 48 5932.94 0.53 043
¢ (T) p(t + td) 49 5997.78 65.37 0
¢ (t) p(t+td) 93 6015.54 83.14 0
¢ (ONI) p(t) 48 6056.25 123.85 0
¢ (1) p(t) 47 6056.42 124 .01 0
¢ (T) p(t) 48 6058.15 125.75 0
¢ (ONI) p(T) 4 6078.38 145.97 0
¢ (1) p(T) 3 6078.78 146.37 0
¢ (T) p(T) 4 6080.06 147 .66 0
¢ (t) p(t) 92 6141.26 208.85 0
¢ (t) p(T) 48 615595 223.54 0
¢ (T) p(td) 4 617493 242 .52 0
¢ () p(td) 48 6238.78 306.38 0
¢ (ONI) p(td) 4 6287.33 354.92 0
¢ (1) p(td) 3 6288.15 355.75 0
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Fig. 1. SRW female survival and climate change. (A) Female survival probabilities for SRWs (E.
australis) identified between 1971 and 2017 at Peninsula Valdés, Argentina. Estimated survival in year
t should be read as the probability of surviving to the end of that annual period. Estimates are shown
with 95% CI (error bars). Years are categorized by ENSO phase (color code). (B) Oceanic El Nifio Index
(ONI) representing 3 months running mean sea surface temperature (SST) anomalies in El Nifio 3.4
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region from 1970 to 2019 (ONI values greater than 0.5, red line, represent the warm phase/El Nifio; ONI
values lower than —0.5, blue line, represent the cool phase/La Nifia; ONI values between 0.5 and —0.5,
black line, represent the neutral phase). Data are taken from the rsoi R package. (C) Mean monthly SST
of SW Atlantic Ocean (30°W to 70°W, 42°S to 77°S) from 1970 to 2019. Data are taken from the COBE
Dataset (www.esrl.noaa.gov/psd/data/gridded/data.cobe.html). (D) Mean density (individuals m—2) of
Antarctic krill (Euphausia superba) within the SW Atlantic Ocean, based on standardized densities.
Years with >50 (black) and <50 (red) stations are plotted, yielding 6544 stations from the updated
KRILLBASE database from 1981 to 2016 (www.iced.ac.uk/science/krillbase.htm). (E) Relationship
between female survival probability and ONI [logit (¢p = 5.359 — 1.371 * ONI)] during cool phase/La
Nina (blue), neutral phase (gray), and warm phase/El Nifo (red). Estimates are shown with 95% CI
(error bars). SRW and krill illustrations are by A. Diaz.

Table 2. SRW female survival in different intensities of ENSO. Mean SRW female survival (¢), SD,
and mean Oceanic Nifio Index (ONI) during neutral, weak, moderate, and strong (intensity) El Nifio—
Southern Oscillation phases (ENSO phase) between 1971 and 2016.

ENSO phase Intensity [0} sd ONI
Cool Phase La Nifia Moderate 0.995 0.013 -1.25
Cool Phase La Nifia Weak 0.995 0.011 -0.84
Neutral Phase Neutral 0.993 0.019 -0.02
Warm Phase El Nifio Weak 0.988 0.008 0.79
Warm Phase El Nifio Moderate 0.983 0.015 1.14
Warm Phase El Nifio Strong 0.963 0.076 1.84

Effect of climate change on population recovery

El Nifio events are projected to become more intense (15%) and more frequent (25% weak;
27% moderate; 47% strong) throughout the 21st century (35). To forecast how predicted
climate change would affect SW Atlantic SRW recovery over a 100-year period, we used the
fitted relationship between female survival and ONI [logit (¢ = 5.359 — 1.371*ONI)], an
average calf survival of 0.675 + 0.048 (CI 95%: 0.574 to 0.763) estimated in the present study,
and previously published demographic parameters (see Materials and Methods and tables S3
and S4). We found that more frequent or more intense El Nifo events reduce predicted SRW
population growth (Fig. 2). However, when these effects (frequency and intensity) are com-
bined, more substantial impacts emerge. Projecting population growth with a density-dependent
population model using the historical estimate of SRW annual population growth (6.5 + 0.2%)
(31), the population was predicted to reach a pre-exploitation abundance of 35,000 whales (here
assumed to be the carrying capacity, K) over the next century (Fig. 2A). Assuming the same

frequency and intensity of El Nifio events as seen during the past 50 years, the population has
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a 93% probability of reaching 85% of K early next century (Fig. 2B). This probability declines
to 1 and 6% in scenarios with more frequent or more intense El Nifio events, respectively (Fig.
2, C and D). If both the frequency and intensity of El Nifio increase, then the population has
zero probability of reaching 85% of K in the next 100 years (Fig. 2E). Assuming the most
pessimistic estimates from the Fifth Coupled Model Intercomparison Project (CMIPS5) under
the RCP 8.5 scenario, the population has no chance of reaching 85% of carrying capacity in the
next 100 years and only a small chance (22%) of reaching 50% of K by the beginning of the
next century (Fig. 2F). Projections based on all CMIP5 climate change models under two RCP
scenarios (2.6 and 8.5) show remarkable variation in population trajectories (Fig. 2, G and H,
and fig. S1). Under the RCP 8.5 scenario, at the beginning of the next century, the smallest
population size from the most pessimistic model was ~7500 whales, while the largest

population size from the most optimistic model was ~32,000 whales.
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Fig. 2. SRW population recovery in different climate change scenarios. Simulations of the effect
of EI Nifio events on SW Atlantic SRW population size over the next 100 years. The eight scenarios
reflect different combinations of changes in El Nifio frequency and intensity. (A) The population size
is projected using the historical estimate of the population growth rate, assuming density dependence.
In (B) to (H), the population size is projected on the basis of the predicted survival under the different
El Niflo scenarios: (B) The same frequency of weak/moderate/strong events of El Nifio recorded in the
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past 50 years (baseline); (C) more frequent events (25% weak, 27% moderate, and 47% strong); (D)
more intense events (15% increase of intensity); (E) events both more frequent and more intense; (F)
assuming the CMCC_CESM climate model from CMIP5 under the RCP 8.5 scenario; (G and H)
assuming a distribution from four climate change models (GFDL-ESM2M, GISS-E2-H, MIROC-
ESM, and MIROCS; see fig. S1) from CMIP5 under the RCP 2.6 and 8.5 scenarios. Dashed lines
represent 85% of the carrying capacity. (A) to (F) display 25,000 simulated population trajectories
(blue lines). To represent the variation between predictions, the four projections under RCP 2.6 and
8.5 scenarios are superimposed in (G) and (H). Blue intensities indicate the degree to which different
trajectories are tracking close to each other. The simulations incorporate stochastic variation in
survival and fecundity.

DISCUSSION

Our findings indicate that climate change is reducing overall SW Atlantic SRW female survival
by decreasing survival after strong El Nifio events. For example, after the 1997-1998 El Nifio
event, one of the most intense on record, 19 (23%) of the 84 known females seen in 1997 were
not seen afterward; most of them were individuals that had been recorded several times at

Peninsula Valdés before 1997.

We hypothesize that SRW females at Peninsula Valdés that have calves in the season before a
strong El Nifio event are those most likely to show reduced survival probabilities. A substantial
proportion of females sighted with calves before strong El Nifio events that initiate a few
months later (December to March) have never subsequently returned to Valdés, with or without
calves. A possible explanation for the observed link between El Nifio events and female survival
could be a reduction in the abundance of one of their principal prey, Antarctic krill, in the years
immediately following the El Nifio, while they are recovering their energy reserves after
spending them on the immense investment required to gestate, nurse, and wean a calf. Females
typically spend a year in gestation, a year in lactation, and a third year rebuilding their blubber
and other re- sources (30, 36, 37). A recent photogrammetric study reported that SRWs lose at
least 25% of their body volume during the first phase of lactation (38). If some females that had
their calves in September of 1997 experienced a reduction in the abundance of prey beginning
a year after that strong El Niflo (the feeding season of December 1998 to March 1999), then
they might plausibly fail to fully recover. Because a substantial number of such individuals
were not seen in 1998 or any subsequent years—late lactating females tend not to return to the
calving ground (39)—the mark-recapture models estimate a reduced survival probability for

1997, which was the last year those whales were sighted.

The Antarctic krill population at South Georgia/Georgias del Sur is not self-sustaining (40),

and its main source of recruits is believed to be key spawning and nursery areas near the
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Western Antarctic Peninsula (25). Antarctic krill population recruitment, survival, and dispersal
correlate positively only with sea ice from the previous winter (24). It has been reported that
ice-shelf height variability in the Western Antarctic Peninsula is directly coupled to regional
atmospheric circulation driven by ENSO and correlates with ONI with a 4- to 6-month lag (79).
Although El Nifio events increase snowfall, the warmer sea temperatures increase basal melting
of the ice shelf (/9). Hence, the recruitment of Antarctic krill the following summer at South
Georgia/Georgias del Sur may be affected, in turn affecting blubber recovery in female right
whales. Considering the lag between the El Nifio and krill recruitment, SRWs that return to
their feeding grounds after an entire year of lactation and after weaning their calves may find

their survival especially strongly affected if krill abundance (recruitment) has been reduced.

We found that decreases in female survival occurred only in years with strong El Nifio events
but not during La Nifa (Fig. 1, Table 2, and table S2). While more extreme ENSO events are
predicted under aggressive greenhouse emission scenarios over this century, a marked
preponderance of extreme El Nifio events, as opposed to La Nifia events, is also expected (47,

42), as seen in previous decades.

Climate change affects SW Atlantic SRW female reproductive success. Following El Nifio
events, females from this population had fewer calves than expected (27, 34). Although we
simplified the system without considering the entire chain of climate change consequences, our
simulations suggest that the predicted changes in El Nifo intensity and frequency are likely to
affect the recovery rate of SW Atlantic SRW. Under both the most pessimistic and optimistic
RCP scenarios, large negative consequences on whale population recovery are predicted. We
demonstrate these effects for just one species, but they are likely to occur in other species of
great whales, especially those that depend strongly on Antarctic krill. The impact of climate
change on whale recovery could be more notable in light of recent research on the krill paradox,
which suggests that whales can support krill biomass through nutrient cycling (17, 18). Krill
abundance depends on chlorophyll concentrations and the extent of sea ice in the preceding
winter (24). Processes that remove carbon from the atmosphere, moderate rising ocean
temperatures, and/or increase the persistence of trace elements in surface waters will therefore
tend to increase ecosystem productivity and krill abundance. Whale population recovery is one
such process. A delay in whale population recovery could have an impact on all species within
that food web, including fish, seabirds, and other marine mammals. El Nifio events and
continuing climate change could therefore undermine the role of whales in climate regulation

and ecosystem functioning.
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In addition to euphausiids, whales also feed on copepods (43, 44). Analysis of stomach contents
of SRWs from several feeding grounds that were taken in the 1960s by illegal Soviet whaling
found that calanoid copepods were the second most important food item after euphausiids (44).
A study analyzing the diet composition of SRWs that calve off Peninsula Valdés found different
proportions of specific fatty acid biomarkers of calanoid copepods in adult female blubber
tissue, which indicates that some individuals depend more on copepods for their diet than others
(45). Similar results were recently reported for SRWs off South Africa (46). Although it is
known that SRWs feed on copepods, it is not known whether there is a link between copepod
abundance and SRW reproduction and survival or a link with El Nifio events. A recent study
analyzed baleen whale population recovery in the SO by applying ecosystem models to
abundance data, including climate change drivers and prey (copepods and Antarctic krill) (26).
The authors warn of a threat to the recovery of baleen whales due to a reduction in prey
abundance as a consequence of ocean warming. In light of these results, further studies that
include calanoid copepods as prey for right whales should be undertaken to better inform

models of right whale population dynamics and recovery.

