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“Emancipate yourselves from mental slavery
None but ourselves can free our minds”

Robert Nesta Marley
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RESUMO

O objetivo principal deste trabalho foi caracterizar e avaliar as variacOes
microgeograficas nas emissdes de assobios de trés unidades sociais do boto-de-Lahille
(Tursiops truncatus gephyreus), as quais se sobrepdem parcialmente no espaco e no
tempo quanto ao uso de area do estuario da Lagoa dos Patos e regido costeiras adjacentes
no sul do Brasil. Objetivamos secundariamente investigar a variabilidade destas
vocalizagBes em funcéo de fatores bidticos e abiodticos. Assim, assobios foram gravados
durante 22 saidas de campo realizadas em um periodo de um ano (01/2017 - 01/2018),
utilizando-se um hidrofone HT1-96-MIN (High Tech Inc., com sensibilidade de -165dB
re: 1V/uPa e resposta de frequéncia de 5 - 30 kHz) conectado a um gravador Tascam DR-
680MKII, com uma taxa de amostragem de 96kHz. Adquiriram-se 5304 assobios, dos
quais 1926 foram selecionados para analise segundo critério de qualidade. Para verificar
possiveis variacGes no repertorio das unidades utilizaram-se apenas assobios de grupos
foto-identificados cuja unidade social era Unica, totalizando 193 assobios. O maior valor
de frequéncia méxima dos botos estuarinos superou os das unidades costeiras em mais de
5 kHz (22,24 kHz). De todos os parametros acusticos, o0 nimero de pontos de inflexdo e
a duracao do assobio expressaram 0s maiores coeficientes de variacdo. Modelos lineares
generalizados indicaram variacfes em varios parametros acusticos dos assobios dos botos
entre as trés unidades sociais. O parametro faixa de frequéncia foi importante para
distingdo entre as trés unidades sociais. Duracdo e ponto de inflexdo também foram
importantes; entretanto, somente na diferenciacdo entre a unidade norte e a estuarina.
Modelos aditivos generalizados demonstraram que fatores biol6gicos, como tamanho de
grupo, presenca de filhotes e comportamento de superficie, e abidticos, como local e
temperatura, possuem relacBes significativas com alguns dos parametros acusticos
analisados. Durante o comportamento de deslocamento, os botos utilizaram frequéncias
geralmente mais baixas para Se comunicar em comparacdo com outros estados
comportamentais como alimentacdo. Assobios registrados ao longo costa (i.e. localidades
norte e sul) apresentaram frequéncias significativamente menores em comparagdo a
regido estuarina. Nossos resultados indicam uma variagcdo microgeogréafica nos assobios
do boto-de-Lahille no sul do Brasil, ressaltando a importancia da bioaclstica como

ferramenta para distin¢do e caracterizacdo populacional desta subespécie.



Palavras-chave: metapopulacdo, unidade social, variacao intraespecifica, vocalizagdes,
acustica
ABSTRACT

The main objective of this work was to characterize and evaluate the microgeographic
variations in whistle emissions from three social units of Lahille’s bottlenose dolphin
(Tursiops truncatus gephyreus) which partially overlap in space and time in the use of the
Patos Lagoon Estuary and adjacent coastal region, in southern Brazil. In addition, we
aimed to assess the variability of these vocalizations as function of abiotic and biotic
factors. Acoustic recordings were acquired during 22 field trips conducted over one year
(01/2017 - 01/2018), using a HT1-96-MIN hydrophone (High Tech Inc., with a sensitivity
of -165dB re: 1V / uPa and 5 - 30 kHz frequency response) connected to a Tascam DR-
680MKII recorder, with a sampling rate of 96 kHz. Of 5304 whistles recorded, 1926 were
selected for further analyses following quality criteria. Also, only whistles from photo-
identified groups for which the social unit was identified (and was unique) were used to
assess variations in social unit repertoire, totaling 193 whistles. The highest maximum
frequency value for estuarine dolphins exceeded that of coastal units by more than 5 kHz
(22.24 kHz). Of all the acoustic parameters, the number of inflection points and whistle
duration resulted in the highest coefficients of variation. Generalized linear models
indicated that many whistle parameters differed among the three social units. The
frequency range parameter was important for distinguishing the three social units.
Duration and inflection point were also important; however, only in the differentiation
between the northern and estuarine units. Generalized additive models showed that
biological factors, such as group size, calf presence and surface behavior and abiotic
factors, such as location and temperature, had significant relationships with some of the
acoustic parameters analyzed. During traveling behavior, dolphins generally emitted
lower frequencies to communicate in comparison to other behavioral states such as
feeding. Whistles recorded along the coast (i.e. north and south locations) showed
significantly lower frequencies compared to the estuarine region. Our results indicate
microgeographic variations in the whistles of Lahille’s bottlenose dolphin in southern
Brazil, highlighting the importance of bioacoustics as a tool for distinguishing and
characterizing populations of this subspecies.

