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RESUMO

A comunicag¢do acustica tem papel essencial em uma variedade de fungdes vitais de mamiferos
marinhos. Compreender os mecanismos ecoldgicos que estimulam o comportamento acustico
desses organismos € de grande importancia para sua conservacao e preservacao de seus habitats
naturais. Visando contribuir com o conhecimento necessdrio para a implementagdo de um
Monitoramento Acustico Passivo (MAP) como ferramenta de pesquisa e conservacdo da
baleia-franca no Brasil, este trabalho retine informagdes sobre a ecologia comportamental e
acustica de pares mae-filhote avistados no litoral sul de Santa Catarina. Por meio de gravacoes
acusticas e observagdes comportamentais sincronicas, conduzimos um estudo para testar se as
taxas de emissdes acusticas variam em funcdo de fatores ambientais e comportamentais, e se €
possivel inferir sobre a densidade de individuos presentes a partir das taxas de emissdes
acusticas. Gravadores acusticos foram instalados na Praia de Itapirubd, localizada na APA
Baleia Franca, para que juntamente com o esfor¢o visual fosse possivel monitorar o ambiente
e os sons produzidos pelas baleias-francas entre agosto e setembro de 2021 e 2022. A andlise
minuciosa das gravacgoes obtidas revelou 4896 chamados, sendo que 76% foram “upcalls” —
chamado de contato mais comum entre um par mae-filhote. Paralelamente, ao longo do
monitoramento visual, foi possivel registrar um total de 235 atividades de superficie, desde
saltos a batidas de cauda e nadadeira peitoral. A partir de modelos lineares generalizados mistos
(GLMM) ajustados, observamos que a intensidade do vento aumenta as taxas de emissdo
acusticas, enquanto o nimero de baleias presentes na drea tem influéncia negativa sobre o
comportamento acustico. J4 para as atividades de superficie, o modelo mais parcimonioso
sugere que a ocorréncia desses comportamentos pode variar com a intensidade do vento
também de forma positiva, varia entre anos, e também diminui com aumento no nimero de

baleias no local. O resultado da diminuicao da atividade comportamental, de superficie ou



acustica, com o aumento no nimero de baleias, além de sugerir uma tendéncia a densidade-
dependéncia, pode estar relacionado as estratégias de prevencdo de detec¢@o por outros grupos
de baleias e/ou por predadores, e também ao contexto de grupo que se encontram. A inclusdo
de mais dados e varidveis pode indicar outros fatores determinantes para nossas varidveis
resposta, e aumentar a precisdo dos modelos, em especial do modelo ajustado para emissoes
acusticas, possibilitando sua utilizagdo para fins de estimativa de individuos em uma
determinada &4rea. Este trabalho representa um avang¢o importante no entendimento do
comportamento acustico de pares mae-filhote e fornece informacdes fundamentais para a
aplicacdo futura de metodologias que visam estimar a densidade da espécie com base em
emissOes acusticas, considerando um conjunto de covaridveis ambientais que podem

influenciar no comportamento dos individuos.

Palavras-chave: Comportamento vocal, ecologia comportamental, par mae-filhote,

monitoramento acustico passivo, estimativa de densidade.



ABSTRACT

Acoustic communication plays a crucial role in various vital functions of marine mammals.
Understanding the ecological mechanisms that drive the acoustic behavior of these organisms
is of great importance for their conservation and the preservation of their natural habitats. With
the aim of contributing to the knowledge needed for implementing Passive Acoustic
Monitoring (PAM) as a research and conservation tool for the southern right whale in Brazil,
this study compiles information on the behavioral and acoustic ecology of mother-calf pairs of
the species observed on the southern coast of Santa Catarina. Through acoustic recordings and
simultaneous behavioral observations, we conducted a study to test whether acoustic emission
rates vary based on environmental and behavioral factors and whether it is possible to deduce
the density of individuals present from their acoustic emission rates. Acoustic sensors were
installed at Praia de Itapirubd, located in the Right Whale Environmental Protection Area
(RWEPA), to enable the monitoring of the environment and the sounds produced by southern
right whales present between August and September in 2021 and 2022, in conjunction with
visual monitoring efforts. Manual inspection of the recordings revealed 4.896 calls, with 76%
being "upcalls", which are the most common contact calls between mother-calf pairs.
Alongside visual monitoring, a total of 235 surface activities were recorded, ranging from
breaches to tail and pectoral fin slaps. From the generated Generalized Linear Mixed Models
(GLMM), we observed that wind intensity positively affected acoustic emission, while an
increase in the number of whales reduced the acoustic behavior activity of the species.
Regarding surface activities, the most parsimonious model suggests that the occurrence of
these behaviors may also positively vary with wind intensity, between years, and decrease with
the increase in the total number of whales in the area. The result, which indicates a decrease in
behavioral activity, both acoustic and surface, with an increasing number of whales, suggest a

trend toward density-dependence in this species. This could be related to strategies for avoiding
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detection by other whale groups or predators, as well as the group context in which they find
themselves. The inclusion of more data and variables may enhance the quality of our models,
identify new factors influencing individual behaviors, and improve the precision of the models,
particularly those using acoustic emissions as response variables, enabling their use for
estimating the number of individuals in a specific area. This work represents a significant
advancement in understanding the acoustic behavior of mother-calf pairs and provides essential
information for the future application of methodologies aimed at estimating the species' density
based on acoustic emissions, considering a range of environmental covariates that can

influence individual behaviors.

Keywords: Vocal behavior, behavioral ecology, mother-calf pairs, passive acoustic

monitoring, density estimation.
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1. INTRODUCAO GERAL

A compreensdo da ecologia comportamental e acustica de mamiferos marinhos é de grande
importancia para sua conservacdo € para a preservacao de seus habitats naturais. Sons t€m
papéis essenciais para uma variedade de funcdes vitais e na manuten¢do de interacdes intra e
interespecificas desses organismos (PAYNE & McVAY, 1971; WATKINS & SCHEVILL,
1976). Servindo como uma ferramenta multifuncional, utilizado como instrumento de
navegacao e orientacdo, o som vai influenciar desde o comportamento de um individuo e como
este utiliza o ambiente adjacente, a comunica¢do social com coespecificos e a deteccdo de
presas (SAYIGH, 2014). Esta diversidade de fun¢des tem estimulado uma série de estudos
cientificos que buscam compreender os mecanismos ecolégicos subjacentes ao comportamento
acustico. Isto ndo € diferente para a baleia-franca austral (Eubalaena australis), que tem no
comportamento acustico um elemento chave de seu repertério comportamental (CLARK,
1982; SIMOES-LOPES et al., 1992; LODI et al., 1996; GROCH et al., 2005a; GROCH &

FLORES, 2011; SEYBOTH et al., 2015; DOMBROSKI et al., 2016).