Over the past five decades, several studies have reported trends in different populations of
SRWs in the Southern Hemisphere (32, 47, 48). These studies used a range of approaches. On
the basis of individual recognition, SRW population growth rates were estimated by applying
a mark-recapture framework in Argentina and more recently in New Zealand and southeast
Australia (36, 49-51). Population-specific demographic models were developed for SRW
populations in South Africa and Argentina (37, 37, 52). Linear regression of total whale
numbers was used to estimate population trends for the calving grounds off Peninsula Valdés,
southern Brazil, and southern Australia (53—55). Efforts are underway to develop a common
SRW model, based on individual photo-identification data for all major populations of SRW
around the Southern Hemisphere, to assess more comprehensively the link between climate

change and SRW demographic parameters (56).

All of these previous studies have provided valuable information on SRW population dynamics,
but the present study appears to be the first to show a direct link between baleen whale survival,
climate change, and population recovery using long-term mark-recapture data. The average
annual growth rate of ~6 to 7% previously estimated for the entire Southern Hemisphere SRW
population (32) does not necessarily guarantee future population recovery. By demonstrating a
link between whale survival and El Nifio events, our findings suggest that more intense El Nifio

events may lead to a marked decrease in population growth. We strongly recommend that future
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studies of the population dynamics and recovery of the great whales consider the effects of
climate change on survival and fecundity. Substantial knowledge gaps currently impede
comprehensive understanding and further mitigation of the full range of impacts that climate
change is having on whales and their ecosystems. The synergistic effects of climate change on
the recovery of keystone species may increase the risk that these populations will decline rather

than grow, to the detriment of both marine and terrestrial ecosystems.

MATERIALS AND METHODS
Dataset

For this study, we used the Right Whale Program aerial survey photo- identification dataset
spanning 47 years (1971 to 2017), conducted at Peninsula Valdés, Argentina (42°30'S,
63°56'W) by Ocean Alliance and Instituto de Conservacion de Ballenas. Right whales can be
individually identified from the pattern of white markings on their heads (2§). Aerial photo-
identification surveys are carried out along the 495-km perimeter of Peninsula Valdés using
proce- dures previously described (28, 57). In early years, multiple photo- identification surveys
were conducted in a single season, but the number of surveys declined over time because of
increasing costs (table S1). From 1991 onward, survey effort was reduced to at least once a year
between September and October (the months of peak whale abundance) (39, 58). During each
flight, to maximize the encounter rate, the coastline of the peninsula is surveyed approximately
2 km or less from the shore at a height of 200 m, and every SRW with its head above the surface
is photographed for later identification. The whales’ locations, any unusual behavior, and
whether they are accompanied by a calf are also recorded. When a group of whales is
encountered, the airplane drops down to a height of 100 m and circles over the whales while a
sequence of photographs is taken of the callosity pattern. Initially, photographs were analyzed
manually (36), but since 2001, a computerized pattern-matching system has been used to speed

comparisons of newly photographed whales to those already in the catalog (59).

The database includes the sighting histories of each identified SRW. For our analyses, the
database was collapsed into years, with each year considered as one capture occasion. The
database was organized into individual encounter histories for each SRW within a presence-
absence matrix of sightings for each occasion. A total of 4183 female sightings were used in
the analysis, from 1380 individual females sighted at Peninsula Valdés between 1971 and 2017.

The first sightings of those relatively few whales identified in their birth year were removed
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because our method for estimating female survival uses only the encounter histories of +1-year-

old females.

Modeling female survival

Cormack-Jolly-Seber (CJS) models were fitted to estimate annual apparent survival probability
(9) and recapture probability (p). The CJS model is an open population model based on four
main assumptions: Marks are not lost, samples are instantaneous, individuals marked at time ¢
have the same probability of surviving to time ¢ + 1, and individuals seen at time ¢ have the
same probability of recapture. The latter two assumptions were assessed by performing
goodness-of-fit (GOF) tests in software RZUCARE (60). That newly marked individuals have
the same chance to be resighted as previously marked individuals and missed individuals on
one occasion have the same recapture probability on the next occasion are the null hypotheses
of test 3.SR and test 2.CT, respectively (60). Transients (animals seen only once) and trap
dependence effects are two specific reasons why these tests could be significant. GOF tests
showed no transients in the dataset (test3.SR, y? =41.03, df=43, p=0.55), but a lack of fit in
test2.CT (y? = 342.55, df =44, p < 0.001) indicated the so-called trap-dependent heterogeneity
in recapture probabilities and overdispersion ("c = 2.75). Therefore, the models were fitted
considering heterogeneity in recapture probability and overdispersion. To build the models, we
considered survival probability to be constant (.), time dependent (¢), with a linear temporal
trend (7), or influenced by El Nifio events (ONI). We considered recapture probability to be
time dependent (¢), with a linear temporal trend (7), influenced by trap dependence (#d), and
with an additive influence of time and trap dependence (¢ + ¢d). The trap dependence effect was
included by adding a dummy (0,1) temporal individual covariate in which each individual

recapture probability varied depending on the previous occasion [see (67)].

ONI as a proxy of climate change effect

To explore the influence of climate change on female survival, we fitted the apparent survival
probability (¢) as a function of the ONI, a 3-month running mean based on SSTs in the east-
central tropical Pacific, El Nifio 3.4 region (120°W to 170°W). The ONI is used as a primary
metric for ENSO directly linked to the ice-shelf height variability in the Antarctic Pacific sector
with a maximum correlation at lag of 4 to 6 months (/9). ONI data were obtained from the rsoi

R package including the month and year of record, the month window (period over which the
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ONI is calculated), and the ENSO phase categorized by ONI value as cool phase/La Nifia (ONI
< —0.5), neutral phase (0.5 > ONI > 0.5), or warm phase/El Nifio (ONI > 0.5) (62). For each
year, we estimated the mean ONI of the predominant phase (cool phase/La Nifia, neutral phase,
or warm phase/El Nifio). Aerial surveys were mainly carried out in September; therefore, we
considered a year to run from September to August of the following year. Thus, the ONI value
for a year ¢ represents the mean ONI of the predominant phase between September of year 7 and
August of year ¢ + 1 (i.e., ONI1997 represents the mean of the predominant phase between
September 1997 and August 1998). In conventional mark-recapture analysis, annual survival
rate ¢¢ represents the probability of surviving from year ¢ to ¢ + 1, and the recapture rate pr is
the probability of being encountered in year ¢, conditional on being alive and in the sample (63).
Here, we relabel survival probabilities by the end of the annual interval to represent annual
survival from year ¢ — 1 to year ¢, i.e., the probability of surviving the previous year (e.g.,
survival probability in 1998 represents survival from September 1997 to August 1998). In
addition, we estimated the mean survival during each ENSO phase. Standard errors (SEs) were

estimated using the delta method (64).

Modeling calf survival

For the population projection models, we estimated apparent survival probabilities for calves
using 1366 sightings of 773 SW Atlantic SRWs identified in their year of birth at Peninsula
Valdés from 1971 to 2017. Knowing the exact age of these whales, we fitted true age class
models to estimate calf (first year), juvenile (between 2 and 7 years old), and adult survival (8

years or older), including females and males. GOF tests showed a lack of fit in test 3.SR,
indicating the presence of transients in the dataset (test 3.SR, x2 =184.84, df =44, p <0.001),

but without trap-dependent heterogeneity in recapture probabilities (test 2.CT, xz =47.76, df =
44, p = 0.33). Because whales were identified in their year of birth, a lack of fit in test 3.SR
indicates a likely effect of age on survival, which is reflected as a significant proportion of
identified individuals that are not seen again after being seen as calves (i.e., they die or
permanently emigrate) (65). To fit the models, survival probability was considered to be
constant (.), time dependent (f), and age class dependent (a). Recapture probability was
considered to be time dependent (f), to have a linear temporal trend (7), or to be age class
dependent (a). The resulting annual calf survival estimates were used as inputs to a population

trajectory model.
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Model selection

For all analyses, Akaike’s information criterion (AIC) was used to compare alternative models
(66). To account for overdispersion, models were compared using the quasi-AIC (QAIC). The
model with the minimum QAIC among a set of candidate models was considered the most
parsimonious model. When the difference in QAIC was <2, models were considered plausible
to support the data (66), and a model averaging procedure was used to estimate parameters. The

R (67) package RMark (68) for program MARK (69) was used to fit all models.

Population trajectories

Using the mark-recapture model results (see Table 2 and table S3) and demographic parameters
derived from the literature, we projected the SRW population size over 100 years (from 2010
to 2110). Future climate change scenarios were built considering a density-dependent
population model and different El Nifio predictions (see Supplementary Materials for details).
We used the maximum age of reproduction, life span, fecundity, calving interval, calf survival,
mean age of first parturition, number of calves, number of juveniles, number of mature females,
total number of whales, historical growth rate, and carrying capacity as inputs for the population
trajectories model (table S4). Apart from the maximum age of reproduction (observed in North
Atlantic right whales, Eubalaena glacialis), life span (reported for baleen whales) [(70) and
reference therein], and the carrying capacity (see assumptions below), all other demographic
parameters were estimated by using data from the SRW population at Peninsula Valdés (30,
31, 37, 71). Female survival influenced by El Nifio events and calf survival were estimated in

the present study.