Key words: metapopulation, social unit, intraspecific variation, vocalizations, acoustics



APRESENTACAO
A presente Dissertacdo foi estruturada em um capitulo e um anexo em formato de
artigo cientifico. O Capitulo 1, redigido em lingua portuguesa, apresenta uma introducgéo
geral, hipoteses e objetivos, material e métodos e uma sintese dos principais resultados.
O anexo | corresponde ao artigo da dissertacdo, submetido a revista “Journal of the

Acoustical Society of America” (JASA), redigido em lingua inglesa.
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1. Introdugéo

Comunicacdo é uma ferramenta essencial para 0s seres vivos, permitindo a troca
e expressao mutua entre individuos e populagdes (Brudzynski 2010, Krause 2012). Este
fluxo informativo pode-se expressar sob diversas formas, inclusive como energia
mecanica através do som (Rossing 2007). Diversos seres vivos, de pequenos insetos a
grandes baleias, dependem da eficiéncia do sistema sonoro para transmitirem
informacOes adequadamente e estabelecerem uma conexdo entre si (Bradbury &
Vehrencamp 1998). InGmeros aspectos essenciais da vida destes animais (e.g.
reproducdo, comunicacdo, alimentacdo e localizacdo) dependem da emisséo e recepgao
de som (Au & Hastings 2008, Fay et al. 2008, Frankel 2018).

Mamiferos terrestres basicamente dependem da visao, audi¢do, quimiorecepcdo e
toque no que tange a comunicagdo e compreensdo do ambiente ao seu redor (Raven &
Johnson 2002). Por outro lado, 0 ambiente aquético fornece condices fisicas e quimicas
completamente diferentes, onde a dificuldade de difusdo dos sinais quimicos e baixa
intensidade de luz disponivel limitam suas percepc@es a partir da visao e quimiorecepcao.
Como a densidade do meio esta diretamente relacionada a eficiéncia de propagacdo das
ondas mecanicas, 0 som propaga-se de maneira muito eficiente na agua, aumentando seu
alcance e sua velocidade de deslocamento (i.e. cerca de 4 vezes mais rapido) (Bradley &
Stern 2008). Estas propriedades acusticas fazem do som um veiculo muito potente para o
sistema sensorial, a partir do qual os mamiferos aquaticos navegam, comunicam-se e
localizam suas presas (Wartzok & Ketten 1999). Tal adaptacdo os permitiu habitar e
explorar com sucesso uma variedade de ecossistemas marinhos e fluviais ao longo de sua
evolucéo.

Pertencentes a ordem Cetartiodactyla, os cetaceos sdo um grupo composto por 89
especies (Committee on Taxonomy 2018), divididos em duas subordens: Misticetos e
Odontocetos. Distintos morfologicamente, cada subordem possui caracteristicas acusticas
especificas, relacionadas ao seu modo de vida e necessidades diarias (Wrsig et al. 2018).
Diversos trabalhos relacionados a bioacustica de cetdceos tém demonstrado a importancia
desta como ferramenta de transmissdo de conhecimento e construgdo cultural,
identificacdo individual e socializagéo, expressdao comportamental; reproducéo; forrageio
e localizagéo (Walton 1997, Janik 2000, Parks & Tyak 2005, Quintana-Rizzo et al. 2006,
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Azevedo et al. 2007, Au & Hastings 2008, Wells & Scott 2018). Cetaceos sdo animais
que possuem alto nivel de cognicéo e socializacdo, desenvolvendo, através das complexas
relacGes interindividuais, sua comunicacao e cultura (Whitehead & Rendell 2015).

Dentre os Misticetos, sabe-se que certas espécies de baleias utilizam o canto como
vocalizacéo principal [e.g. baleia azul (Balaenoptera musculus), baleia fin (Balaenoptera
physalus), baleia jubarte (Megaptera novaeangliae), baleia franca (Eubalaena sp.), baleia
minke (Balaenoptera acutorostrata) e baleia da groelandia (Balaena mysticetus)]
emitindo repetidamente sons de baixa frequéncia (i.e. de 20 Hz a 24 kHz) (Darling 2018).
Por suas caracteristicas acusticas, estas vocalizagfes permitem que estes animais
estabelecam um contato acuUstico a longas distancias, podendo alcancar centenas de
quildmetros em regides profundas das bacias oceanicas (Darling 2018). As vocalizacdes
da baleia jubarte, por exemplo, podem ser utilizadas para caracterizarem estoques
populacionais e para o estudo de suas interagdes (Cerchio 1993, Cerchio et al. 2001).
Distintos canticos destes animais evidenciam populacdes isoladas entre si, ao passo que
canticos de populacdes distantes geograficamente, com padrdes fonéticos semelhantes,
indicam que estas populacdes se encontram em algum momento de seu ciclo migratorio,
incorporando novas formas de comunicacao e desenvolvendo sua cultura (Cerchio 1993,
Whitehead & Rendell 2015).