1.1 Bioacuistica

A comunicagdo € a base de interacdes sociais entre animais, caracterizando-se pelo processo
em que emissores utilizam diversos tipos de sinais para transmitir informagdes a receptores
(BRADBURY & VEHRENCAMP, 1998; DAVIES et al., 2012). Esses sinais podem ser
expressos de maneiras variadas, incluindo formas visuais, elétricas, quimicas, titeis e/ou
acusticas, dependendo das pressdes evolutivas e caracteristicas do ambiente (BRADBURY &

VEHRENCAMP, 1998; SMITH & HARPER, 2003).
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O estudo da bioacustica explora a maneira pela qual os animais empregam e se comunicam por
meio de sinais acusticos (TYACK, 2001). Nos ambientes aqudticos, onde a propaga¢do do som
¢ mais rdpida e eficaz do que no ar, os sinais acudsticos desempenham um papel vital (AU &
HASTINGS, 2008). Os ceticeos, por exemplo, dependem do som em diversos aspectos de sua
ecologia comportamental (TYACK, 2000). No caso dos misticetos, suas vocalizacdes
compreendem sons de baixa frequéncia que podem se propagar por longas distancias (PAYNE
& WEBB, 1971), e seus repertorios acusticos podem ser categorizados em sons vocais € nao-

vocais (CLARK, 1990).

Os sons ndo-vocais compreendem os "sopros", que consistem em sons de baixa intensidade
originados durante a expira¢do ou inspiracdo, e os "slaps", que sdo sons intensos, curtos e
percussivos, gerados como resultado de comportamentos de superficie (CLARK, 1990). Os
sons vocais, por sua vez, podem ser distinguidos em duas categorias: "cancdes", caracterizadas
por vocalizagdes longas e estruturalmente complexas (PAYNE & McVAY, 1971), e
"chamados", que se apresentam como vocaliza¢Oes discretas e de curta duragdo (CLARK,

1990).

Diversas espécies se destacam na produgdo de cangdes, como por exemplo, as baleias azuis
(Balaenoptera musculus) (CUMMINGS & THOMPSON, 1971), as baleias fin (Balaenoptera
physalus) (CROLL et al., 2002), as baleias minke (Balaenoptera acutorostrata) (GEDAMKE
et al., 2001), e as baleias jubarte (Megaptera novaeangliae) (PAYNE & McVAY, 1971). No
entanto, as baleias francas (Eubalaena sp.) produzem exclusivamente chamados, conforme
registrado por Clark (1983). Entretanto, a aplicabilidade da bioacustica para a conservacao

dessas espécies exige um conhecimento prévio em relacdo a ecologia comportamental e

acustica das mesmas, englobando informacdes sobre suas taxas de emissao e variacao temporal
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de chamados em relacdo aos comportamentos dos animais (MELLINGER et al., 2007; VAN

PARIJS et al., 2009; MARQUES et al., 2012; SOUSA-LIMA et al., 2013).

1.2 A paisagem sonora

Como uma abordagem para a compreensao da intera¢do entre os sons do meio e 0s animais
que ali vivem, o estudo da paisagem sonora se concentra na investigacio de padrdes acusticos
de um hébitat e em seus papéis na ecologia e comportamento de diferentes espécies presentes
(PDANOWSKI et al., 2011; MIKSIS-OLDS et al., 2018). Nos oceanos, a paisagem acustica é
caracterizada por uma variedade de fontes sonoras, que envolvem tanto ruidos bidticos e
abidticos quanto ruidos antropogénicos (MIKSIS-OLDS et al., 2018). Diversos estudos tém se
concentrado em fontes antropogénicas, porém os efeitos a longo prazo do ruido ambiental sobre
os organismos marinhos ainda ndo sao amplamente compreendidos (NATIONAL RESEARCH

COUNCIL, 2003).

Sons abidticos sdo gerados por eventos naturais, incluindo o som das ondas quebrando na costa,
movimentacdo de correntes ocednicas, intensidade do vento, terremotos, precipitagdo e até o
rompimento de gelo (NATIONAL RESEARCH COUNCIL, 2005; ERBE, 2012). J4 os ruidos
bidticos, referem-se aos sons produzidos por organismos vivos, incluindo desde vocalizagdes
de baleias até os sons emitidos por peixes durante suas interacOes sociais (NATIONAL
RESEARCH COUNCIL, 2005; ERBE, 2012). Muitas dessas fontes sonoras existem desde a
formacdo da Terra e dos oceanos, sendo provédvel que tenham influenciado a evolugdo do
sistema auditivo, comunicagdo e ecologia dos organismos (FAY & POPPER, 2000). Esses sons

desempenham entdo funcdes na comunicagdo intraespecifica, sendo uma parte intrinseca da
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paisagem sonora marinha (NATIONAL RESEARCH COUNCIL, 2003; MIKSIS-OLDS et al.,

2018).

Em ambientes ruidosos, para que haja uma comunicagio eficaz (onde o emissor consegue
transmitir a mensagem desejada para o receptor) € possivel que o individuo utilize estratégias
como modificar e/ou utilizar frequéncias de som especificas, e aumentar a complexidade do
sinal transmitido (ZIMMER, 2011). Além disso, como uma maneira de evitar que a mensagem
transmitida seja recebida por um predador em potencial, individuos podem reduzir as taxas de
vocalizagdo, diminuir as amplitudes dos sinais ou até mesmo suspender completamente a
comunicagdo (MORISAKA & CONNOR, 2007; MARTIN et al., 2018; NIELSEN et al., 2019;
PARKS et al.,, 2019a; ZEH et al., 2022). Ou seja, existe toda uma plasticidade do

comportamento acustico que se ajusta ao contexto ecoldgico e a paisagem acustica.

1.3 A baleia-franca austral

A baleia-franca austral € um cetaceo da familia Balaenidae da subordem Mysticeti (SHIRIHAI
& JARRET 2006; KENNEY, 2008), encontrada principalmente nos oceanos do hemisfério sul.
A migracdo é um aspecto notdvel da biologia dessa espécie. Durante o periodo de inverno
austral, elas realizam extensas jornadas migratdrias, deixando as dguas frias da Antartica onde
se alimentam para dreas de reprodugdo em dguas mais quentes (KENNEY, 2008; ZERBINI et
al., 2016; RENAULT-BRAGA et al.,, 2018). As areas costeiras da Argentina (PAYNE et al.,
1990), Brasil (CASTELLO & PINEDO, 1979), Africa do Sul (BEST, 1990), Austrilia
(BANNISTER, 2020) e Nova Zelandia (RICHARDS, 2002) sdo os locais mais comuns de

agregacao para essa espécie durante a temporada reprodutiva.
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No Brasil, entre os meses de julho e novembro, € possivel observar a chegada de baleias-franca
no litoral de Santa Catarina (GROCH et al., 2005b; GROCH & FLORES, 2011). Por ser uma
regido com dguas mais quentes, calmas e rasas, a maioria das avistagens ao longo da temporada
consiste em pares de mae-filhote (Fig. A), presumindo-se que grande parte dos nascimentos
ocorram nesta regido (PAYNE, 1986; BURNELL & BRYDEN, 1997; PALAZZO & FLORES,

1998; SEYBOTH, 2015).

Figura A - Par mae-filhote de baleia-franca austral no litoral sul de Santa Catarina. Foto: Carletti, .