Currently, there is a lack of data relating to the abundance of SW Atlantic SRW before
commercial whaling. Pre-exploitation abundance for SRW in the Southern Hemisphere has
been estimated between 50,000 and 150,000 whales (48, 72). For SRW off New Zealand and
southeast Australia, pre-exploitation abundances have been estimated from 28,800 to 47,100
(73). In addition, it is reported that the three main populations of SRW have similar growth
rates and abundances (32), with the Peninsula Valdés population slightly greater than the others.
Therefore, we made a few assumptions to define a carrying capacity (K) for the Peninsula
Valdés population. First, we assumed that the pre-exploitation abundances of the three main
populations of SRW in the Southern Hemisphere were also similar; then, we assumed an

intermediate abundance of 100,000 SRW for the pre-exploitation period in the Southern
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Hemisphere; lastly, we assumed that, historically, the Peninsula Valdés population was also
slightly larger than the others. We then defined 35,000 whales as the carrying capacity (K) for
the Peninsula Valdés population. Although this K parameter has not been estimated empirically,
we kept it constant among scenarios, thus not biasing our comparison of population dynamics

under different conditions of El Nifio.

El Nino events were classified as neutral (ONI < 0.5), weak (0.5 < ONI < 1), moderate (1 <
ONI < 1.5), or strong (ONI > 1.5). The frequency of weak/moderate/strong El Nifio events
derived from predicted estimates (35, 4/) was used to build future scenarios. With the same
frequency recorded in the past 50 years, we generated a distribution of 100 ONI values. We
then chose 49 values for neutral years using a normal distribution with mean and SD estimated
from all the neutral years in the past 50 years. We chose 29 values for weak El Nifio using a
normal distribution with mean and SD estimated from the weak El Nifio events in the past 50
years. The same procedure was used for the 14 moderate and 8 strong El Nifo events.
Considering the prediction of an increase in frequency and intensity of El Nifio events reported
in (35), we built scenarios increasing the frequency of weak (+25%), moderate (+27%), and
strong (+47%), increasing the intensity (+15%), and combining the increase in the frequency
and intensity of El Nifio events. In addition, we projected the SRW population size considering
the frequency of weak/moderate/strong El Nifio events under the RCP 2.6 and 8.5 scenarios
derived from the climate change models from the CMIP5. We selected four models (GFDL-
ESM2M, GISS-E2-H, MIROC-ESM, and MIROCS) to show the variation between the
predictions of future population size under the most optimistic and pessimistic RCP scenarios.
In addition, we selected the CMCC _ CESM climate model from CMIPS5, the most pessimistic
model under the RCP 8.5 scenario. Data were obtained from (4/). The same procedure used
with data obtained from the rsoi R package was applied to obtain the frequency, mean, and SD
of each intensity of El Nifio events for each climate change model from CMIP5. Results of the
projected SRW population size over the next 100 years for each climate change model are

shown in fig. SI.

R code

Additional results and methodological details are presented as R Markdown output and can be

found in the Supplementary Materials.
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SUPPLEMENTARY MATERIAL

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh2823
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Fig. S1. Projected SW Atlantic SRW population size influenced by predicted El Nifio events under the
Representative Concentration Pathways (RCP) 2.6 and 8.5 scenarios over 100 years (2010-2110). The
four models, GFDL-ESM2M, GISS-E2-H, MIROC-ESM and MIROCS — derived from climate change
models from Fifth Coupled Model Intercomparison Project (CMIP5) — show the variation between the
predictions of future population size under the most optimistic and pessimistic RCP scenarios. Each
panel is the result of the simulation of 25,000 population trajectories (blue lines). The effect of the
frequency of weak/moderate/strong El Nifio events predicted by these models was considered on female
survival to project the population size from 2010 (year 0). Dashed lines represent 85% of the carrying
capacity.

Table S1. Summary of survey effort over a 47-year period between 1971 and 2017 in Peninsula Valdés,
Argentina. The number of months, number of identified whales, new whales and increasing number of
whales in the reference catalogue are also reported for each year.

Number
Survey  Aerial Period of Identified New  Whales in the
Year surveys (dd/mm) months whales whales catalogue
1971 15 24/08 - 31/10 3 177 177 178
1972 15 08/09 - 03/12 4 197 120 298
1973 11 06/06 - 09/12 7 203 80 378
1974 3 22/09 - 29/10 2 88 23 401
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Table S2. Predicted annual female survival (¢) and standard error (sd) for SRW off Peninsula Valdés,
Argentina, identified between 1971 and 2017. Each year was categorized by the predominant phase and
intensity of El Nifio-Southern Oscillation (ENSO phase) dependent on the value of the Oceanic Nifio
Index: cool phase/La Nifia (ONI < —0.5), Neutral phase (—0.5 > ONI > 0.5) or warm phase/El Nifio
(ONI = 0.5). Estimated survival in the year ¢ represents the survival probabilities by the end of the
annual interval and should be read as the predict annual survival to a year . ONI in the year ¢ represents
the annual survival and ONI from September of year #-7 to August of year .

Year ENSO phase Intensity (0] sd ONI
1972 Cool Phase/LLa Nina weak 0.995 0.005 -0.845
1973 Warm Phase/El Nino strong 0.972 0.02 1.612
1974 Cool Phase/LLa Nina moderate 0.995 0.005 -1.365
1975 Cool Phase/LLa Nina weak 0.995 0.005 -0.787
1976 Cool Phase/LLa Nina moderate 0.995 0.005 -1.351
1977 Warm Phase/El Nino weak 0.988 0.004 0.749
1978 Neutral Phase neutral 0.993 0.004 -0.154
1979 Neutral Phase neutral 0.993 0.004 0.023
1980 Neutral Phase neutral 0.991 0.004 0.353
1981 Neutral Phase neutral 0.993 0.004 -0.193
1982 Neutral Phase neutral 0.993 0.004 0.021
1983 Warm Phase/El Nino strong 0.97 0.023 1.666
1984 Neutral Phase neutral 0.994 0.005 -0.363
1985 Cool Phase/LLa Nina weak 0.995 0.005 -0.829
1986 Neutral Phase neutral 0.993 0.004 -0.196
1987 Warm Phase/El Nino  moderate 0.983 0.007 1.154
1988 Warm Phase/El Nino  moderate 0.983 0.007 1.141
1989 Cool Phase/LLa Nina moderate 0.995 0.005 -1.324
1990 Neutral Phase neutral 0.992 0.004 0.130
1991 Neutral Phase neutral 0.991 0.004 0.351
1992 Warm Phase/El Nino  moderate 0.982 0.008 1.206
1993 Neutral Phase neutral 0.993 0.004 0.074
1994 Neutral Phase neutral 0.992 0.004 0.222
1995 Warm Phase/El Nino weak 0.988 0.004 0.801
1996 Cool Phase/LLa Nina weak 0.995 0.005 -0.861
1997 Neutral Phase neutral 0.994 0.005 -0.269
1998 Warm Phase/El Nino strong 0.958 0.042 1.983
1999 Cool Phase/LLa Nina moderate 0.995 0.005 -1.239
2000 Cool Phase/La Nina moderate 0.995 0.005 -1.076
2001 Neutral Phase neutral 0.994 0.004 -0.224
2002 Neutral Phase neutral 0.993 0.004 -0.058
2003 Warm Phase/El Nino  moderate 0.985 0.005 1.034
2004 Neutral Phase neutral 0.991 0.004 0.295
2005 Warm Phase/El Nino weak 0.989 0.003 0.656
2006 Neutral Phase neutral 0.993 0.004 -0.073
2007 Warm Phase/El Nino weak 0.988 0.004 0.769
2008 Cool Phase/LLa Nina moderate 0.995 0.005 -1.241
2009 Neutral Phase neutral 0.993 0.004 -0.031
2010 Warm Phase/El Nino  moderate 0.983 0.007 1.171
2011 Cool Phase/LLa Nina moderate 0.995 0.005 -1.187

2012 Cool Phase/La Nina weak 0.995 0.005 -0.877



2013 Neutral Phase
2014 Neutral Phase
2015 Warm Phase/El Nino
2016 Warm Phase/El Nino
2017 Neutral Phase
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neutral 0.993 0.004 -0.209
neutral 0.993 0.004 -0.123
weak 0.986 0.005 0951
strong 0.951 0.055 2.117
neutral 0.993 0.004 0.050

Table S3. CJS models fitted for SRW identified in their calf-year from 1971 to 2017 at Peninsula
Valdés, Argentina. Models are presented in ascending order based on their Akaike Information Criterion
(AIC.). The selected model appears in bold. Number of parameters (k); difference in AICc in relation
to model with lowest AICc (AAIC.); apparent survival (¢); recapture probability (p); time (sampling
occasion) (t); linear temporal trend (T); constant (.); age-dependent (a).

Model k AICc AAICc  weight
@(a) p(t) 49 4170.27 0.00 1.00
¢(a) p(T) 5 424403  73.76 0.00
@() p(b) 47 426507  94.80 0.00
@(t) p(t) 92 4340.68 17041 0.00
@) p(T) 3 434799  177.73 0.00
@) p(T) 48 4403.16  232.89 0.00
@(a) p(a) 5 445578  285.51 0.00
@(t) p(a) 48 459539  425.12 0.00
@(.) p(a) 3 4604.187 43392 0.00

Table S4. Demographic parameters and values estimated or derived from the literature used as input for
the population trajectories model for Southwest Atlantic Southern right whale (SWA SRW).

Parameter Value sd Notes and Reference

Maximum age of 65 - North Atlantic Right Whale (70)

reproduction

Lifespan 80 - Baleen whales (70)

Fecundity 0.321 005 SWA SRW (37)

Calving interval 342 0.11  SWA SRW (30)

Calf survival 0.675 0.048 SWA SRW — CJS models fitted for
SRW identifies in their calf-year from
1971 to 2017. See Table S3

Mean age of first 8.3 - SWA SRW (71)

parturition

Number of calves 310 - SWA SRW (71)

Number of juveniles 843 - SWA SRW (71)

Number of mature females 1,005 - SWA SRW (71)

Total number of whales 4,006 - SWA SRW (71)

Historical growth rate 0.065 0.002 SWA SRW (31)

Carrying capacity 35,000 - SRW — See Materials and Methods
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Captions for Data Files S1 to S3

Data S1 (separate file): Encounter histories of +1-year-old southern right whale females from
1971 to 2017, Peninsula Valdés, Argentina (femalesch.txt).

Data S2 (separate file): Encounter histories of whales identified in their year of birth from 1971
to 2017, Peninsula Valdés, Argentina (calves19712017ch.txt).

Data S3 (separate file): Data used to build figure 1C and 1D. Mean monthly SST and mean
density (ind. m2) of Antarctic krill (Euphausia superba) within the SW South Atlantic Ocean
from 1970 to 2016 (Krill and SST 7030.txt). Data obtained from
https://www.esrl.noaa.gov/psd/data/gridded/data.cobe.html and
http://www.iced.ac.uk/science/krillbase.htm, respectively.
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ABSTRACT

Kelp Gulls (Larus dominicanus) feed on the skin and blubber of surfacing southern right whales
(SRW, Eubalaena australis) in the nearshore waters of Peninsula Valdés, Argentina. Mothers
and especially calves respond to gull attacks by changing their swimming speeds, resting
postures and overall behaviour. Unusually high calf mortality occurred between 2003 and 2013,
and increasing evidence points to gull harassment as a factor contributing to the excess deaths.
Here we use capture-recapture methods to estimate the effects of gull-inflicted wounds on the
survival probabilities of 163 whales photo-identified in their years of birth between 1982 and
2017. Calves’ survival probabilities were negatively affected by the numbers and sizes of their
wounds. The proportions of larger gull lesions per calf have increased since the 1990s and our
analysis supports recent studies indicating that gull harassment at Peninsula Valdés may impact

SRW population parameters and dynamics.