Os odontocetos, por outro lado, sdo animais que utilizam sons de ondas curtas
com frequéncias mais altas, estabelecendo um contato acustico ativo mais restrito, no
caso do Tursiops truncatus, até cerca 25 km de distancia dependendo de fatores de
atenuacao energética (Janik 2000, Janik 2009). Dentre este grupo, as cachalotes (Physeter
macrocephalus), orcas (Orcinus orca) e o golfinho nariz-de-garrafa (Tursiops truncatus)
sdo, sem duvida, os membros mais estudados, com complexos sistemas de socializacao e
aprendizado (Whitehead & Rendell 2015, Wiirsig et al. 2018). Orcas e cachalotes séo
caracterizadas por constituirem sociedades matrilineas fortemente estruturadas.
Diferentemente de sociedades matriarcais, onde fémeas mais velhas tem poder e
influéncia, o termo “matrilineo” ¢ empregado quando grande parte das fémeas de uma
sociedade passam sua vida pertencendo a mesma unidade social natal. Diferentemente de
orcas e cachalotes, as sociedades de golfinhos se estruturam de forma fluida, em um
sistema chamado fissdo-fusdo, caracterizado por alto nivel de plasticidade comunicativa
(May-Collado 2010).
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Diversas vocalizagcdes podem ser produzidas por estes animais dependendo da
atividade realizada, podendo ser divididas em trés tipos principais: sons pulsantes (burst
pulses); assobios; e cliques de ecolocalizacdo (Tyack & Clark 2000, Au & Hastings 2008,
Wells & Scott 2018). Tanto cliques como sons pulsantes, diferentemente de assobios, séo
sinais acusticos expressos em forma de pulsos, caracterizados como sons banda larga
utilizados principalmente para localizagdo (i.e. alimentacdo, navegacao) e comunicagao,
respectivamente (Au et al. 1980, Lammers et al. 2003). Dentre estes, assobios e sons
pulsantes sdo emitidos por grande parte dos delfinideos, com poucas exce¢oes (Frankel
2018). Em delfinideos, assobios sdo considerados sons tonais de banda estreita, com a
maior parte de sua energia abaixo de 20 kHz (Au 2000). Tecnicamente, podem ser
caracterizados como sons com mais de 0,1s de duracdo (Lilly & Miller 1961, Janik et al.
2013), expressos dentro da faixa de frequéncia fundamental de 2 a 35 kHz, com
harmonicos alcangando entorno de 100 kHz (Lammers & Au 2003, Rasmussen & Miller
2004). Caldwell et al. (1990) classificaram o0s assobios do Tursiops truncatus em
“assinatura” (ou chamadas de contato) e “variantes”. Os assobios assinatura sdo sinais
estereotipados e especificos de cada individuo, frequentemente emitidos em sequéncias
caracteristicas, demonstrando-se estaveis ao longo do tempo e com fungdes relacionadas
a coesdo do grupo (Janik et al. 1994, Janik & Slater 1998, Janik et al. 2013). Por outro
lado, os assobios variantes ndo sdo especificos do individuo, sdo muito menos estaveis e
sdo produzidos em uma variedade de contextos sociais (Caldwell et al. 1990). De maneira
geral, as vocalizacGes do tipo assobio desempenham um papel crucial nas interagdes
sociais e comunicacédo de golfinhos (Janik 2009).

O golfinho nariz de garrafa, Tursiops truncatus (Montagu 1821) é o delfinideo
mais estudado com relacdo a biologia e bioacUstica (Wursig et al. 2018). Seu
aprisionamento em cérceres (i.e. parques aquaticos e aquarios comerciais) desde a década
de 1914 facilitou estudos controlados com a espécie e permitiu a fundamentagdo de
grande parte do conhecimento de sua biologia (McBride & Hebb 1948, Lilly 1962).
Entretanto, sua ampla distribuicdo geografica e acessibilidade em regiGes costeiras (Wells
& Scott 2018) permite que se adquira importantes informagdes quanto a sua comunicagdo
e uso do som, em consonancia com sua biologia e aspectos de vida no ambiente natural.
Estudos conduzidos ao redor do mundo tém demonstrado que o golfinho nariz de garrafa

forma sociedades hierarquicas complexas, com inimeras conexdes interindividuais,
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dentro e fora de uma populagéo (Connor et al. 2000, Baker et al. 2017, Wells & Scott
2018), apresentando alto potencial adaptativo aos diferentes estimulos ambientais (Berta
& Sumich 1999). Dotados de alta capacidade de aprendizado vocal (Janik & Slater 1997,
Janik 2000), suas associagdes intra-populacionais formam complexas redes sociais, com
intensidade e frequéncia de associacdo distintas entre individuos (Baker et al. 2017,
Genoves 2013). No caso do Tursiops truncatus uma das principais ferramentas de
conexdo inter-individual sdo os assobios (Sayigh & Janik 2018) permitindo a troca de
conhecimento e intenso fluxo de informacdo (Janik 2009, Whitehead & Rendell 2015).
Estudos que descrevam o repertorio de assobios dessa espécie, assim como as
variacgoes desse tipo de vocalizagdo de acordo com aspectos comportamentais, sdo muito
importantes para se acessar os padrées de comunicacao populacional. Diversos trabalhos
vém avaliando as adequacdes acusticas deste tipo de vocalizacdo com relacdo a estados
comportamentais de excitacdo (e.g. alimentacdo e socializacdo) ou estados mais calmos
como descanso (Bazua-Durén & Au 2004, Quick & Janik 2008, Janik 2009, May-Collado
2013, Heiler et al. 2016). Observa-se que em comportamentos mais agitados, tanto
golfinhos como uma gama de espécies de mamiferos (Briefer 2012), emitem vocalizacdes
com frequéncias fundamentais mais altas (Heiler et al. 2016). Acredita-se que as
caracteristicas dos assobios emitidos por golfinhos possam variar também de acordo com
as associagdes entre os individuos (McCowan et al. 1998), bem como entre diferentes
areas (BazUa-Duran & Au 2004). Como cada animal possui habilidade de aprendizado e
repeticdo individual (Janik 2000), é possivel que em uma mesma regido a composi¢ao
dos assobios mude de acordo com a diversidade das interagdes sociais entre golfinhos
com distintas culturas (Whitehead & Rendell 2015). Assim, associac¢des entre individuos
da mesma populacdo e/ou populacdes distintas (Connor et al. 2000), podem conduzir a
um aumento potencial da sua complexidade acustica. Alguns trabalhos veem
investigando  possiveis variagdes de repertdério entre populagdes distintas
geograficamente, em pequena ou larga escala, (Ding et al. 1995, Jones & Sayigh 2002,
Bazla-Duran & Au 2004, May-Collado & Wartzok 2008, Bird 2012, Hoffmann et al.
2012, Samarra et al. 2015, Kaplan & Reiss 2017, La Manna et al. 2017). No oceano
Pacifico Norte, Bazua-Duran & Au (2004) encontraram uma diferenciacdo de entorno