A caca comercial causou uma dréstica reducao na populacdo de baleias-francas no Brasil,
embora nio haja registros oficiais que quantifiquem o nimero de animais abatidos no pais
(TORMOSOV et al., 1998). Estudos recentes indicam que populagdes de baleias-francas
austrais estdo mostrando sinais de recuperacao e crescendo a taxas de aproximadamente 7-8%
ao ano desde o fim da caga (COOK et al., 2001; GROCH et al., 2005b; GROCH & FLORES,
2011; COOKE & ZERBINI, 2018). De fato, E. australis esta listada como “de menor
preocupacao” na Lista Vermelha de Espécies Ameacadas da [IUCN (COOKE & ZERBINI,
2018). Isso sugere uma melhoria na situagdo de conservacao das baleias-francas, embora seja
importante continuar monitorando e protegendo essa espécie para garantir sua recuperacao

continua, visto que ainda sofre ameacas para sua sobrevivéncia, como colisdes com
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embarcacgdes, emalhes em redes de pesca e a degradacdo do ambiente marinho (OTT et al.,

2008).

1.4 Comportamento e comunicagcdo

Em termos de comportamento, a baleia-franca austral demonstra um alto grau de protecdo e
investimento nos cuidados parentais, fornecendo amamentagdo e atencao intensiva durante os
primeiros meses de vida dos filhotes (THOMAS & TABER, 1983; GROCH, 2000;
WHITEHEAD & MANN, 2000; KRAUS et al., 2001; ELWEN & BEST, 2004). Durante esse
periodo, observam-se diversas interacdes a medida que os filhotes desenvolvem suas
habilidades sociais, de natacdo e de mergulho (THOMAS & TABER, 1983; GROCH, 2000;

DOMBROSKI, 2015; HAMILTON et al., 2022).

Atividades de superficie, como por exemplo saltos, batidas de cauda e batidas de nadadeira
peitoral, s@o realizadas pelo par mae-filhote, e por produzirem sons ndo-vocais, podem ser
importantes para a comunicacio, embora ainda ndo se saiba ao certo o significado funcional
de tais sinais (WHITEHEAD, 1985; CLARK, 1990). Ja a comunica¢do vocal desempenha um
papel fundamental na vida dessa espécie. Utilizando uma ampla gama de sons e vocalizacdes
de baixa frequéncia, estabelecem desde vinculos sociais a atracao de parceiros (CLARK, 1982;
PARKS & TYACK, 2005). Estudos realizados com as diferentes espécies de baleias-francas
(E. japonica, E. glacialis e E. australis), demonstraram que os repertdrios acusticos sdo
similares, com os mesmos tipos de chamados descritos para cada espécie (CLARK, 1982;

DOMBROSKI et al., 2016; WEBSTER et al., 2016).

A baleia-franca austral, especificamente, apresenta um repertorio acistico com diversas classes

de chamados. O “upcall”, por exemplo, ¢ referido como um chamado de contato (CLARK,
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1983), usado em diferentes contextos comportamentais (PARKS & TYACK, 2005) e dentro
de grupos de maes e filhotes (DOMBROSKI et al., 2016). Até o momento, sabe-se que a taxa
de emissdo vocal de “upcalls” em pares de mae-filhote de baleias-franca, no entanto, varia de
acordo com seu estado comportamental (DOMBROSKI et al., 2016; PARKS et al. 2019b).
Além disso, essas taxas de vocalizagdes também podem ser afetadas pela composi¢ao do grupo

(MELLINGER et al., 2007; VAN PARIJS et al., 2009).

1.5 “Ver com os ouvidos ™

Diferentes abordagens metodoldgicas vém sendo desenvolvidas e aplicadas com sucesso em
estudos acusticos com diversas espécies de mamiferos marinhos, desde baleias (por exemplo,
Eubalaena australis e Megaptera novaeangliae; CLARK, 1983; CLARK & CLAPHAM,
2004) a golfinhos (por exemplo, Stenella sp. e Tursiops truncatus; OSWALD et al., 2003).
Uma abordagem recente e amplamente utilizada atualmente é o Monitoramento Acustico
Passivo (MAP). O MAP utiliza sons produzidos por animais para fazer inferéncias sobre seu
comportamento, ocorréncia, distribuicao e migragdao (CATO et al., 2006; MARQUES et al.,

2012).

Um monitoramento actstico € passivo quando registra apenas o som ambiente, enquanto em
um monitoramento ativo um som € emitido e seu eco € analisado (MELLINGER et al., 2007).
Uma forma comum de realizar o MAP € via o uso de gravadores autonomos (MELLINGER et
al., 2007), que consistem em hidrofones conectados a gravadores de som ou “gravadores” de
dados, alimentados por baterias, que podem operar por meses (SOUSA-LIMA et al., 2013).
Quando alguns hidrofones sdo utilizados simultaneamente, em um arranjo amostral adequado,
o MAP pode identificar a localiza¢do aproximada do individuo emissor do som (YACK et al.,

2013). O MAP vém sendo usado em diversos estudos que avaliam impactos e a possibilidade
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de mitigacdo de atividades antropogénicas, como em prospec¢do de petréleo; ou, em estudos
cientificos com perguntas diversas, relacionadas a descri¢des de uso de habitat, ocorréncia ou
mesmo abundancia de uma espécie em uma determinada area (DAVIS et al., 2017; PALMER

etal., 2019)

O MAP oferece diversas vantagens para a detec¢ao de mamiferos marinhos que produzem som,
principalmente quando combinado com observacoes visuais. Algumas dessas vantagens
incluem uma melhor cobertura da area de estudo e também a possibilidade de deteccao
constante por longos periodos, incluindo o monitoramento noturno (MELLINGER et al.,
2007). Essa tecnologia vem evoluindo significativamente nos Ultimos vinte anos, levando ao
potencial uso do MAP para estimativas de densidade (MARQUES et al., 2012). Além disso, o
MAP € uma ferramenta de conservacdo e monitoramento bem estabelecida para todas as
espécies de baleias-franca (VAN PARIJS et al., 2009). Para a baleia-franca do Atlantico Norte
(Eubalaena glacialis), por exemplo, o uso do MAP € eficiente para identificar sua presenca
acusticamente (VAN PARIJS et al., 2009). Somado ao monitoramento visual, a aplicacio de
MAP também forneceu uma ampla compreensdo dos comportamentos e respostas

comportamentais a ruidos de baleias-franca austrais (CLARK, 1982).

O conhecimento prévio do comportamento vocal da espécie, no entanto, ¢ essencial para a
analise e utilizacdo dos sons gravados em um contexto de MAP (CATO et al., 2006). Por
exemplo, o uso de taxas de emissdes acusticas para estimar densidade de individuos em uma
drea seria uma contribui¢do valiosa do MAP. Porém, a contagem de individuos via taxas
acusticas pode ser extremamente dificil, pois mesmo enumerando as vocaliza¢des gravadas,
em geral, existem incertezas sobre quantos animais estao acusticamente ativos € como essas

taxas variam em funcdo de diferentes contextos comportamentais em que os inidividuos se
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encontram (DOMBROSKI et al., 2016), dificultando uma inferéncia de qual o real nimero de

individuos presentes na area (MARQUES et al., 2012).