Keywords: Eubalaena australis; gull harassment; mortality; capture-recapture models

BACKGROUND

Southwest Atlantic southern right whales (SRW) gather every winter and raise their calves
along the coasts of Argentina, Brazil, and Uruguay [1-5]. The breeding population that gathers
at Peninsula Valdés (PV) Argentina has been studied closely since 1971 [6]. At this site, Kelp
Gulls feed on the skin and blubber of SRW as they surface (Fig. 1a), attacking primarily mother-
calf pairs, creating wounds of various sizes, interrupting lactation, and modifying the whales’
behaviour [7]. This harassment was first reported at Golfo San José (GSJ) (Fig. 1b) in the 1970s
[8] and described as a parasitic interaction in the 1980s [9]. By the 1990s, it had spread to the
adjacent Golfo Nuevo (GN) (see Fig. 1b) where it rapidly increased during the 2000s [10,11].
Initially, calves were rarely attacked by gulls, but the percentage of mothers and calves with
gull lesions increased from 2% in the 1970s to 99% in the 2000s. Calves are now the main

targets of attacks, and their wound severity has increased over the years [12].

At PV, whales spend a significant portion (24%) of daylight hours fleeing from gull-induced
disturbance [10]. This affects their physiology, behaviour, and health [7,12—17]. Physiological
stress from injuries and an increase in energy demand due to gull micropredation could be
contributing to calf deaths in this population [7,13,14]. Unexplained high mortality occurred at
PV between 2003 and 2013; of 672 dead whales, 91% were calves less than three months old

[18,19]. A recent study based on long-term behavioural observations shows a positive
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relationship between gull harassment and local calf mortality (Piotto et al., in prep.). In an
attempt to connect gull-attack behaviour to SRW population dynamics, we reviewed how lesion
sizes vary among years and directly tested the hypothesis that wounding decreases calf survival.
Using capture-recapture methods, we modelled calf survival as a function of gull-inflicted

lesions and included location (GSJ vs. GN) as a covariate.

~ Golfo

R
]

~ San José ‘
Peninsula \
Valdés
Golfo
Nuevo

Fig. 1. (a) Images 1 to 3 show the sequence of a gull attack: 1- gull landing on the whale’s back, 2- skin
gouging, 3- feeding on the whale’s skin and/or blubber. Image 4 shows an open gull-inflicted lesion as
a result of several attacks. (b) Map of the study area: Golfo Nuevo and Golfo San José at Peninsula
Valdés, Argentina (42° 30’ S, 63° 56’ W). (c) Lesion sizes on the back of SRW calves: extra-small (XS),
small (S), medium (M), large (L), extra-large (XL), double XL (XXL). Photos by Macarena Agrelo (al),
Rodrigo A. Martinez Calatalan (a2-a4) and Fredrik Christiansen (c).

METHODS

(a) Study area and database

Photo-identification aerial surveys were conducted along the shoreline of PV, including GN
and GSJ (Fig 1b). The two gulfs experience different levels of anthropogenic disturbance: GSJ

is a protected marine reserve with small-scale artisanal fisheries, while GN has a city (Puerto
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Madryn) with a port, increasing maritime traffic, and a thriving whale-watch industry based at
Puerto Pirdmides [20]. Whales inhabit PV from April to December [21,22]. Individuals without
calves stay 52 days on average, mothers with calves much longer [21]. In the 1970s and 80s,
the area was surveyed repeatedly within each calving season. Since 1991 it has been surveyed
at least once a year in September or October, close to the peak of whale abundance [21]. Aerial
survey procedures and data collection methods have been described [6,21,23]. Right whales are
identified from photographs of their callosity patterns. The reference catalogue through 2017
includes 3,777 photo-identified individuals. Individual sightings were pooled into annual

sampling occasions to make a presence-absence matrix of individual yearly sightings.

(b) Variation of gull-inflicted lesions among years and locations

We analysed the numbers and sizes of lesions on calves born at PV from 1982 through 2011 as
estimated by previous studies [12]. The years 1991, 1992, 1994, 1997, 1998, and 2001 were
excluded due to lack of information about gull wounding on calves in those years. Data included
652 individuals, 349 of which were first photographed in GN and 303 in GSJ. Individuals were
either photo-identified calves (N=163) or unidentified calves with known mothers (N=489) —
i.e., calves photographed with their mothers during aerial surveys but with an unwell developed
callosity pattern for individual photoidentification. We used the number and size of lesions
present on the calves photographed during aerial surveys in the year they were born, and we
did not include information about gull-inflicted lesions present in subsequent years when they
were photographed as juveniles or adults. Lesions were categorised as extra-small (XS), small
(S), medium (M), large (L), extra-large (XL) and double extra-large (XXL), with each
subsequent category indicating an area roughly twice the size of the previous one (see [12] for

details). Different size classes are shown in Fig. 1c.

We performed two analyses. First, we modelled the sizes of lesions per calf (XS, S, M, and L,
where L combines Maron’s sizes L, XL, and XXL), to estimate the probability for a calf to have
a lesion of a specific size. We modelled it as a function of the year of birth, the nursery site (GN
or GSJ), and an interaction between both covariates. We fitted four binomial GLMs for
proportional data—one for each lesion size class—with a logit link function [24]. GLMs for
proportional data were used because each calf usually has lesions of more than one size. Thus,
the response variable was the proportion of lesions belonging to a given size category on a
given calf. Second, we created a lesion index for each calf equal to the sum of the sizes of all

lesions in units of XS size, which represent the wounding area (Eq. 1). Then we built a
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Generalised Linear Model (GLM) of the lesion index (a count) as a function of the same group
of covariates—year of birth, the nursery site, and an interaction between both covariates—with
a negative binomial error structure to allow for overdispersion, and log link function. All

analyses were performed in R with packages stats and MASS [25,26].

Lesionindex = XS+ 2+«S+4+«xM+8*L+ 16* XL + 32 * XXL (Eq. 1)

(¢) Modelling calf survival: the effect of gull-inflicted lesions and the nursery site

To test the effect of the nursery site on calf survival, we used a subset of the data comprising
the encounter histories from 1982 to 2017 of 163 whales identified at PV in their year of birth
between 1982 and 2011. The influence of lesion index (as an individual covariate) and nursery
site (as a group design covariate; GN or GSJ) on calf survival was modelled using Cormack-
Jolly-Seber (CJS) mark-recapture models. We tested for lack of fit in each group (GN, GSJ)
separately [27]. GOF tests were non-significant for both groups (global Test for GN, x°=32.70,
df=53, p=0.98; global Test for GSJ, ¥>=51.38, df=55, p=0.61).

We fitted models with two age classes (calves and non-calves) to model apparent annual
survival during the whales’ first year (calf survival) and the following years (juvenile or adult
survival). We built models in which recapture probability was constant over time and equal for
both age classes, or varied as a function of the following variables: the year (t) to test if it was
time-dependent; a temporal trend (T) to test if the recapture rate increased or decreased among
seasons following a trend; individual age (age) to test if the probability of resighting depended
on the age of an individual; nursery site (site) to test if being born in a specific site reduced the
recapture rate; and lesion index (lesions) to test if calves with a larger wounding area had lower

recapture rates. We also tested the additive effect of T, lesions, and site.

Survival probability was modelled as constant for calves and non-calves, or with calf survival
varying by lesions, time and site. Models with additive or interaction effects between lesions,
time and site were also fitted (Table S2). Models with a temporal trend in calf survival were
not fitted to avoid collinearity because the number of lesions increased with time. Model
selection was based on Akaike’s information criterion (AIC) [28], assuming the model with the
minimum AIC among a set of models is most parsimonious. If more than one model had

support, a model average was performed based on the models’ supporting weights. We used
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the R [25] package RMark [29] to build models in software MARK [30], and package R2ucare
[27] to perform GOF tests.

RESULTS

Of all calves (identified and unidentified, n=652), 482 (74%) had gull lesions. Calves with no
lesions were identified prior to 1995, after which all calves showed one or more lesions. Of 163
identified calves, 22 (12 from GSJ and 10 from GN) had a lesion index > 25 —which is a mean
damage severity— and most of those (n=17, 77%) were not seen again at PV (7 from GSJ and
all from GN). On the other hand, of 48 identified calves without lesions, less than half (n=23,
48%) were not seen again. The largest lesion index/calf was 147 for calves at GN, in 1999, and

104 for calves at GSJ, in 2000.

(a) Number and size of gull-inflicted lesions per calf differed between nursing sites and among

years

The distribution of gull lesion sizes varied with year of birth. This variation was greater in
calves from GN, where the proportion of XS lesions declined steeply after the 1990s, with a
corresponding increase in the proportion of S lesions. In calves from GSJ, the proportion of XS
and S lesions decreased slightly (Fig. 2a), while the proportion of M and L lesions increased
gradually at both sites. The lesion index per calf changed differently over time in GN and GSJ
(Fig. 2b). Until the early 2000s, lesions index/calf were similar at both sites, but subsequently

the increase at GN was much more rapid than at GSJ.
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Fig. 2. (a) Probability of different sizes of lesions per calf (left: XS or extra-small, S or small; right: M
or medium, L or large) at GN (teal) and GSJ (gold) between 1982 and 2011. (b) Lesion index for
individuals identified in their year of birth at GN or GSJ over a 30-year period between 1982 and 2011.
(c) Effect of lesion index on calf survival probability for GN and GSJ.

(b) Calf survival decreases with increasing gull lesion index

Of the sixty-three candidate models considered, four were well supported by the data (74% of
the AIC weight, Table 1). These top four models included site-specific recapture probability
with a decreasing time trend. Models with constant calf survival and varying by lesion index
were equally well supported (23% and 26% of the AIC weight, respectively). Interactions
between lesion index and site were less well supported (Table 1). Following model averaging,
apparent calf survival decreased at both sites with increasing lesion index. The estimated
decrease at GN was slightly greater than at GSJ, but without significant differences (GN: diesion
index=0 = 0.527 £ 0.077 and diesion index=25 = 0.365 £ 0.151; GSJ: diesion index=0 = 0.534 = 0.077 and
Dlesion index=25 = 0.430 + 0.123) (Fig. 2c).