52% nas caracteristicas dos assobios entre populages do golfinho-rotador (Stenella
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longirostris) dentre quatro ilhas do Havai (i.e. Kauai, Oahu, Lanai e Havai), sugerindo
uma variacdo microgeografica dos assobios destes golfinhos.

No Oceano Atlantico Sul Ocidental (SWAO — Southwestern Atlantic Ocean) o T.
truncatus, encontrado até a latitude 55°S (Goodall et al. 2011), forma diversas populacdes
costeiras e oceénicas ao longo de todo SWAO (Bastida et al. 2007, Fruet et al. 2014, Di
Tullio et al. 2015). Atualmente, debate-se sobre a existéncia de dois distintos ecétipos ao
longo do SWAO: costeiro e oceanico (Duffield et al. 1983, Goodall et al. 2011, Perrin et
al. 2011, Costa et al. 2016, Fruet et al. 2017). O ecotipo costeiro, validado como uma
subespécie, boto-de-Lahille (Tursiops truncatus gephyreus) (Costa et al. 2016, Committe
on Taxonomy 2018), distribui-se ao longo da costa do sul do Brasil, Uruguai e Argentina
(Fruet et al. 2014). Além de apresentarem aspectos morfoldgicos distintos (i.e. diferencas
de coloracéo, tamanho, craniometria, forma da nadadeira e rostro), os ecotipos diferem-
se significativamente em relacdo a genética e comportamento (Wickert et al. 2016, Costa
et al. 2016, Fruet et al. 2017). As populagdes costeiras do boto apresentam tipicamente
baixa diversidade genética e podem ser divididas em duas populacdes principais ou
Unidades Evolutivas Significativas (ESUs) (Fruet et al. 2014): uma populacéo ao longo
da costa da Argentina (BSA), e outra distribuida entre a costa uruguaia (34 ° 55'S) e a
costa sul do Brasil (SB-U), a qual é formada por uma metapopulacéo constituida por no
minimo cinco diferentes comunidades de botos com niveis moderados de conectividade
(Fruet et al. 2014).

Localizada na porcéo sul da costa sul do Brasil, a foz do Estuério da Lagoa dos
Patos (PLE) e a costa adjacente representam uma area importante para trés comunidades
da metapopulacdo do SB-U (Fruet et al. 2014, Genoves 2013, Genoves et al. in press).
Analises de redes sociais do boto na regido, estudadas extensivamente desde 2005
(Genoves 2008, Genoves 2013), sugeriram que 0s principais mecanismos que moldam
essas comunidades sdo o uso de diferentes ambientes e os padrdes individuais de
associacdo (Genoves 2013, Genoves et al. in press). Portanto, combinados com
protocolos padrdo de foto-identificagdo (Hammond et al. 1990), onde os golfinhos sdo
identificados individualmente com marcas de longa duragdo em sua nadadeira dorsal, tais
diferencas levaram a proposicao de trés unidades sociais para a regido do PLE (Genoves
et al. in press). Uma das unidades € composta por botos residentes que utilizam

regularmente a foz do estuario e estdo fortemente associados a regido do PLE, totalizando
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uma populacéo de cerca de 83 botos (IC 95% = 78 a 88) (Dalla Rosa 1999). Essa unidade
social tem sido estudada de forma intermitente desde 1974, e estimativas recentes
sugerem que sua abundancia tem sido relativamente estavel (Fruet et al. 2015). Associado
ao litoral adjacente norte e sul, as outras duas unidades sociais séo estimadas em cerca de
19 e 21 individuos, respectivamente (Genoves et al. in press). Ao contrério dos botos
residentes do PLE, alguns individuos da unidade sul foram identificados como animais
uruguaios (Laporta et al. 2016, Genoves et al. in press).