Dentre o repertdrio actstico das baleias-franca, o “upcall” é o chamado mais frequentemente
detectado no MAP (VAN PARIIJS et al., 2009). Esse chamado tem sido usado em tentativas
para estimar as taxas de vocalizagdes, com o objetivo de gerar estimativas de densidade
acustica (MATTHEWS et al., 2001; PARKS et al., 2019), mas estudos prévios sugerem que
estas taxas sao, de fato, contexto-dependentes (PARKS & TYACK, 2005), e um entendimento
dessas variagOes € essencial para definir essa relacdo. A populacdo brasileira de baleias-franca
encontra-se proxima a costa durante a temporada reprodutiva (GROCH et al., 2005a), em areas
com encostas elevadas e adequadas para realizacdo de um Monitoramento Acustico Passivo
simultaneo a um monitoramento visual de individuos. A sincronia desses esforgos, visual e
acustico, permite avaliar as variagdes nas taxas de emissao acustica em funcdo de diferentes
varidveis registradas via monitoramento visual, desde ambientais, a comportamentais,
possibilitando um refinamento na compreensdo da ecologia comportamental e acustica dessa
espécie, e assim um melhor entendimento na relagdo potencial entre taxas de emissdes

acusticas e abundancia de individuos em uma determinada area.
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2. OBJETIVOS E ESTRUTURA DA DISSERTACAO

Dada a escassez de estudos relacionados a ecologia acustica da baleia-franca austral no Brasil
e para expandir nosso conhecimento sobre o sistema de comunica¢do e comportamento dessa
espécie, esta dissertagdo tem como objetivo inicial investigar o comportamento acustico da
espécie durante a temporada reprodutiva nas dguas costeiras do estado de Santa Catarina. De
forma mais especifica, duas hipdteses foram testadas: 1. As taxas de emissdo acusticas sao
contexto-dependentes, ou seja, variam em funcdo de condi¢des ambientais e comportamentais;
2. E possivel inferir a variacio na densidade de individuos na drea a partir da variacio nas taxas
de emissao acusticas. A regido para a realizacdo desse estudo foi selecionada devido a presenca
consistente da espécie, durante a temporada reprodutiva, o que possibilita uma amostragem

adequada para a realizacdo de uma anélise dos sons e comportamentos dos grupos ali presentes.

Os resultados dessa dissertacdo estdo apresentados em um capitulo tnico — “Environmental
factors as potential drives of acoustic and surface behavior of Southern Right Whales
(Eubalaena australis) in a Brazilian calving ground” — organizado em formato de artigo
cientifico a ser submetido a revista especializada Marine Mammal Science. O manuscrito aqui
apresentado descreve a influéncia de contextos e fatores ambientais na ocorréncia de chamados
e atividades de superficie produzidos pela espécie, a partir de um monitoramento acustico e
visual simultaneo. As informacgdes resultantes desse esfor¢o representam uma contribui¢ao
singular sobre a bioacustica da baleia-franca no Brasil, sendo importante para o
desenvolvimento e experimentacdo de novas ferramentas de monitoramento que facilitem e
otimizem um acompanhamento de questdes comportamentais e de dindmica populacional da

espécie ao longo do tempo.
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Abstract

Acoustic communication plays a crucial role in disparate vital functions of marine mammals.
Understanding the ecological mechanisms that drive the acoustic behavior of these organisms
is of great importance for their conservation and the preservation of their natural habitats.
Through passive acoustic monitoring and simultaneous visual observations, we conducted a
study focused on southern right whale mother-calf pairs found in a Brazilian calving ground to
better understand their acoustic and behavioral ecology. Our recordings revealed 4.896 calls,
mainly “upcalls”, and 235 surface events during the 2021 and 2022 breeding season. Wind
intensity and the number of whales in the area influence acoustic behavior, while surface
activities may vary with wind intensity, between years and the total number of whales in the
study site. Our findings suggest density-dependent behaviors, possibly related to group
dynamics. This research contributes to understanding mother-calf pairs’ acoustic behavior and

lays the foundation for estimating this species density through acoustics rates.

Keywords

Vocal behavior, behavioral ecology, mother-calf pairs, passive acoustic monitoring, density

estimation.
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Introduction

Sound stands as an indispensable component within the communication repertoire of marine
mammals, playing a fundamental role in their ecological and behavioral interactions (PAYNE
& McVAY, 1971; WATKINS & SCHEVILL, 1976). Given the limitations of visual cues
underwater, sound can serve as a means of conveying information, maintaining social bonds,
coordinating group activities, establishing individual identities, locating food sources, mate
attraction and facilitating navigation (TYACK, 2000; SAYIGH, 2014). Cetaceans have
evolved a remarkable array of vocal-sounds, ranging from the melodic songs of humpback
whales (CLARK & CLAPHAM, 2004) to the intricate calls exchanged among right whales
(CLARK, 1983), as well as clicks and whistles emitted by dolphins (OSWALD et al., 2003).
Surface behaviors also play a crucial role in marine mammal’s communication, generating
distinctive non-vocal sounds and visual cues that may transmit messages, whether for

socialization or mating purposes (DUNLOP et al., 2008; 2013).

Extensive research efforts have been conducted to attain a deeper understanding of the
behavioral and acoustic communication within diverse Southern right whales (SRW -
Eubalaena australis) populations. The ultimate focus of these efforts has been to elucidate the
factors that have contributed to their population growth and recovery over the past years
(GROCH et al., 2005; RENAULT-BRAGA et al., 2018). Annually, from July to November,
the sheltered and shallow waters bays along the coast of Santa Catarina, Brazil, serve as a
nursery site during the SRW breeding season, being one of the areas where research into
communication and reproduction-related issues is facilitated (GROCH et al., 2005; SEYBOTH
et al., 2015). The predominant composition of groups within these areas consist of mother-calf
pairs (SIMOES-LOPES et al., 1992; GROCH et al., 2005; SEYBOTH, 2015). Consequently,
local research mainly focuses on investigating the functional ecology of these groups, including

how mother and calf pairs communicate during this crucial period in the life cycle.
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Due to the proximity of these aggregation areas to the coastline, individuals can be easily
observed and monitored through visual surveillance and aerial censuses allowing for local-
scale monitoring of various population and behavioral aspects, including the role of the mother-
calf relationship (BEST & RUTHER, 1992; SIMOES-LOPES et al., 1992; LODI et al., 1996;
GROCH et al., 2005; GROCH & FLORES, 2011; SEYBOTH et al., 2015). The relationship
between a mother and calf in SRW is characterized by a strong bond, distinguished by nurturing
and protective behaviors exhibited by the mother towards her offspring (NIELSEN et al.,
2019). This bond plays a vital role in ensuring the calf's survival, growth and development
(THOMAS & TABER, 1983). Their preference for calmer and shallower areas can then be
attributed to two primary factors: 1) it reduces the risk of detection by potential predators,
thereby increasing the chances of the calf’s survival; and 2) it facilitates energy conservation,
ensuring that the calf has sufficient energy for its developmental requirements and growth

(GROCH, 2000; ELWEN & BEST, 2004).