Table 1. CJS modelling of local calf survival and recapture probabilities fitted for SRW identified in
their year of birth between 1982 and 2011 at Peninsula Valdés, Argentina. The first twenty of the sixty-
three models are presented in ascending order based on their Akaike Information Criterion (AIC).
Recapture probability (p), survival probability (¢), calves (c), non-calves (a), time-dependent (t),
temporal trend (T), nursery site (site), lesion index (lesions). Complete table at the electronic
supplementary material.
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Survival Recapture k AlCc AAICc  weight
¢ (a + c:lesions) p (T + site) 6 961.45 0 0.26
¢ (ca) p (T + site) 5 961.68 0.23 0.23
¢ @+ c:site:lesions)” p (T + site) 7 962.53 1.08 0.15
¢ (a + c:lesions + c:site)™” p (T + site) 7 963.34 1.89 0.10
¢ @+ c:site:lesions)# p (T) 6 965.08 3.63 0.04
¢ (a + c:lesions) p (T) 5 965.76 431 0.03
¢ (a + c:lesions + c:site)™ p (T) 6 965.79 433 0.03
¢ (a+ c:site) p (T + site) 7 965.84 4.39 0.03
¢ (ca) p (T) 4 965.93 448 0.03
¢ (a+ c:site * c:lesions) it p (T + site) 9 966.78 5.32 0.02
¢ (ca) p(t) 37 967.76 6.31 0.01
¢ @+ c:site:lesions)# p (1) 39 967.84 6.39 0.01
¢ (a + c:lesions) p 38 967.9 6.45 0.01
¢ (a + c:lesions + c:site)™ 0 39 968.57 7.12 0.01
¢ (a+ c:site) p (T) 6 968.66 7.21 0.01
¢ (a + c:site * c:lesions) p (T) 8 968.97 751 0.01
¢ (a + c:lesions) p (site) 5 969.02 7.56 001
¢ (a + c:site:lesions) # p (site) 6 969.76 8.31 0
¢ (a + c:lesions + c:site) i p (site) 6 970.94 948 0
¢ (a + c:site) p(t) 39 971.74 10.29 0

# same intercept and site-specific slopes
# site-specific intercepts and common slope
## site-specific intercepts and slopes

DISCUSSION

Our results confirm that gull harassment has a negative impact on the apparent survival of SRW
calves born at PV, Argentina. Most calves showed a relatively lower lesion index in the 1980s
and 1990s than in the 2000s. Individual calf survival probabilities varied as a function of their
lesion indices, other things being equal. When the lesion index increased, apparent calf survival
probability decreased, and calves that suffered elevated gull harassment were not likely to be
resighted in the PV area. These findings are consistent with recent research which reported the
relationship between gull attack frequency and intensity on calves and mothers —recorded from
a cliff during systematically surveys— and the calf death probability. The authors found that
the annual number of dead calves observed at PV follows the increase in gull attacks over the

last two decades (Piotto et al., in prep.).

We found changes in survival probabilities for calves with lesion indices < 25, which reflected
mean damage severity [12]. Although there were identified individuals with lesion indices as

high as 95, those individuals represent a small proportion of cases and were not included in the



75

main analyses owing to the low precision of their survival estimates. Identified individuals with
lesion indices >25 were not clumped because they ranged from 26 (medium severity) to 95
(high severity) [12], and due magnitudes represent differences in severity, the probability of
survival would not be the same. The severity of gull wounding also differed between the gulfs.
The lesion index per calf shows a more marked increase in GN than in GSJ, especially during
2000-2011. Our results are consistent with a larger size and number of lesions for calves in GN
[12], and a higher gull attack frequency on mother-calf pairs in GN than in GSJ in 2005-2019
(Piotto et al., in prep.). SRW abundance has increased since the 1980s in GN, and more calves

were seen alive (58% in 2003-2011) and found dead (76%) in GN compared to GSJ [18,21].

Capture-recapture models estimate apparent survival probabilities, but it is not possible to
distinguish between death and permanent emigration [31]. Therefore, if a significant number
of whales abandon PV and emigrate permanently to other areas, calf survival values from this
study will be underestimates. A shift in the population distribution along the Argentine coast
explained by density-dependent processes was recently reported. Gull harassment could
plausibly be one factor driving these changes. Mother-calf pairs continue wintering at PV, while
other groups are expanding their distribution range [32]. The bay of Golfo San Matias, adjacent
to the north of PV (300 km), was reported to be recolonized by solitary individuals and mating
groups [5,33]. A recent comparison between catalogues from Argentina and Brazil documented
the exchange of 124 individuals (63% female) between these calving grounds [34]. Efforts are

underway to estimate movement rates between breeding grounds in Argentina and Brazil [35].

Gull harassment is a local stressor that every newborn calf experiences at PV. The endocrine
response of calves to gull harassment was estimated using glucocorticoids and thyroid hormone
levels. Despite no post-mortem evidence of malnutrition [36], high glucocorticoid levels
suggested that calves with severe gull lesions suffered elevated physiological stress before
death [13]. Calves increase their respiration rate during attacks and gulls focus attacks on
wounded calves, thus increasing the sizes of their lesions [7]. It has been suggested that gull
micropredation may reduce calf survival. Our results support other underway lines of evidence
suggesting that gull-inflicted lesions contribute to calf morbidity, and thereby very likely to
mortality (Piotto et al., in prep.). Whether calves abandoned their breeding area, or in fact died
during their first year, this analysis provides evidence that gull harassment may influence

female reproductive success, future adult recruitment and consequently population growth [37].

In light of the high calf mortality recorded in some years at Peninsula Valdés [18,38], and the

challenges the population faces due to climate change [39], our findings suggest that wildlife
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managers and government officials should include gull harassment in measures of habitat
quality. Effective reduction of anthropogenic food subsidies may help to control Kelp Gull
population growth [40]. Our findings add detail to an emerging picture in which the southwest
Atlantic SRW population, although continuing to grow, is increasingly burdened by a number

of stressors whose combined effects could threaten its demographic future.
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ABSTRACT

1. Assigning sex classes in wildlife animals is challenging, even more when animals spend
most of their life underwaters such as whales and dolphins. Female whales exhibit maternal
care and a strong mother-calf relationship which turns easier to recognise them than males
in the field. Consequently, demographic parameters are usually estimated considering only

data from females, and very little is known about males of most baleen whale species.

2. To address this gap, we analysed capture-recapture data of females, males and individuals
with unknown sex of southern right whales (SRW, Eubalaena australis) off Peninsula
Valdés, Argentina. This population has been monitored for the last fifty years but only in
the first two decades (1971-1990) surveys were carried out since the beginning of the

season, when the presence of males is higher.

3. We fitted Hidden Markov Models (HMMs) to estimate a sex-specific survival accounting
for the influence of El Niflo events, the heterogeneity in the detection probability and survey
effort effects. We estimated the proportion of females and males at Peninsula Valdés and
the probability to assign an individual to the true sex status in the field in the first two

decades of the study.

4. We found a sex-specific apparent survival which was higher for females. The effect of £/
Nirio events previously reported on female survival was still detected, but not on males.
Male survival probability varied over time and male detection probability doubled in years
when aerial surveys were carried out at the beginning of the season. We estimated a slightly
female-biased sex ratio of 1.07:1. In the field, females are relatively well assigned, while

males are difficult to ascertain.

5. By fitting HHMs, we provided the first SRW male survival estimation for the Southwest
Atlantic population and reenforced the need to include male capture-recapture data in future
population assessment which will increase our understanding on distribution and population

dynamics. For this achieve we strongly recommend surveys to start earlier in the season.

Keywords: capture-recapture, hidden Markov models, sex-specific survival, uncertainty in sex

assessment.
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INTRODUCTION

Studies based on individual recognition are crucial to improve our understanding of wildlife
population dynamics. Long-term individual data allows answering some of the most important
questions in ecology, especially needed for the proper management and conservation of species
(Clutton-Brock & Sheldon, 2010). Capture-recapture models based on individual recognition
are widely used to estimate population parameters such as survival, fecundity, dispersion,
abundance, and population growth. Among many advantages, this approach can assess the
effect of group variables such as sex and estimate sex-specific parameters such as survival

(Lebreton et al., 1992).

For a reliable assignment of sex, some animals must be observed several times. Estimating
demographic parameters such as survival based only on individuals of known sex can lead to
positive biased results (Pradel et al., 2008). Dismissing part of the data, however, would
represent a significant waste, mainly in a population in which sex assignment from
observational procedures is not reliable. Individuals could be then divided into groups—
individuals identified as females, as males, or with uncertainty in sex assignment—and capture-
recapture analysis could be performed separately for each group. In this case, the survival of
individuals of unknown sex is considered as a weighted average of the survival of males and
females. However, this procedure would not consider that males and females may have different
detection probabilities. An elegant solution to the problem of sex uncertainty came with the
development of multievent capture-recapture models, which use the entire available data while

accounting for uncertainty in states assignment (Pradel et al., 2008).

Right whales can be sexed by their ventral view. As mammals, females and males exhibit
differences in anogenital configuration, with the genital slit being more caudal in females and
separate from the anus in males (Omura, 1958; Payne & Dorsey, 1983). Adult males are
immediately recognised by their penis when rolling over during mating activity. However,
because SRW are individually recognised by the callosity pattern of their heads (Payne et al.,
1983), it is difficult to match a ventral sexed whale with its dorsal callosity patterns (Payne &
Dorsey, 1983). Whilst individuals accompanied by a calf are sexed as females, it is unusual to

get the ventral view of males to confirm its sex.

Due to the major difficulty in identifying SRW males in the field, demographic parameters for
SRW have been primarily addressed using resightings of adult females (Agrelo et al., 2021;
Brandao et al., 2018; Charlton et al., 2018; Cooke et al., 2015; Cooke et al., 2001; Renault-
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Braga et al., 2022; Stamation et al., 2020). An estimation of SRW male survival was only
reported in a study which estimated sex-specific survival for SRW off New Zealand based on
an extended capture-recapture model of individuals identified with DNA profiles (Carroll et al.,
2013). Male exhibited lower survival compared to females and authors suggested it could be
explained by their lower site fidelity (Carroll et al., 2013). At the Peninsula Valdés calving
ground, males are frequently sighted —being recognized as males when exhibit their genital
area— mainly at the beginning of the reproductive season. Between 1971 and 1990 males were
resighted as often as adult females (Rowntree et al., 2001). Peninsula Valdés is not only known
for being a nursing ground where females give birth and raise their calves, but a breeding
ground where groups gather for mating and socialising (Payne, 1986; Rowntree et al., 2001;
Sironi, 2004). While several studies have been carried out on female demographic parameters,

there is a lack of knowledge regarding SRW males in the Southwest Atlantic.