A maior parte do conhecimento sobre a bioacUstica desta espécie no SWAO ¢
restrita a poucas publicacfes (Azevedo et al. 2007, Tellechea et al. 2014, Lima et al. 2016,
Romeu et al. 2017) e alguns trabalhos académicos néo publicados (Hofmann 2004, Bueno
2015, Dugue 2017, Milanelli 2017), todos com assobios. Com excec¢édo de Duque (2017)
e Romeu et al. (2017) que analisaram, respectivamente, interacdes com outras espécies e
forrageio cooperativo com pescadores artesanais, todos os outros trabalhos objetivaram a
descricdo e caracterizacdo dos assobios de determinadas populacfes. Trabalhos que
visem caracterizar vocaliza¢es do tipo assobio sdo muito importantes para a construgdo
do conhecimento sobre a comunicacdo e socializacdo dessa espécie. No Estuario da Lagoa
dos Patos (PLE) e adjacéncias costeiras no sul do Brasil, Azevedo et al. (2007) realizaram
o0 primeiro estudo sobre a bioacUstica do boto na regido, caracterizando o repertério de
assobios destes animais através da analise de 788 assobios. Os autores utilizaram
estatisticas descritivas (média, desvio padrdo, maximos e minimos e coeficiente de
variagdo) para caracterizagdo das vocalizagdes, caracterizando cada emisséo através da
medida de oito parametros acusticos, além de classificar cada assobio de acordo com sua
forma de contorno. Mais recente, Milanelli (2017) fez uma nova caracterizacdo do
repertorio de assobios dos botos para regido, apenas para os individuos considerados
residentes do PLE, e ndo encontrou diferencas com o estudo prévio.

Este trabalho procurou avaliar as variagdes microgeograficas nas emissoes de
assobios entre as trés unidades sociais do boto de Lahille (Tursiops truncatus gephyreus)
no sul do Brasil, e também investigar a variabilidade destas emissdes em funcéo de fatores
bioticos e abidticos. A existéncia de um projeto de longa duracdo, fundamentando o
conhecimento previo sobre a estruturacdo social dos botos da regido, representa uma
oportunidade singular para investigacdo, em fina escala, de variagcbes microgeogréficas

das suas vocalizagOes. Portanto, ao identificar os principais fatores que distinguem e
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caracterizam o repertorio do boto de Lahille, fornecemos informac6es importantes para

melhor discriminar as comunidades de botos do sul do Brasil.

2. Objetivos
Geral:

e Determinar o repertério de assobios do boto-de-Lahille, na regido do Estuario da
Lagoa dos Patos (RS) e areas costeiras adjacentes, e analisar a variagao intra-
especifica dessas emissdes sonoras.

Especificos:

I.  Caracterizar os parametros acusticos dos assobios do boto na regido de estudo;

Il.  Analisar a variacdo dos assobios entre as 3 unidades sociais de botos na area

de estudo;

I1l.  Analisar a variagdo dos assobios em funcdo de fatores bidticos
(comportamento, tamanho e composicdo de grupo — presenca de filhote) e

abioticos (local de gravacao e temperatura superficial do mar).

3. Material e métodos
Area de estudo

Este estudo foi realizado em uma area de 90 km? ao longo da costa sul do Brasil,
no estuario da Lagoa dos Patos (PLE) e no litoral adjacente (~ 32 ° W, ~ 52 ° S) (Fig. 1).
Localizada a cerca de 200 km do Uruguai, esta regido é sazonalmente influenciada pelas
aguas frias da corrente das Falklands no inverno e pelas aguas quentes da Corrente do
Brasil no verdo (Legeckis & Gordon 1982). A Lagoa dos Patos é a maior lagoa
estrangulada do mundo (Kjerfve 1986), e seu estuario representa uma importante fonte
de descarga fluvial para o SWAO (Lutz et al. 2018). Os estuarios estdo entre 0s
ecossistemas marinhos mais produtivos, contendo fauna e flora diversificadas (Nixon et
al. 1986, Odebrecht et al. 2010). No PLE e litoral adjacente, fatores meteorologicos e
oceanogréficos (e.g. tempestades, &gua com alta concentracdo de nutrientes da Corrente
das Falklands e do Rio da Prata) podem promover o incremento da disponibilidade de

nutrientes na regido, configurando uma area altamente produtiva (Abreu et al. al. 1995,
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Muiller & Casting 1999, Lutz et al. 2018). Assim, a regido entre e ao redor dos molhes do
PLE, constitui um importante habitat para atividades vitais do boto-de-Lahille no sul do
Brasil (Mattos et al. 2007).

Procedimento em campo e foto identificacao

As saidas de campo do presente trabalho foram realizadas em condic¢des de mar
similares (Beaufort < 3), utilizando-se uma embarcacdo FlexBoat (SR500), de 5m de
comprimento, equipada com um motor de popa de 90hp. A area monitorada pelo Projeto
dos Botos engloba a regido do estuario, e 20km ao sul e ao norte dos molhes da barra de
Rio Grande, a uma distancia de 1km da costa (Fig.1). Podendo, assim, ser dividia em trés
sub éareas: estuario, norte e sul. A analise da area monitorada seguiu um padrdo de
deslocamento ja utilizado em trabalhos anteriores (Genoves 2013, Fruet et al. 2015),

percorrendo a regido em busca de botos atraves de transecgdes (Fig. 1).

+‘ +32°0'S

. Estuary

132°10'S

Southwestern
Atlantic Ocean
(SWAO)

- Boat ransects
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52°10W 52°0W
Figura 1. Mapa da &rea de estudo na costa sul do Brasil. A regido foi analisada através de

transectos ao longo do Estuério da Lagoa dos Patos e litoral adjacente, e classificada em trés sub-areas.