Mother-calf pairs engage in a range of physical interactions and vocalizations (CLARK, 1982;
1983) that, aside from strengthening their bond, play a pivotal role in locating and maintaining
close contact with one another (NIELSEN et al., 2019). Surface activities, including breaching
(Fig. 1), tail and flipper-slapping, are also performed by both mothers and calves, yet the
precise purpose of these behaviors remains not fully understood. Together, these
activities generate loud sounds and conspicuous splashes, which may imply their involvement
in multifaceted functions such as non-vocal communication, territoriality, and even mate

attraction (WHITEHEAD, 1985; CLARK, 1990; DUNLOP et al., 2008).
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Figure 1 - Breaching, a surface behavior seen being displayed by Southern Right Whales. Photos:
Carletti, 1.
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The SRW exhibits a vocal repertoire consisting of numerous distinct call classes, originally
characterized by Clark (1983) and more recently, with a specific focus on mother-calf pairs,
by Dombroski et al. (2016). Among these, the upcall stands out as the most frequently detected
call type through Passive Acoustic Monitoring (VAN PARIJS et al., 2009) (Fig. 2a). Termed
as a contact call (CLARK, 1983), the upcall serves various behavioral contexts (PARKS &
TYACK, 2005) and holds significance within mother-calf groups as well (DOMBROSKI et
al., 2016). Additionally, other tonal calls such as ‘downcall’, ‘pulsive’, ‘hybrid’, ‘tonal
variable’, ‘tonal constant’ and ‘down-upcall’ (Fig. 2b-g) are also emitted at the studied site,
though to a lesser extent due to the contextual group dynamics (CLARK, 1983; PARKS &

TYACK, 2005; DOMBROSKI et al., 2016).
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Figure 2 - Spectrogram of Southern Right Whale call classes recorded off Brazil: (a) upcall, (b)
downcall, (c) down-upcall, (d) tonal variable call, (e) tonal constant call, (f) pulsive call, and (g) hybrid
call.

The influence of anthropogenic noises on the communication of marine mammal species has
been extensively documented (NOWACEK et al., 2007; WEILGART, 2007; CLARK et al.,
2009). In response to these disturbances, these animals have demonstrated the ability to modify
the structure of their vocalizations in order to uphold efficient communication (MILLER et al.,
2000). Additionally, numerous species also have a common adaptive reaction aimed at evading
detection by potential eavesdroppers, a phenomenon referred to as acoustic crypsis (RUXTON,

2009). This encompasses strategies such as diminishing their vocalization rates, lowering
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signal amplitudes, employing specific sound frequencies, or even entirely suspending
communication (MORISAKA & CONNOR, 2007; MARTIN et al., 2018; NIELSEN et al.,
2019; PARKS et al., 2019ab; DOMBROSKI et al., 2020). It is also well established that
environmental factors, including wind, tides and temperature, wield influence over the acoustic
behavior of marine mammals (URICK, 1983; ROGERS & COX, 1988). Strong winds, for
instance, can create surface noise and turbulence, potentially masking or distorting
vocalizations (WENZ, 1962; URICK, 1983; LARSEN & RADFORD, 2018). Changes in tidal
rhythms can similarly wield an impact on communication; in turbulent waters, sound might
scatter or undergo distortion (WENZ, 1962; URICK, 1983; LARSEN & RADFORD, 2018).
The transmission and reception of signals can also be affected by variations in water

temperature, resulting in divergent sound propagation (WENZ, 1962; URICK, 1983).

In calving grounds, SRW mothers exhibit a distinct form of acoustic crypsis: they opt for
shallow-water nursery locations where the signal propagation and the detection ranges are
limited (ZEH et al., 2022). In this scenario, the propagation traits of the environment play a
crucial role to ensure a safe communication between mother-calf pairs (PARKS et al., 2019b;
ZEH et al., 2022). Given that SRW mothers already adjust their vocal behavior to ensure
effective communication with their offspring by choosing specific sites, we propose that there
is an intricate relationship between environmental factors and the communication behavior of
SRW. Currently, our understanding of vocal emission rates within right whale mother-calf
pairs indicates variability based on their behavioral states (DOMBROSKI et al., 2016). It is
also acknowledged that vocal rates can be influenced by the composition of the group
(MELLINGER et al., 2007; VAN PARIJS et al., 2009). However, there remains a significant
gap in our comprehension of their acoustics behavior. This gap encompasses the absence of
data on both non-vocal and vocal cue rates, which are vital for utilizing PAM to gauge density

estimations (CLARK et al., 2010; MARQUES et al., 2011).
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Gaining a better understanding of SRW sounds production is extremely important not only to
enhance our understanding of the functionality of acoustic behavior for communication among
individuals, especially mothers and calves, but also to describe their cue rates and then inform
the process of acoustic density estimation. Our aim here is to utilize both PAM and visual
observations to elucidate the influence of the context and diverse environmental factors, such
as wind, temperature and tide, on the incidence of calls and surface activities. By identifying
the variables that exert an impact on right whale’s communication, we pave the way for
constructing predictive models for cue rates, utilizing the available covariates in distinct

locations for future investigations.
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Methodology

Data sampling

Uninterrupted acoustic data recording and visual monitoring were conducted within the Right
Whale Environmental Protection Area (RWEPA), located at Praia de Itapirubd, in Santa
Catarina State, Brazil (Fig. 3a-c). These monitoring efforts were carried out during the
Southern Right Whale (SRW) breeding season in 2021 and 2022, between August and
September. The monitored site was chosen because it offers an elevated vantage point
conducive for shore-based observations. Additionally, the site was chosen due to the
recognized concentration of SRW within the shallow and sheltered waters, rendering it a

suitable location for simultaneous visual and acoustic monitoring.

Visual monitoring was undertaken to record surface activities, density and individual tracking
of whales using shore-based equipment. In 2021, a Topcon CTS3007 total station was
employed, while in 2022, a Topcon DT-05 theodolite was utilized. These instruments were
linked to a laptop running Mysticetus software. Data collection transpired whenever
meteorological conditions permitted, characterized by wind speeds below 10 m/s, absence of
rain and no dense fog. A six-hour data collection window was adopted each day, with a
deliberative break to mitigate peak sun glare. Additionally, data collection times were

diversified across days to encompass potential diurnal behavioral trends.

Hourly environmental data encompassing temperature (°C), wind speed (m/s), and an
assessment of sea state both within and beyond the hydrophones array (graded on a scale from
0 denoting calm to 5 indicating numerous whitecaps) were systematically recorded. To monitor
tidal dynamics and subsequent change in land station evaluation relative to underwater

equipment, the position of the nearest buoy (ST1) was logged on an hourly basis. Tide
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predictions were sourced from the Brazilian Navy, with measurements recorded from the

Imbituba Port in Santa Catarina State (28°13°.8 S 048°39°.0 W).

80°0'W 60°0'W 40%0'W
1
(a)

0%’

BRAZIL

T
28°19's

200°S

PACIFIC

OCEAN
=~ irianmic
OCEAN

48%43W  48%42'W 48“‘12'W 43“4]2’W 4B°4|1 W o HBCATW 4Bcar'W 48“4'2'\'\' 1B°‘I2'W Q&°‘:1’W

T
28°18's

Legend

APA Baleia Franca
1st deployment-ST3
2nd deployment-ST3
1st deployment

2nd deployment
Land Station

2021 2022

T
28°18'S

T
28°19's

/
ATLANTIC ATLANTIC s
DCEAN QCEAN /

T
28°19'S

» O @ i »

T
28°19's

Bathymetry
1 10-20 m N

] 20-50 m
[} 50-100 m @

ZONA 23 S
DATUM WGS84
Edicdo: Anamélia de Souza Jesus

T T
28°20's 28°20'S

T
28°20'S

Figure 3 - Map of the study area. Array position of each deployment conducted in 2021 (d) and 2022
(e), with the central hydrophone (ST3) being acoustically analyzed.