Hidden Markov models (hereafter HMMs) can be used for uncovering unobservable state
dynamics from the available observable data (Zucchini & MacDonald, 2009). In the last decade,
HMMs have gained prestige and have been applied in several studies of marine mammals in
different areas. In bioacoustics, HHMs were used to classify the vocalization of blue whales
(Balaenoptera musculus), Bryde’s whales (Balaenoptera brydei) and humpback whales
(Megaptera novaeangliae) (Babalola et al., 2021; Buchan et al., 2020; Pace et al., 2012).
Additionally, HMMs were recently used to characterise the state of diving behaviour in blue
whales and in short-finned pilot whales (Globicephala macrorhynchus) (DeRuiter et al., 2017,
Quick et al., 2017), and the subsurface behaviour of killer whales (Orcinus orca) (Tennessen
et al., 2019). HMMs are fast becoming a key instrument in cetacean population ecology. It has
been used to estimate trends of bowhead whales (Balaena mysticetus) in West Greenland
(Rekdal et al., 2015); to estimate transition probabilities between regions of a bottlenose dolphin
population off Scotland, considering capture occasions irregularly spaced in time (Mews et al.,
2020); and to estimate survival and breeding probabilities in bottlenose dolphin population off

the northern coast of France (Couet et al., 2019).

Southwest Atlantic SRW off Peninsula Valdés, Argentina, have been monitored through
individual recognition since 1971. To get the most out of this long-term database, we used a
Bayesian capture-recapture inference with HMMs to estimate the proportion of females and
males, and sex-specific survival probabilities while accounting for detection heterogeneity
between individuals, variation in survey effort, and uncertainty in sex assignment. We tested

the hypothesis that male detection probability depends on the effort, and it would be higher in
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years in which aerial surveys were conducted at the beginning of the season. We provided
evidence that to better understand SRW dispersion and population dynamics, and estimate more
accurate demographic parameters, whales should be monitored since the beginning of the
season to account for males. Furthermore, we tested if the previously reported effect of El Nifio
events on female survival is detected in males as well. The modelling framework could be
adjusted to address many questions regarding population dynamics in species for which the

database comprises a high proportion of individuals with unknown sex.

METHODS
(a) Sampling methods and data collection

Since 1971, the Right Whale Program has been conducting systematic surveys to monitor
individual SRW off Peninsula Valdés, Argentina. During surveys, every whale or group of
whales encountered was photographed for later identification by the number and distribution
of white markings (callosities) on their heads (Payne et al., 1983). Individual information such
as sex, date of record, presence of calf, the certainty of the relationship between female and calf
and geographical location were also recorded during aerial surveys. Whales were classified as
females, males, and whales of unknown sex. Individuals were considered females when
accompanied by a calf or showed short genital slits without a separate anus. Individuals were
considered males when the penis or anus separated from the ventral slit were exposed. For an
identified individual being sexed by its exposed genital area, there must be a match with its
corresponding callosity pattern, otherwise the individual is not identified. Surveys were
conducted mainly between September and November, but some years included surveys at the
beginning of the season, between June and August (Payne et al., 1990). From 1971 to 1990,
multiple photo-identification surveys were conducted in a single year, but because of the
increasing expense, after 1990 they were reduced to only one during the peak of whale
abundance (September or October) (Rowntree et al., 2001). The available photo-identification
database was organized into individual encounter histories within a presence-absence matrix of
sightings for each occasion. The sighting histories were collapsed into years, and each year was

considered one capture occasion.

(b) Data selection
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To perform the analyses, we selected a subset of the data comprising enough recapture sightings
for males and females to build multievent models from the complete database from 1971 to
2017. We used only non-calf sightings in the analysis because calves and adults exhibit different
survival probability (Agrelo et al., in prep.). We classified individuals as female or male based
on at least once being identified as a female or male during the study period. Individuals that
have not been assigned with a sex status in any of the sightings were considered as “unknown
sex”. We classified individuals with a sex status to visualise the number of females, males and
unknown sex individuals identified each year and select the period for performing multievent

analysis.

After selecting a subset of 20-years of data, between 1971 and 1990, we performed Goodness-
of-fit (GOF) tests to verify if individuals have the same probability of surviving from time t to
time t+1 after being identified (transient test or Test3.SR), and if individuals have the same
detection probability at t after being seen (trap-dependence test or Test2.ct). Tests were
performed for each group separately in R2ZUCARE (Gimenez et al., 2018). GOF tests showed
no transient effect in the dataset (Test3.SR for females, y2 = 18.78, df = 18, p = 0.40; males,
x2=2.72,df=9,p=10.97; unknown sex y? = 15.96, df = 18, p = 0.59) and no trap-dependence
for males and unknown sex individuals (Test2.ct for males, y? = 18.82, df = 16, p = 0.28;
unknown sex, y? = 16.80, df = 17, p = 0.47). However, there was a lack of fit in Test2.ct for
females (y2 = 96.16, df = 17, p = 0), which evidenced heterogeneity in detection probability.

Therefore, models were fitted considering trap-dependence in female detection probability.

(c) HMMs for survival and detection probability

Hidden Markov capture-recapture models, also called multievent, extend multistate models by
accounting for uncertainty in the state assignment (Pradel, 2005). It allows distinction between
the hidden true states, and the observed states at the field. States processes take place between
time t and t+1. An individual alive in t is alive in t+1 with probability ¢, or dead in t+1 with
probability 1 — ¢. Once the animal is dead, it remains in that state with probability 1. The event
processes take place at time t, thus an individual alive at t is encountered with probability p or
not encountered with probability 1 — p. If it is dead at time ¢, it cannot be seen, and it is not
encountered with probability 1. Probabilities that describe states are called transition
probabilities and those describing events are called event probabilities. We prepared our data

by classifying each sighting with an observed sex state. Even knowing that a specific individual
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was a male or female from the encounter history, if it was not possible to assign a sex status
during the observation, it was classified as unknown. For our data we considered three true
states: an individual can be either female (F), male (M) or being dead (D). We considered four
possible events: not encountered (0), found, ascertained as female (1), found, ascertained as
male (2) and found, with status unknown (3). Upon its first encounter (vector of initial states
), anewly encountered individual is a female with probability 7t¢, or is a male with probability
1 — my. At the first encounter the state dead is not possible likewise the not encountered event

(Pradel, 2005).

The biological process is described by the state process (transition matrix I'). We estimated the

survival probability ¢ for females and ¢,,, for males.

FoM D

¢f 0 1- ¢f F
= ( 0 ¢m 1- ¢m> M

0 0 1

We built the models considering sex-specific constant and time-dependent survival. Based on
results reported by Agrelo et al., (2021), about the effect of climate change on female SRW
survival, we fitted models considering the influence of El Nifio events — through El Nifio index

(ONI) — on female and male survival probabilities (see Agrelo et al., 2021 for details).

The event process, based on the state on each occasion, is described by the observation matrix
Q. A female individual is encountered with probability psfr, defining the probability of being
encountered as a female and correctly assign the female state. Then, the probability of being

encountered a male is py, By, At the first encounter py = p,,, = 1.

1—pr prPBr 0 pr(1—=Bp)\ F
(1 — Pm 0 PmPm  Pm(1— :Bm)) M
1 0 0 0 D

We built models considering sex-specific detection probability. To test our hypotheses

regarding the influence of the effort on male detection probabilities, we built models
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considering the years when aerial surveys were also conducted at the beginning of the season

(1971,1973, 1977, 1978, 1979) and years in which not.

HMMs were fitted using R (R Core Team, 2021) package NIMBLE (Valpine et al., 2017). We
used the Wattanabe-Akaike information criterion or WAIC metric (Spiegelhalter et al., 2014),
which allows to compare models fitted in a Bayesian framework via MCMC and is also
interpretable like Akaike information criterion (AIC) (Burnham & Anderson, 2002). Models
with AWAIC < 2 were considered as the most supported.

RESULTS

Data comprised 47 occasions from 1971 to 2017. A total of 7,208 non-calf sightings of 3,224
identified individuals were considered to select the proper period to perform the multievent
analysis. There were 1,773 individuals classified as unknown sex and 1,380 as females. A total
of 71 males were identified during the whole period. The number of males was extremely low
compared to females and unknown sex individuals. Most of males were identified during the
first two decades of the study, between 1971 and 1990, when some of the aerial surveys were
conducted at the beginning of the season (Figure 1). The number of sightings was lower
between June and August (79 females; 58 males; 308 unknown sex) compared to the sightings
between September and October (2,807 females; 246 males; 4,493 unknown sex). To be able
to estimate female and male survival we used data from 1971 to 1990. Data selected to perform
HMMs comprised 426 individuals identified as female, 67 identified as males and 541

classified as unknown sex.



88

[0 Female [ Male [J Unknown sex

3001
— 3 — 1 L |
o 2001 — —
o 28" m u —
— L 26 M o= a2 3
g 19[—] [ M M - A for 62 0:
E o] M m 12| [ e B ool u
o} U fo| 2 Mot 50 73 M| e 9
g L= H 34 61 - || 29 |
o 21 26 ] |85 = - H - 73—
31
Z 100 H ol | ] 55, 79| | m
= — - 0|
5 [ | e
WE R q 4 B [a7 mgNE 1| L L . 27"'
8l 17 1q | 1 1 17
oc75 99| w: o 0579 “od so 9794307 L 95/48| o) | L l
L NN oLl | H 51736 o =™ 5
3731 5 ' L H -
0 dl s 23 21
1970 1980 1990 2000 2010
Year

Fig. 1. Number SRW of females (teal), males (gold) and unknown sex (grey) whales, identified each
year at Peninsula Valdés, Argentina, from 1971 to 2017. After 1990 aerial surveys were conducted only

in September and/or October.

(a) SRW exhibit sex-specific survival probabilities

In total, seven HMMs were fitted for capture-recapture SRW data from 1971 to 1990 (Table
1). The model with the best support revealed an effect of ONI on female survival, time-
dependent male survival, and a male detection probability influenced by survey efforts. A
survival dependent on ONI was selected for SRW females with a minimum of 0.970 (CI 95%
0.945-0.989) in 1982 and a maximum of 0.981 (CI 95% 0.965-0.993) in 1973. Female survival
dropped in years of higher associated ONI such as 1972, 1982 and 1987 (Figure 2A). A time-
varying survival was selected for SRW males with a minimum of 0.667 (CI 95% 0.398-0.955)
in 1989 and a maximum of 0.970 (CI 95% 0.893-0.999) in 1982. Male survival varied
remarkably over the analysed period and some years it notably dropped (Figure 2B).