Quando avistado um grupo de botos, aproximava-se para coleta inicial de dados

(i.e. profundidade, temperatura d’agua, latitude e longitude, hora inicial) e inicio da foto-



19

identificacdo (foto-id) e anélise comportamental do grupo de botos. O método de foto-id
consiste na identificacdo de suas marcas permanentes ou temporarias, no dorso e
nadadeira dorsal de cada boto (Fig. 2) (Hammond et al. 1990), proveniente de relacbes
sociais, ma formacao ou interagfes antropicas (e.g. redes de pesca). Os botos foram foto
identificados para que fosse possivel distinguir a que unidade social pertenciam,
possibilitando a selecdo somente de grupos com individuos estuarinos, nortenhos ou
sulinos. As fotografias foram adquiridas com uma maquina digital Nikon D7200 com
lente multifocal Nikon de 70-200mm ou lente fixa de 300mm. Em laboratorio as fotos

foram processadas no programa Picasa 3.

Figura 2. Nadadeira dorsal de um boto-de-Lahille, com marcas passiveis de identificagdo

individual.

Concomitante ao processo de foto-id caracterizou-se 0s grupos quanto a
constituicao (filhote, juvenil, sub-adulto e adulto), quantidade de individuos (minimo,
maximo e melhor) e comportamento. Os comportamentos foram caracterizados como
alimentacdo, deslocamento, socializacdo e milling (Shane et al. 1990), de forma néo
excludente. Neste trabalho, o comportamento de deslocamento e alimentacéo,
independente da ordem de presenca durante o esforco, foi chamado de deslocamento com
alimentacdo, expressando o comportamento caracteristico do grupo. Somente apds a
devida foto-identificacdo do grupo, realizava-se o processo de gravacfes acusticas.
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Quando as condi¢des do tempo ndo permitiram seguir com o trabalho de campo,

encerrava-se o esfor(;o.

Gravac0es bioacusticas

As gravaces de repertdrio do T. truncatus gephyreus foram realizadas na regido
do estuario da Lagoa dos Patos e adjacéncia costeiras, compreendendo o periodo de um
ano, entre janeiro/2017 e janeiro/2018. O sistema de gravacao utilizado foi composto por
um hidrofone HTI-96-MIN (High Tech Inc, com sensibilidade de -165dB re: 1V/uPa e
resposta de frequéncia de 5 Hz a 30 kHz), conectado a um gravador Tascam DR-690 MKI|I
com taxa de amostragem 96kHz. As gravacg0es, realizadas com o hidrofone posicionado
entre 3 e 4m de profundidade (de acordo com a batimetria do local), foram realizadas com
0 motor do barco e sonda desligados. O processo de analise comportamental e
constituicdo do grupo, concomitante a foto-id e gravaces, foi realizado com atencdo para
que estes fatores tivessem o controle necessario para serem utilizados nas analises. Dados
sobre os comportamentos de superficie foram obtidos durante as gravacdes e classificados
como proposto por Shane (1990). Em situacBes onde houvesse a mudanca dos individuos
constituintes do grupo, que estivessem presentes, a gravacao era encerrada e se iniciava
uma nova avistagem para foto identifica-los. Mudangas no comportamento padrdo do
grupo eram anotadas, iniciando um novo track com o tipo comportamento atualizado caso

esse se modificasse.

Andlise de assobios

As andlises acusticas dos assobios foram realizadas no software Raven Pro 1.5
(Cornell Laboratory of Ornithology, NY, USA), através de espectrogramas de frequéncia
(Hanning window, FFT de 512), com sobreposicdo de 50%. A caracterizacdo de
repertorio foi executada através de duas analises principais, aplicadas extensivamente em
trabalhos de bioacustica, uma qualitativa e outra quantitativa (Englund 2014, Azevedo &
Van Sluys 2005, Bazta-Duran & Au 2002). A andlise quantitativa, adquirindo as medidas
individuais dos parédmetros de frequéncia de cada assobio, duracdo e inflexdes, e a
qualitativa, classificando-os de acordo com suas caracteristicas de contorno. Selecionou-
se para andlise (i.e. classificacdo e extracdo dos pardmetros acusticos), somente assobios

cujos contornos pudessem ser completamente determinados, tendo seu inicio e fim
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claramente distinguiveis, bem como seus limites maximos e minimos. Portanto, assobios
que apresentassem sobreposicao entre si ou com outros sons (e.g. ruido, cliques, burst
pulses), comprometendo sua caracterizacdo, ndo foram analisados.

Adicionalmente classificou-se 0s assobios quanto a sua caracteristica de repetir-se
sequencialmente, identificando-os como: ndo sequenciais (NS); primeiro sequencial (PS);
e sequenciais (S) (Fig. 3). Assobios que apareceram em sequéncia, com um tempo de
emissdo de até 10s (Janik et al. 2013) foram caracterizados como sequencias (S),
iniciando pelo primeiro assobio de cada sequéncia (PS). Esse procedimento foi
implementado para que assobios emitidos com maior repeti¢cdo ndo viessem a tendenciar

0s repertorios das unidades sociais (Caldwell & Caldwell 1965, Caldwell et al. 1990).

Figura 3. Assobios em sequéncia do boto-de-Lahille identificando o primeiro sequencial e sequenciais

posteriores.