The primary objective of the visual data collection was to validate the presence of whales
within the acoustic array’s detection range. To achieve this, focal-follow observations were
conducted on whales located within the array polygon and approximately 500 meters
surrounding its perimeter. These observations involved the additional recording of the
following information: time, group composition (i.e. mother-calf, calf alone, adult alone or
unknown), group position in the area (measured through angle determinations taken with the
equipment’s; whenever the group’s position or behavioral state changed) and behavioral state

of the group (recording the occurrence of specific behavioral events such as breaching, tail and
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flipper-slapping). Scans were conducted at 15-minutes intervals, thereby enabling the
continuous tracking of the number of whales within the study area. Additionally, efforts were
made to observe whale groups positioned beyond the buffer zone, where all the previous

information was collected as well.

In 2021, acoustic data was collected during 20 days utilizing a 5-unit array of floor-mounted
acoustic recorders (Ocean Instruments NZ Soundtrap ST300), configured to maintain
continuous sampling at 48kHz/16bit. These recorders were synchronized at the moment they
were placed. For the subsequent year, 2022, we collected acoustic data during 22 days using a
7-unit floor-mounted array of acoustic recorders (comprising ST300 and ST400 models) which
sampled at a higher resolution of 96kHz/24bit. Throughout both years, the inter-unit spacing
for the Soundtrap devices was maintained at approximately 500 meters. This specific distance
was chosen to consider the propagation and transmission loss characteristics relevant to the
nearshore habitats of Santa Catarina wintering ground. For deployment, each recorder was
attached to a mooring made with a car tire filled with concrete, and two iron loops (Fig. 4a).
The taller loop, approximately one meter in height, supported the recorder itself. Meanwhile,
the smaller loop facilitated the management of cables connecting the mooring to surface buoys

or markers (Fig. 4b).
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(a) (b)

Figure 4 — (a) Layout of the mooring used, with the SoundTrap attached to the taller loop; (b) Buoy
used to mark the recorder's position.

Two deployments were performed annually (Fig. 3d,e) to facilitate the unloading and
recharging of batteries for the Soundtraps units. After each deployment and before the
recovery, an array calibration was carried out. This step was necessary to quantify the extent
of clock drift in devices, including those associated with GPS, SoundTrap units, and total
station/theodolite fixes. Subsequently, in-water time sync trials were initiated. This procedure
entailed generating controlled noise within the array at predefined moments and known
location. In 2021, employing a 2.5-meter iron bar and a hammer, distinct sounds were produced
across the array’s detection area. At each point, a series of 10 sound strikes (one every 10
seconds) were produced, with the GPS marking the waypoint for each sound and position of
the iron bar (submerged in water) recorded using the total station. For 2022, a pinger
(Sonotronics EMT-01-3) was adopted for array calibration. This involved placing the pinger

within the water at various points within the array, ensuring its submersion for at least 2
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minutes. Subsequent to each instance, GPS waypoints were marked, and the positions were
ascertained through theodolite measurements. On-land time sync was also performed, in both
years, before deployments and after the recovery, using the iron bar and following the previous

protocol.

Data processing

Surface activities that could produce sound, such as breaching, tail and pectoral fin slapping,
were selected from the visual monitoring records and summarized into 15-minutes intervals
throughout the entire monitoring seasons. When assessing SRW vocalizations, only recordings
from periods in which there was simultaneous visual monitoring were analyzed and this
analysis was exclusively conducted using data from the central recorder unit (ST3 - Fig. 3d, e)
within the array. This approach ensured the avoidance of double-counting calls and the

overestimation of vocalizations. To execute this analysis, Raven PRO 1.6 software was

employed. The spectrogram parameters were as follows: year 2021) sample rate

48kHz/16bit; window = Hann; FFT = 7680; and overlap = 90%; year 2022) sample rate
96kHz/24bit; window = Hann; FFT = 20000; and overlap = 90%. Energy levels (in dB) were
quantified for each call, serving as a criterion to filter out those that could be emitted beyond
the study area. Therefore, only calls with an estimated received level above 76 dB were
considered. This threshold was determined by considering the overall energy (in dB) produced
by calls close to the array (where calls with energy reaching 76dB appeared less faint) and the
energy produced by humpback whale calls recorded during data collection (64+10 dB). Calls
from SRWs that were masked by extremely high ambient noise, rendering accurate energy
level determination unfeasible, were also excluded. Notably, on days when ambient noise was
too high, the energy of the calls could appear artificially inflated. Thus, calls that met

the threshold but appeared visually faint in comparison to others were omitted from the
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analysis. SRW vocalizations were then sorted into two classes - (1) upcall and (2) others,
consisting of all the other call types produced by this species in the area - and also summarized

into 15-minute intervals.

Data analysis

After following predefined data exploration protocols (see ZUUR et al, 2010), a set of
generalized linear mixed models (GLMM) were fitted with a negative binomial error structure
and a log link function (BOLKER et al., 2009; ZUUR et al., 2009) to assess whether the
response variables total calls, upcalls and surface events showed variation based on each
explanatory variable. In all models, a first-order autocorrelation term was included nested to
the sampling day when the sample was collected to account for autocorrelation. The sampling
day was also included as a random variable to address data overdispersion and we added a zero
inflated term to deal with the excess of zeros in the response variables. The fixed explanatory
variables included in the model encompassed the total number of whales in the area, surface
temperature, wind speed, tide height and direction and the year. Interaction terms were not
included to avoid convergence issues in model fitting. We also included the total number of
whales as an offset since the more whales in the area, the greater the number of calls and surface

events should be.

We built addictive models, including all predefined explanatory variables, selecting those
determinants by simplifying the model from stepwise backward elimination. We then used
Akaike Information Criterion (AIC) and Akaike weight to rank and find the most parsimonious
model (BURNHAM & ANDERSON, 2002). Models were fitted in the R environment (R
DEVELOPMENT CORE TEAM, 2019) with package ‘glmmTMB’ (MAGNUSSON et al.,

2017). The model selection protocol used the R package ‘MuMIn’ (BARTON, 2022).
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Collinearity was assessed after fitting the initial model with all possible explanatory variables.

We considered plausible models when AAIC (model-minimum) < 2 (BURNHAM &

ANDERSON, 2022). Scaled residuals checking was executed with the ‘simulateResiduals’
function of DHARMa package (HARTIG, 2018). Selected model predictions were plotted
using the sjPlot package (LUDECKE, 2020). The significance level in all statistical tests was

95% (p < 0.05).

Finally, to evaluate the feasibility of predicting the number of whales based on the number of
upcalls, total calls or surface events in 15-minutes intervals, we constructed three additional
models using a Poisson distribution and log link function. Wind speed was included in all
models as covariate, and then we fitted one model including the number of upcalls divided by
the total number of whales in the respective interval as explanatory variables, a second model
including total calls divided by the total number of whales, and a last model including surface
events divided by the total number of whales. Again, in all models, a first-order autocorrelation
term was included nested to the sampling day when the sample was collected to account for
autocorrelation. Subsequently, we evaluated whether the observed values fell within the
confidence intervals predicted by the fitted model. If so, based on upcalls, total calls and/or
surface events, we assumed that our model could be used to predict the number of whales in

the area, while accounting for the effects of context and environmental variables.
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Results

Summary of vocal behavior

In the total of 112 analyzed hours of acoustic recordings, 4896 SRW calls were extracted for
analysis. During the sample period (12 days in 2021 and 17 days in 2022), there were
predominantly mother-calf pairs, with an emission average of 2.38 calls/hour in 2021 and 8.96
calls/hour in 2022. Upcalls were the most frequent vocalization type representing 76% of calls,

which was already expected due to the group’s composition on site.