(b) Male detection probability depends on the survey effort

The best-supported model accounted for the influence of survey efforts on male detection
probabilities (Figure 2C). A probability of 0.15 (CI 95% 0.13 - 0.17) was estimated for years
in which aerial surveys were carried out since September, while the probability of detecting a
male in years when aerial surveys were conducted since the beginning of the season was 0.27

(CI 95% 0.23 - 0.32).
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(c) Sex assignment and female-biased sex-ratio

Females are relatively well classified as females with a probability of 0.55 (C195% 0.52 - 0.57),
while males were difficult to be assigned to the correct states. Males are correctly assigned as
males with a probability 0f 0.32 (CI195% 0.30 - 0.35), which indicated that males were regularly
classified as unknown sex individuals (Figure 2D). A probability of 0.53 (CI 95% 0.50 - 0.57)
for a new encountered individual being a female was also estimated indicating a slightly female-

biased sex-ratio of 1.07:1, which marginally differed from parity (y? =4.60, df =1, p = 0.03).

Table 1. Hidden Markov capture-recapture model selection by Wattanabe-Akaike information criterion
(WAIC). Models are presented in ascending order based on their WAIC. Selected model is in bold.
Apparent survival (¢); detection probability (p); female (f); male (m); El Nifio Index (ONI); sampling
occasion dependence (?); trap dependence (¢d); survey effort (effort).

Survival probability Detection probability
WAIC AWAIC
Female Male Female Male
Poni (B Pfta Peffort 11478.17 0.00
br foR Pfta Peffort 11556.88 78.71
by bm Prta Peffort 11559.11 80.94
boni bm Pfta Peffort 11572.28 94.11
boni bm Pfta D 11577.22 99.05
br b Pfta Do 11591.47 113.3
boni boni Pfta Peffort 11609.2 131.03
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Fig. 2. SRW sex-specific parameters estimated by hidden Markov capture-recapture models using data
from 1971 to 1990. (A) Female apparent survival influenced by ONI index. (B) Time-dependent male
apparent survival. (C) Male detection probability in years in which aerial surveys were conducted
including month at the beginning of the season (Jun-Dec) and years in which aerial survey were
conducted from September (Sep-Dec). (D) Probability to assign an individual (Female or male) to the

true state.

DISCUSSION

When aerial surveys were carried out only during the peak of whale abundance (1990-2017),
the number of identified males decreased markedly, while in the early years (1971-1990), males
were seen many times in the study area during the whole season (Rowntree et al., 2001). For
example, a male born in PV in 1972, was identified in his calf-year and returned to Peninsula
Valdés for the next seven consecutive years. After that, this male was not seen again. Two
others adult males were seen in four consecutive years (1971-1974 and 1976-1979,
respectively) but then not seen again. One male was sighted in six different years from 1971-
1978 and recaptured in 1989 in Tristan da Cunha, 4,424 km from Peninsula Valdés (Best et al.,
1993; Rowntree et al., 2001). We proposed three main reasons for lack of male recapture after
1990: (1) males tended to leave Peninsula Valdés before the aerial surveys is conducted; (2)
males are more difficult to identify because they are not associated to a nursing calf and are

usually belly-up in mating groups and their heads are underwater; and (3) due to overcrowding
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on the Peninsula Valdés calving ground (carrying capacity), males have moved to adjacent
areas. The last hypothesis seems to be supported by several recent studies that reported changes
in the use of the Peninsula Valdés calving ground, where mother-calf pairs remained at
Peninsula Valdés while juveniles and mating groups have moved to other adjacent areas (Arias

et al., 2018; Crespo et al., 2019; Sueyro et al., 2018).

Despite the fact males may be moving to other areas due to overcrowding, mating groups are
still frequently observed at Peninsula Valdés, mostly at the beginning of the season (N. Lewin
pers. comm.). However, males are regularly observed using the area but not identified during
aerial surveys. In the last five years of the study (2012-2017), only five males were identified;
three of them were males known since the 1970s and two were incorporated into the catalogue
as new whales. One of the known males was first identified in 1972, resighted in 1973,
encountered again 15 years later, in 1988, and resighted after 28 years, in 2016. As well as
males, some females were not resighted after 15 to 25 years, and an individual of unknown sex
was identified and first recaptured only after 40 years. This long-term data based on individual

recognition evidenced that whales could spend long periods without visiting the calving ground.

(a) Sex-ratio and sex-specific apparent survival

The same subset of data selected to perform the HMMs in this study was previously analysed
by Rowntree et al., (2001). Authors estimated the resighting frequency and adult males were
sighted as often as adult females with females with calves remaining longer on the area
(Rowntree et al., 2001). Here we estimate a probability of 0.53 for a new encountered individual
being a female, which indicated a marginally female-biased sex-radio at Peninsula Valdés.
However, this slightly difference could be the result of the varying survey effort instead a real
female-biased sex-ratio. More females can be sighted when surveys were conducted since

September.

Sex ratio estimates for large whales came mostly from analysing whaling records in the 20th
century. Gender bias depends on the species and regions. In feeding grounds, catches of blue
whales and sperm whales (Physeter macrocephalus) were mainly dominated by males (Branch
& Monnahan, 2021; Moazzam, 2020), but dominated by females in minke whales
(Balaenoptera acurostrata) (Laidre et al., 2009). For Southwest Atlantic SWR whaling records,
sex-biased was found with a slight predominance of males. However, when sex-ratio was

analysed by size, only individuals between 13 and 15.4m differed from parity (Tormosov et al.,
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1998). Those differences were not observed in SRW foetus sex (Best, 1994; Tormosov et al.,
1998). In breeding grounds, resighting histories of humpback whales revealed a male-biased
sex-ratio in Hawaii but a female-biased sex-ratio in the east coast of Queensland (Franklin et

al., 2018; Herman et al., 2011).

A constant SRW female survival of 0.99 was previously estimated by applying multi-state
models to the Peninsula Valdés and South African population data (Brandao et al., 2011; Cooke
et al., 2003). Based on this result, female survival was fixed to estimate a population growth
rate by applying A-POPAN models around mainland New Zealand and PRADEL models in
Southern Brazil (Carroll et al., 2013; Renault-Braga et al., 2022). Recently, a new study
reported SRW female survival influenced by El Niflo events. During the cool phase La Nifia
and the neutral phase, annual apparent survival remains at 0.99. However, following strong El
Nifio events, survival dropped to 0.96, leading to a decrease in the population growth rate
(Agrelo etal., 2021). Here, we modelled survival considering the El Nifio effect, and even using
twenty-years of data and a period of not too strong El Nifio events, we were able to detect this
effect in SRW females, but not in males. Our results reinforced the idea that long-term data are
crucial for uncovering climate change effect on whale population dynamics. We provided new
evidence that SRW females are more vulnerable than males facing climate change effects, and

that sex-specific parameters should be considered in future population assessments.

With the advances in computing power, the development of new software, and programs
offering statistical tools that are more accessible to ecologists, we were able to apply HHMs,
re-analyse capture-recapture SRW data and estimate male apparent survival. We provided the
first estimation of this male demographic parameter for the Southwest Atlantic SRW
population. SRW male survival was previously estimated only for the mainland New Zealand
population where individuals were genetically sexed. Authors estimated an apparent survival
rate of 0.82 (CI 95% 0.75-90) for males by applying POPAN-t models (Carroll et al., 2013).
We found a time-dependent apparent survival rate for SRW males off Peninsula Valdés with a
mean of 0.87 (CI 95% 0.65-0.99). Our results of male survival are higher than those reported
by Carroll et al., (2013), but lower compared to the estimated female survival rates in both
regions. As it was suggested for mainland New Zealand population, observed difference in
apparent survival between females and males might be associated with the fidelity to the calving
grounds and the time males spend at Peninsula Valdés. Changes in the use of Peninsula Valdés
by different social groups (females with calves, males, solitary individuals and juveniles), the

comparatively smaller number of known male whales and low detection probabilities might
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contribute with lower apparent survival probabilities. While Peninsula Valdés is currently used
more by females to calve, the presence of males at the end of the season appears to have
decreased, and after 1990 males were barely identified. Photo-ID catalogue comparison
between all regions used by Southwest Atlantic SRW population will allow to uncover true

male survival.

(b) Survey effort and male detection probability

Our results revealed an effect of survey efforts on male detection probability between 1971 and
1990. In years when aerial surveys were conducted, including the beginning of the season, male
detection probability was twice that in years when aerial surveys were conducted from
September. Although the database currently comprises five decades of individual recognition,
we could not perform the analysis including recent years (1991-2017) because of the lack of
identified males in the database. However, by analysing available data from the first two
decades of the study, we uncovered the influence of survey effort on detection probability. This
result is well supported by recent research about changes in the distribution of different groups
of SRW at Peninsula Valdés between 1999 and 2016 (Sueyro et al., 2018). The authors found
that when the density is about three whales per km?, solitary individuals and breeding groups
move to adjacent areas. The difficulties of correctly assigning the sex state, the low recapture
probability, and the fact that since 1990 aerial surveys have been conducted only after
September could have led to our lack of knowledge regarding SRW male dispersion and site
fidelity. Based on the results presented in this paper, we strongly recommend monitoring this

population since the beginning of the whale season.

(c) New horizons inside the study of SRWs

Although this long-term database has been restricted by having only one annually aerial survey,
ongoing studies are incorporating new exceptionally promising techniques that will bring major
information regarding whale life histories occurring in Peninsula Valdés. More particularly,
two new methodologies have been recently implemented at Peninsula Valdés to photograph
individuals for later identification: the boat-based survey—which boost citizen science—and
the unmanned aerial vehicle (UAVs), known as drone-based surveys (Azizeh et al., 2021;
Christiansen et al., 2019, 2022; Vilches et al., 2018). Photos taken during whale-watching tours
in Puerto Pirdmides throughout the calving season from 2003 to 2007, allowed to add 105 new
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individuals and new sighting of 45 known individuals to the catalogue (Vilches et al., 2018).
Unlike aerial photos, these ones were taken almost daily over the whale season. The analysis
of these photos has led to the expanding of the database. Another valuable source of photos
comes from drone-based surveys which cover most of the whale season. Several studies of
drone photogrammetry unmasked SRW behaviour, body condition, health, and threats at
Peninsula Valdés (Azizeh et al. 2021; Christiansen et al. 2019; Christiansen et al. 2022; Maréon
in prep). Furthermore, satellite transmitters have been attached in SRW at Peninsula Valdés
since 2014, which allows to uncover not only individual dispersion but migratory routes and

feeding ground location (Zerbini et al., 2016).