Na caracterizacdo quantitativa, doze parametros acusticos de cada assobio foram
adquiridos: frequéncia inicial (FI); frequéncia final (FF); frequéncia maxima (Fmax);
frequéncia minima (Fmin); delta de frequéncia (DF — diferenga entre frequéncia maxima
e frequéncia minima); frequéncia central (FC — a frequéncia correspondente a 50% da
energia do assobio); frequéncia de pico (FP - indica onde ha a maior intensidade no
assobio); frequéncia a ¥ da duracdo (FY¥4); frequéncia a % da duracéo (F¥4); frequéncia
média (Fmed = (FI+FF+Fmin+Fmax)/4); duracdo do assobio (Dur); nimero de inflexdes
(Inf); harmonicos. Dentre estes, 11 parametros foram mensurados no software Raven Pro
1.5 (Cornell Laboratory of Ornithology, NY, USA). As variadveis de frequéncia foram

medidas em kHz e de tempo em milissegundos (ms). Esses parametros descritos acima
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foram escolhidos por serem utilizados como ferramenta de analise em estudos previos de
delfinideos (Gridley et al. 2015, Kaplan & Reiss 2017, Andrade et al. 2015, May-Collado
2013, Azevedo & Van Sluys 2005), alem de serem facilmente mensurados a partir do
espectrograma (Fig. 4).

Adicionalmente aos parametros citados acima, a taxa de emisséo de assobios (TE)
foi calculada possibilitando a relagdo do nimero de assobios emitidos por individuo com
fatores como o contexto comportamental, tamanho e constitui¢cdo do grupo, por exemplo
(Papale et al. 2017, Luis et al. 2016, Hawkins & Gartside 2010, Quick & Janick 2008,
Santos et al. 2005). Estimou-se essa taxa a parir da divisdo do numero total de assobios
(N) do grupo pela duracdo da gravacdo em minutos (T) e, por fim, pelo nimero de

individuos (Ind) contabilizados no grupo, ou seja, TE = N/T/Ind.

|
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Figura 4. Assobio do boto-de-Lahille, indicando alguns parametros acusticos medidos. Eixo X esta

representado em segundos e Y em kHz.

A caracterizagdo qualitativa levou-se em conta o ponto de inflexdo como uma
variagdo > 1 kHz, separando visualmente os assobios de acordo com suas categorias de
contorno. Dentre estas formas, catalogou-se os diferentes tipos de assobios emitidos. As
formas de contornos foram: ascendente (AC - assobio crescente em frequéncia, sem
pontos de inflex&o), descendente (DC - assobio diminui sua frequéncia ao longo do
tempo, sem ponto de inflexdo), constante (CONST - assobios com uma variagdo de
frequéncia < 1 kHz), ascendente-descendente (AC-DC - inicialmente com frequéncias

crescentes até o ponto de inflexdo, onde modifica sua caracteristica e diminui sua
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frequéncia ao longo do tempo), descendente-ascendente (DC-AC - inicialmente com
frequéncias descendentes até o ponto de inflexdo, onde se modifica e inicia um aumento
da frequéncia pelo tempo) e maltiplos (MULTI - assobios que possuem mais de um ponto
de inflex&0o), de acordo com a classificacdo utilizada por Azevedo & Van Sluys, (2005)

(Fig. 5). Este processo foi realizado por duas pessoas distintas para reduzir o erro

associado ao observador.

30
28 |
26
244
2244
204
184
164
144

|
|
|
!
T
12 -0
10 A
8 4
6 ‘
'
44 i .u ",,
4 'j?"ul.(qf
0.00 0.00 g i
m:s2:42.555 2:43 m:s1:18.434

F

525.343 m:s2:58.59 540.381 516.267

Tempo

Figura 5. Caracteristicas de contornos dos assobios do boto-de-Lahille: (A) multi, (B) constante,
(C) ascendente, (D) ascendente-descendente, (E) descendente e (F) descendente-ascendente.

Além das analises descritas acima, caracterizou-se 0s assobios quanto as
informagdes do grupo foto identificado. Portanto, cada assobio foi correlacionado com
dados de comportamento, tamanho de grupo, presenca/auséncia de filhotes e unidade
social de cada boto (i.e. unidade social do estuario - USE, do norte - USN ou do sul -
UsS).

Andlises Estatisticas

A andlise exploratéria dos dados foi realizada para identificar outliers,
colinearidade e outros problemas potenciais no conjunto de dados (e.g. Zuur et al. 2010).
Para avaliar repertorios representativos de cada unidade social, utilizamos dados de
grupos identificados de botos estuarinos, nortenhos e sulinos. Além disso, selecionamos
apenas assobios PS e NS para evitar possiveis vieses de assobios assinaturas que, como
relatado em outros lugares (Cook et al. 2004, Watwood et al. 2005), podem representar

quase 50% dos assobios registrados em golfinhos de vida livre. Para cada parametro
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acustico, calculamos os valores de média, desvio padrdo, mediana, maximos e minimos.
O teste do Chi? foi utilizado para comparar a frequéncia dos assobios em cada categoria
de contorno, entre as trés unidades sociais (X?; a = 0,05), onde maior o valor X?, maior a
diferenca entre os locais (e.g. Bazta-Duran 2004).