Summary of surface behavior

During the visual monitoring period carried out in 2021 and 2022, a total of 235 surface
activities events displayed by SRWs were recorded, of which 122 were breaching’s, 74 tail-
slapping’s and 37 flipper-slapping’s. Those activities are here considered a form of non-vocal
communication as they produced sounds that could be heard on the analyzed SoundTrap, but

the scope of this paper did not include the acoustic description of these activities.

Factors affecting acoustic and surface behaviors

For the response variables total calls, among the nine models fitted the most parsimonious
model suggests a significant effect only from the total number of whales in the area and,
marginally, wind speed (Table 1). Total call emission declined when more whales occupied
the area (estimate = -0.053, se = 0.035, z-value = -2.121, p = 0.033; Fig. 5a) while increasing
in higher wind intensity (estimate = 0.099, se = 0.058, z-value = 1.720, p = 0.085; Fig. 5b).
Regarding upcalls, among the eight fitted models, the most parsimonious one suggests an effect
of wind speed and a variation between years in the emission frequency (Table 1). These calls
were more frequent with an increase in wind intensity (estimate = 0.116, se = 0.058, z-value =

1.985, p = 0.047; Fig. 5c) and were used more often throughout 2021 when compared to 2022
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(estimate = -0.753, se = 0.375, z-value = -2.006, p = 0.044; Fig. 5c), regardless of the number
of whales. Regarding surface events, among the six adjusted models, the most parsimonious
one suggests that the occurrence of these behaviors may vary depending on wind intensity, the
year, and the total number of whales in the area (Table 1). Wind intensity marginally increases
the number of surface events (estimate = 0.116, se = 0.074, z-value = 1.576, p = 0.109; Fig.
5d), and these events were more frequent in 2021 when compared to 2022 (estimate = -1.252,
se =0.467, z-value =-2.679, p = 0.007; Fig. Se). Interestingly, the likelihood of surface events
occurring marginally decreases with an increase in the number of whales in the area (estimate

=-0-062, se = 0.039, z-value =-1.572, p = 0.115; Table 1; Fig. 5f).
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Table 1 — Generalized linear mixed models (GLMMs) for the response variables as function of
explanatory variables. Only model fixed structure showed. Tide direction (TideD), surface temperature
(Temp). Models are ranked by the lowest Akaike Information Criterion (AICc). Relative support for
the models is given by the difference in delta AIC and AIC weights, while the model’s goodness of fit
is given by log-likelihood (logLik). df: degrees of freedom.

GLMMs Models: Total calls ~ fixed structure df logLik AICc  delta weight
Total whale + Wind speed 8 -1357.72 2731.75 0.00  0.321
Total whale + Wind speed + Year 9 -1356.95 273230 054 0244
Year 8 -1358.21 273275 099  0.195
Total whale + Year 8 -1358.82 273397 222  0.105
Total whale + Temp + Wind speed + Year 10 -1356.93 273436  2.61 0.087
Total whale + Temp + Tide + Wind speed + Year 11 -1356.86 273630 4.55 0.032

Sea state + Total whale + Temp + Tide + Wind speed + Year 13 -1356.04 273890 7.15  0.009

Sea state + Total whale + Temp + Tide + TideD + Wind speed 14 -1356.01 2740.97  9.21 0.003
+ Year

GLMMs Models: Upcalls ~ fixed structure df logLik AICc  delta weight
Wind speed + Year 8 -1236.93 2490.17 0.00  0.583
Wind speed * Year 9 -1236.80 2492.01 1.83  0.233
Sea state + Total whale + Wind speed + Year 11 -123540 249339  3.21 0.117
Sea state + Total whale + Tide + Wind speed + Year 12 -1235.39 2495.49 5.32 0.040

Sea state + Total whale + Temp + Tide + Wind speed + Year 13 -1235.16 2497.14  6.97 0.017

Sea state + Total whale + Temp + Tide + TideD + Wind speed 14 -1235.11 2499.16 8.99 0.006
+ Year

Sea state + Wind speed + Year 9 -1242.01 250243 12.26 0.001
GLMMs Models: Surface events ~ fixed structure df logLik AICc  delta weight
Total whale + Wind speed + Year 8 -368.82 75396  0.00 0.376
Total whale + Year 7 -370.06 75437  0.41 0.307
Total whale + Tide + Wind speed + Year 9 -368.49 755.38 1.41 0.185
Total whale + Temp + Tide + Wind speed + Year 10 -368.14 756.77  2.80  0.092
Total whale + Temp + Tide + TideD + Wind speed + Year 11 -368.13 75885 489  0.032

Sea state + Total whale + Temp + Tide + TideD + Wind speed + 13 -367.90 762.63 8.67  0.004
Year
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Figure 5 — Predicted values of fixed effects from the most parsimonious models (Tables 1, 2 and 3)
describing the total calls emission (a, b), upcalls emission (c) and total surface events (d-f) of SRW as
a function of wind speed, total whales or sampling years. Whiskers represent standard errors.

Predicting whale’s abundance

Considering the effect of wind and the total number of whales on the emission of acoustic
signals and/or surface behaviors, the adjusted models for predicting whale abundance included
wind and the density of upcalls, wind and total calls, or wind and surface events as response
variables (dividing the number of records of upcalls, total calls and surface events by the total
number of whales observed within a 15-minute interval). Both the model including upcalls and
the models including total calls and surface events demonstrated reasonable predictive
capability, as the observed data fell within the confidence intervals predicted by the models

with the following similar proportions: 79.8 (upcalls), 79.8 (total calls) and 80.22 (surface
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events). However, there is still some imprecision in the models, with a coefficient of variation

in their predictions of: 35.6% (upcalls), 35.4% (total calls) and 34.8% (surface events; Fig. 6).

)~ Upcalls + Wind speed; Proportion = 79.84; CV = 3583 B) - Tolal calls + Wind speed; Proportion = 79.84; CV = 3548 (€} ~ Surface events + Wind speed; Proportion = 80.22; CV = 34.84
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Figure 6 — Predicted values by the models aiming to predict whale abundance based on the number of

upcall records (a), total call records (b), and surface behavior events (c). Green bars represent the
confidence intervals of the values predicted by each model, and black dots represent the observed data.
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Discussion

When investigating the relationship between environmental factors and the behavioral and
acoustical ecology of Southern Right Whales (SRW) in southern Brazil, we have uncovered
results that contribute to the understanding of how these marine mammals interact with their
environment and employ acoustics for this purpose. Additionally, we assessed the effectiveness
of using rates of acoustic cue emissions to estimate the density of these species through passive
acoustic monitoring, an approach that has been explored in previous works with other species
(e.g, MARQUES et al., 2012). Concurrently, as we evaluated the rates of surface behavior
occurrences, we discussed the potential role of these behaviors in the non-vocal communication
of the SRW, as also explored for other studies and species (WHITEHEAD, 1985; DUNLOP et
al., 2008; SERRES et al., 2023), especially in the context of mother-calf pairs. If non-vocal
sounds of surface behaviors serve as an alternative to vocalizations when conditions for the
latter are not suitable, perhaps these sounds can also serve as cues to assist in predicting the

density of individuals in a specific area.