A myriad of questions regarding SRW biology and ecology remain unanswered at present. Here
we provided the bases of a methodology that can easily be applied to other SRW populations
in the Southern Hemisphere. The combined analyses of all this looming information will
certainly bring into light loads of patterns regarding distribution, dispersion, and population
dynamics; it will greatly improve our conservation strategies for SRW population at the

Southwest Atlantic; and will provide scientific data on the species on a circumpolar scale.
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5. CONSIDERACOES FINAIS

A base de dados de cinco décadas baseada no reconhecimento individual, utilizada na presente
tese, forneceu uma oportunidade Unica para avaliar a dindmica populacional de uma espécie
longeva que proporciona diversos servigos ecossistémicos para o ambiente marinho e costeiro,
envolvendo desde questdes ecoldgicas (e.g., sequestro de carbono, fertilizacdo do oceano,
aumento da biodiversidade), como questdes econdmicas (e.g., turismo de observacdo) e
politicas. A relevancia das grandes baleias e os servigos ecossistémicos que elas proveem vém
sendo cada vez mais reconhecidos. Inimeros estudos apontam as baleias como as grandes
mitigadoras das mudangas climaticas. Porém, alguns poucos consideraram os efeitos das
mudangas climdticas nas baleias e nenhum, até o momento, tinha avaliado os efeitos das

mudangas climaticas na sobrevivéncia delas.

No capitulo 1 foi possivel corroborar a hipdtese de que as mudangas climaticas afetam a
sobrevivéncia das baleias, fornecendo a primeira evidéncia da relacdo entre ambas as varidveis.
Apos fortes eventos de E! Nirio, foi registrada uma taxa de mortalidade aparente entre 4% e 5%,
ou seja, uma mortalidade de 4 a 5 vezes maior do que as registradas para anos neutros ou de La

Niria. Além disso, utilizando essa relacao e predi¢des das mudangas climaticas encontradas na
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literatura, foram avaliadas as possiveis trajetorias da populagdo frente a distintos cendrios de
mudangas climaticas. Sem considerar os efeitos das mudangas climaticas € mantendo uma taxa
de crescimento de 6.5% anual, a populagdo de baleias do Atlantico Sul Ocidental poderia se
recuperar ainda neste século, atingindo valores historicos estimados. Considerando os efeitos
das mudangas climaticas na sobrevivéncia, a taxa de crescimento se reduz a 2.6% e
consequentemente, ndo recuperaria seus valores historicos nos proximos 100 anos. Os
resultados permitiram alertar sobre potenciais consequéncias das mudangas climaticas na
recuperacdo populacional. A hipoteses foi corroborada apenas para uma espécie de baleia,
porém a metodologia utilizada pode ser aplicada em outras espécies com bancos de dados de
longo prazo baseados na identifica¢do individual. Considerando um aquecimento global mais
intenso no futuro, é prioritario aumentar nosso conhecimento sobre os efeitos das varidveis
climaticas nos parametros populacionais das espécies chaves, de forma a orientar acdes de
mitigacdo mais eficientes. Em 2015, varios paises adotaram uma nova agenda de
desenvolvimento sustentavel e chegaram a um acordo sobre as mudangas climaticas. Como
resultado, estabeleceram os chamados Objetivos do Desenvolvimento Sustentavel das Nagdes
Unidas (ODS). Em particular o objetivo 14 estabelece a conservagdo e uso sustentavel dos
oceanos, dos mares e dos recursos marinhos para o desenvolvimento sustentavel, e tem como
uma das prioridades “Dedicar mais recursos para pesquisas cientificas marinhas, pesquisas
interdisciplinares e observagdo ocednica e costeira continua, aléem de coleta e
compartilhamento de dados e conhecimentos, incluindo conhecimentos tradicionais, a fim de
se aprofundar nosso conhecimento sobre o oceano” (ONU, 2015). No marco da conservacao,
a baleia-franca austral ¢ considerada uma espécie bandeira; por ser carismatica acabar atraindo
atengdo, recursos para conservagao e conscientizagdo da sociedade sobre os oceanos. Também
¢ considerada uma espécie guarda-chuva, j4 que ao conserva-la, conservam-se outras espécies

que utilizam o mesmo habitat.

Por ser uma espécie migratoria e de habitos costeiros, sua prote¢do inclui diretamente estes
ambientes, que sofrem com a crescente perda de atributos ecologicos em decorréncia das
multiplas atividades antropogénicas. Uma das consequéncias das atividades antropogénicas que
prejudicou enormemente a populacao de baleias-franca na Peninsula Valdés foi a inexisténcia
de gestdo dos descartes pesqueiros e lixeiras a céu aberto, o que provocou um aumento
desmensurado da populacdo de gaivotas na regido. Embora a interagdo gaivota-baleia tenha
emergido naturalmente, o aumento do nimero de gaivotas tornou essa interagdo mais severa.

Assim, no capitulo 2, buscou-se gerar evidéncias sobre os prejuizos do assédio das gaivotas
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sobre as baleias. Dois workshops foram realizados pela Comissdo Baleeira Internacional para
discutir as possiveis causas da alta mortalidade de filhotes na Peninsula Valdés (IWC 2013;
IWC 2016). Os resultados apresentados sobre os efeitos do assédio das gaivotas, no
comportamento, fisiologia e saude das baleias, sugeriram esta interagdo como fator contribuinte
da mortalidade, porém foi salientada a dificuldade de testar essa hipdtese. Utilizando uma base
de dados de longo prazo, buscou-se testar a hipotese de que o assédio das gaivotas tem um
efeito negativo na sobrevivéncia dos filhotes. Os resultados deste estudo revelaram que filhotes
que sofrem um assédio mais intenso das gaivotas, t€ém menor probabilidade de sobreviver o

primeiro ano de vida.

As baleias-franca possuem um sistema de reproducdo promiscuo onde varios machos sao
observados juntos com uma fémea dentro de um grupo de reproducdo, e onde um mesmo
individuo pode fazer parte de diversos grupos de reprodu¢do ao longo da temporada
reprodutiva. Porém, com excecdo dos dados provenientes da época da caga, nosso
conhecimento sobre os machos de baleias-franca ¢ escasso, especialmente no que refere aos
seus parametros demograficos. Usualmente, os pardmetros demograficos sdo obtidos a partir
das fémeas. Para comecar a preencher esta lacuna de conhecimento, no capitulo 3, buscou-se
revelar a informacdo encoberta na base de dados no que diz respeito aos machos. Durante os
primeiros vinte anos do monitoramento, entre 1971 e 1990, o esfor¢o amostral foi maior e
incluiu sobrevoos durante o inicio da temporada. Esta variagdo no esfor¢o amostral
proporcionou uma oportunidade para aplicar novas técnicas estatisticas e conseguir reanalisar
os historicos dos individuos identificados durante esse periodo, incluindo os avistamentos de
fémeas, machos e individuos de sexo desconhecido. Assim, neste estudo estimou-se uma
sobrevivéncia aparente especifica por sexo que foi maior para as fémeas. A sobrevivéncia dos
machos contempla a primeira estimativa reportada para os machos da baleia-franca do Atlantico
Sul Ocidental. As técnicas utilizadas permitiram estimar a propor¢ao de individuos de cada
sexo. Embora as estimativas revelaram uma razdo sexual com um viés em favor das fémeas,
esse viés ¢ infimo em relacdo a uma aproximacao esperada a partir da informagdo do nlimero
de fémeas e machos na base de dados. Se for considerado s6 o nimero de individuos de sexo
conhecido, sem levar em conta o esforco amostral e a época do ano na qual ¢ realizado o
monitoramento, poderia se chegar a uma conclusdo erronea de que a Peninsula Valdés seja
atualmente uma area de reprodu¢do onde predominam principalmente maes com filhotes.
Ficaria assim encoberta a possibilidade de existir um uso da area semelhante por parte das

fémeas e dos machos, porém apresentando mudancas na composicao dos grupos ao longo da
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temporada. Esse fato esta sendo observado atualmente através do monitoramento com drone
que, desde o ano 2018, tem sido realizado ao longo de toda a temporada reprodutiva. Desde o
comego da temporada sdo observadas principalmente maes com filhotes do ano anterior, antes
do momento de desmame; seguido pela chegada de individuos solitarios, entre os quais podem
ser observadas maes prenhes, ¢ a formagao de grupos de reproducgdo; e por ultimo, a partir de
agosto, ha uma predominancia de maes com filhotes nascidos na temporada (N. Lewin,
comunicagdo pessoal). Esta nova possibilidade de monitorar a populacdo desde o inicio da
temporada contribuira para alimentar a base de dados com novos registros sobre os machos de
baleia-franca, fornecendo a oportunidade futura de descrever a dinamica populacional, estimar

a dispersdo entre areas, assim como de realizar estudos de comportamento.

Os resultados gerados por esta tese fornecem ferramentas para orientar estratégias de manejo
em varias escalas. Na escala mais ampla e global, os resultados aportam informagdes para
alimentar modelos diversos que venham a aprimorar a capacidade de prever os impactos das
mudangas globais sobre os ecossistemas e sobre a recuperacdo populacional das grandes
baleias. O modelo utilizado no capitulo 1 pode ser aplicado em outras populacdes de baleias-
franca do hemisfério sul. Na escala regional, os resultados gerados fornecem informacdes de
grande relevancia para a conservagdo da baleia-franca do Atlantico Sul Ocidental e sua
viabilidade em longo prazo. Atualmente se reconhece que as populacdes do Brasil, Uruguai e
Argentina sejam uma Unica popula¢do em expansdo e que apresenta dispersdo de individuos
entre as regides. Esta conexado entre areas deve ser considerada por medidas futuras de protecao
que incluam problemas ambientais e de manejo em nivel regional. Em escala local, este estudo
vem colocar mais uma peca do quebra-cabecas da problematica emergente do assédio das
gaivotas sobre as baleias na Peninsula Valdés, reforcando para os gestores ambientais e
tomadores de decisdes, a necessidade de acdes de mitigacdo. Por tltimo, em uma escala mais
fina e individual, este estudo traz evidéncias da importancia de coleta de dados desde o inicio
da temporada de reproducdo para conseguir informa¢do mais acurada sobre os machos, dos
quais se tem pouca informagao atualmente. O capitulo 3 permitiu explorar novos métodos para
estimar parametros demograficos e orientar futuras coletas e esfor¢o amostral. Além disso,
permitiu contribuir com a hipdtese proposta no capitulo 1 sobre o efeito dos eventos do EI Nirio
na sobrevivéncia das fémeas. Mesmo utilizando duas décadas de informagdo e considerando
eventos do E/ Nifio ndo tao extremos (em comparacao aos mais recentes), foi possivel detectar
o efeito na sobrevivéncia das fémeas, porém ndo na dos machos, reforgando a relevancia dos

estudos de longo prazo baseados no reconhecimento individual.
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A baleia-franca austral, como outras espécies de grandes baleias, encontram-se protegidas da
caca comercial. Porém, atualmente existem multiplos fatores ambientais e antropogénicos,
incluindo o aquecimento global, que ameagam sua recuperacdo. Levando em conta a relevancia
eco-socio-sistémica das baleias-franca os resultados da presente tese precisam ser levados em
consideragdo na hora de avaliar o status de conservacdo das baleias francas num escopo

internacional.
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