One of the key findings of our study was the evidence of a density-dependent relationship
between the emission of calls and surface activities in SRW. We observed that as the number
of whales in the area increases, both the individual acoustic emissions and surface behavioral
events decrease. This modulation related to the number of individuals, particularly in the
context of acoustic emissions, which are widely accepted as having a communication function,
has also been documented for SRW populations in New Zealand (WEBSTER et al., 2019) and
South Africa (HOFMEYR-JURITZ & BEST, 2011). This suggests that these species might
employ a form of acoustic crypsis, potentially aiding them in avoiding predators or reducing
interactions with conspecifics in densely populated areas (MELLINGER et al., 2007; VAN

PARIJS et al., 2009; DOMBROSKI et al., 2016).
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Our analysis also revealed a correlation between wind intensity and the emission of calls and
surface activities. Since only this environmental variable positively influences acoustic
emissions and the occurrence of surface behaviors, it is not possible to support the hypothesis
that the use of surface behaviors is an alternative form of communication when environmental
conditions are not favorable for acoustic emissions. We found that when wind intensity
increased, there was a corresponding increase in the frequency of calls, as well as surface
behaviors. This can be attributed to the role of wind in the transmission and propagation of
sounds underwater (URICK, 1983; MENZE et al., 2017). Turbulence in the water caused by
strong winds can distort the signals emitted, making a higher emission rate necessary, whether
through vocal or non-vocal signals, for the signal to reach the receiver correctly. Therefore,
SRW might be responding to the increased noise levels by being more acoustically active. This
interaction highlights the influence of environmental factors on the species' acoustic behavior
and underscores the need to consider the context and environmental conditions when
quantifying acoustic emissions, especially when attempting to use these emissions to infer the
density of individuals in an area. Furthermore, it shows the need to include other environmental
variables in future studies, e.g. precipitation, as is a factor known for producing noise (URICK,
1983). While many describe how anthropogenic noise affects marine mammals (PARKS et al.,
2007; RICHARDSON et al., 2013; ERBE et al, 2018), this is the first study to demonstrate the

influence of abiotic noise on the acoustic and behavioral ecology of SRW.

Our results also revealed variation between years in the rates of acoustic emissions and the
occurrence of surface behaviors. Specifically, we found that calls and surface behaviors were
more frequent in 2021 than in 2022. This difference in behavior could be attributed to the
number of whales in each breeding season, or even variations in environmental factors not

assessed by this study, or simply individual variations, as not necessarily, the same individuals
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visited the area in both study years (LIN et al., 2015; MENZE et al., 2017; WARREN et al.,
2017; FILUN & VAN OPZEELAND, 2023). According to aerial surveys carried out by the
Instituto Australis during the breeding season in 2021 and 2022, a total of 120 and 228 whales,
respectively, were sighted inside the RWEPA (data obtained from Instituto Australis website).
As discussed above, density dependence can directly affect the acoustics and behavior of
SRWs, so in the years with more whales, there was less behavioral activity. This finding
highlights the importance of considering temporal variability when studying the ecology of
these whales and underscores the need for further research, including additional variables and

longer monitoring periods, to elucidate and validate these patterns.

Assessing the feasibility of estimating SRW abundance based on the variation in acoustic
emission rates (MARQUES et al, 2011; 2012; PARKS et al., 2019; DOMBROSKI et al 2016;
2017; 2020) was one of the primary objectives of this study. To achieve this, we fitted a model
considering behavioral variables and wind, the only environmental variable influencing
behavior, as predictors of the number of whales. The results indicate that such predictions are
indeed possible, suggesting that the considered behavioral variables have the potential to serve
as reliable indicators of population density. However, it is worth noting that the models used
in this study could be further improved. To enhance the precision and accuracy of predictions,
it is recommended to include additional covariates and expand the dataset. This underscores
the need for ongoing research and data collection. Furthermore, it indicates that the attempt to
estimate the density of SRW individuals from acoustic emission rates recorded in the context

of a PAM is promising.

Acoustic monitoring allows researchers to gather valuable data on acoustic behavior of SRW,

offering insights into their communication strategies. Meanwhile, visual monitoring gathers
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additional information complementing acoustic data and providing direct observations of
surface behaviors, weather conditions, and groups context (size, sex and age). Combining these
two methods offers a more comprehensive view of SRW ecology and allows researchers to
account for the limitations of each approach (CATO et al., 2006; WOOD, 2010; RAYMENT
etal., 2018; DALPAZ et al., 2021). On the other hand, there are several advantages of acoustic
observations, as compared to visual ones (Ichikawa et al., 2006), such as the ability to maintain
constant detection over extended periods, including nighttime monitoring and in periods with
rain and fog. Reasons that also had influence on our data collection, such as rainy days or
suspending the visual observations when the wind intensity reached 10 m/s, are directly linked
to our limitations with visual monitoring. Therefore, data were not visually collected under
these conditions, presenting a lack of valuable information for a complete understanding of the

influence of these abiotic variables on the acoustic and behavioral ecology of right whales.

This is the first in-depth exploration of how environmental factors influence the behavioral and
acoustical ecology of SRW in Brazil. Our data set was not large enough to deeply address our
questions, but the results reported here is a valuable standard that can be compared in the future.
Limitation in time to synchronize the array and then be able to precisely locate the acoustically
active whale was also the reason we could not describe the acoustic parameters of surface
events and have a more precise emission call rate. Nevertheless, the results obtained here
indicate that further research on SRW non-vocal communication is needed. Nevertheless, our
results demonstrate the intricate relationship between the variables, shedding light on the
complex nature of their communication. The ability to predict whale abundance based on these
variables holds promise for conservation efforts, but further research is required to enhance the
precision of such models. This study emphasizes the importance of disparate approaches to

gain a more complete understanding of SRW and their interactions with the environment.
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4.

CONSIDERA COES FINAIS DA DISSERTACAO

Esta é a primeira discuss@o sobre o impacto de fatores ambientais na ecologia actstica

e comportamental de baleias-francas austrais.

Até o momento, poucos estudos abordaram os comportamentos de superficie da espécie

e suas potenciais fun¢cdes como meio de comunicacao ndo-vocal.

Observamos uma clara tendéncia de dependéncia de densidade, onde tanto a emissdo
de vocalizagdes quanto as atividades de superficie diminuem com o aumento do nimero

de baleias presentes.

Nossas andlises revelaram que a intensidade do vento estd correlacionada com a
emissdo de chamados e a realizagdo de comportamentos de superficie. Portanto, em
condi¢des de vento mais intenso, tanto as vocalizagdes quanto as atividades de

superficie aumentam.

Demonstramos que varidveis comportamentais e ambientais podem ser utilizadas como
preditores do nimero de baleias presentes em uma determinada drea. Com base em
nossos modelos e resultados, concluimos que € possivel realizar estimativas de
densidade por meio de metodologias actisticas, embora seja necessdrio aprimorar os
modelos incorporando novas covaridveis e aumentando a quantidade de dados

disponiveis.
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e Salientamos a importancia de complementar as metodologias acusticas com outras

abordagens para enriquecer a qualidade e a quantidade de informagdes coletadas.

e Este estudo enfatiza a necessidade de adotar diversas abordagens metodoldgicas para

obter uma compreensdo mais abrangente sobre a ecologia actstica e comportamental

da baleia-franca austral.
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