Modelos lineares generalizados (GLMSs) (e.g. Zuur et al. 2009) foram utilizados
para investigar se os valores medios de cada parametro dos assobios diferiam entre as
unidades sociais. Exceto pelo nimero de pontos de inflexao, que foi modelado com uma
distribuicdo de erro quasi-Poisson e funcdo de ligacdo logaritmica, todos os outros
pardmetros consistiam em varidveis resposta continua e foram modelados com uma
distribuicéo de erro tipo Gamma e fungéo log-link. As unidades sociais foram incluidas
como covariaveis categoricas em cada modelo. Utilizou-se somente assobios
correspondentes aos grupos formados por botos estuarinos, nortenhos e sulinos,
adquirindo vocalizagOes representativas de cada unidade social, como descrito
anteriormente.

Modelos aditivos generalizados (GAMSs) foram ajustados para avaliar a influéncia
em cada parametro dos assobios e também na taxa de emissdo dos seguintes fatores:
tamanho do grupo, presenca de filhotes, comportamento superficial (alimentacéo,
deslocamento, deslocamento com alimentacao e socializacao), localidade (estuario, norte
e sul) e temperatura superficial do mar (sea surface temperature - SST), expressa em graus
Celsius. Similar aos GLMs, o nimero de pontos de inflexdo foi modelado com uma
distribuicdo quasi-Poisson e os outros parametros acusticos e taxa de emissao de assobios
com uma distribuicdo de erro tipo Gamma e funcdo de ligacdo logaritmica. O tamanho
do grupo e SST foram incluidos como termos néo lineares com o parametro de dimenséo
de base, k, definido como 4, para restringir a ondulacdo das fungdes de suavizacao (e.g.
Wood 2017) e assim obter relagdes funcionais com maior representatividade ecoldgica.
Todas as outras variaveis explicativas foram incluidas como varidveis categoricas.

Todos os procedimentos estatisticos foram realizados em R (The R Foundation
for Statistical Computing, Viena, Austria, http://www.r-project.org) através da interface
do RStudio (versdo 3.5.1). Os GAMs foram adaptados usando o pacote do R "mgcv”
(Wood 2017). A selecdo do modelo foi baseada no Akaike Information Criterion (AIC),
deviancia explicada, e um exame visual de parcelas residuais, seguindo procedimentos de
referéncia (ver Zuur et al. 2009, Wood 2017).
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4. Sintese dos resultados

Anexo 1: Microgeographic variation in the whistle repertoire of Lahille’s bottlenose

dolphin (Tursiops truncatus gephyreus) in southern Brazil

Foram realizadas 22 saidas de campo na regido do PLE e area costeira adjacente,
totalizando 18h e 54min de gravacgdes, respectivos a amostragem de 64 grupos de
botos. Um total de 5304 assobios foram gravados, dentre os quais 1926 apresentaram
caracteristicas acusticas adequadas e foram considerados aptos para posteriores
andlises. Destes, 193 (10%) foram considerados adequados para andlise de distin¢do
microgeografica entre as unidades sociais. Esse subconjunto de dados totalizou 127
assobios de botos estuarinos, 36 de nortenhos e 30 de sulinos (Tabela 1).

Em linhas gerais, observou-se uma variacdo microgeografica no repertério de
assobios do boto entre as trés unidades sociais abordadas, como demonstrado pelos
resultados dos modelos lineares generalizados (Tabela 4). As frequéncias inicial, pico
e minima, por exemplo, foram significativamente diferentes (todas p <0,01) entre a
unidade social estuarina e a unidade social sul. J& 0 modelo para o parametro faixa de
frequéncia demonstrou valores p significativos entre a unidade estuarina e as
costeiras, com a unidade social sul apresentando valores médios mais altos (p <0,05)
e a unidade social norte os valores mais baixos (p <0,001) do que a unidade social
estuarina. A frequéncia maxima (p <0,05), a duracdo do assobio (p <0,001) e o
namero de pontos de inflexdo (p <0,01) diferiram apenas para a unidade norte, todos
com valores menores que a unidade estuarina. Além disso, cada unidade social
demonstrou ter alguns assobios estereotipados especificos (Tabela 1).
Adicionalmente, as frequéncias de contorno de assobio, para cada um dos seis tipos
de modulacdo de frequéncia, variaram significativamente entre as unidades sociais
(Chi?, X? = 43.39, p < 0,001) (Tabela 2).

Os modelos aditivos generalizados demonstraram que a variavel comportamento de
superficie influenciou a maioria dos parametros de assobio, exceto pelo numero de
pontos de inflexdo e taxa de emissdo (Tabela 5, Figura 2). Assobios emitidos durante
deslocamento apresentaram valores de frequéncia mais baixos do que durante

alimentacdo, para frequéncias minima, final, maxima, central e de pico (todos p
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<0,001). A socializacdo foi significativamente diferente da alimentacdo para
frequéncias inicial, final e minima, com menor frequéncia inicial e maiores
frequéncias minimas e finais.

A duracéo do assobio e o nimero de pontos de inflexdo diminuiram em média quando
haviam filhotes presentes nos grupos, enquanto as frequéncias minima e maxima
foram em média mais altas na presenca de filhotes (Tabela 5, Fig. 3).

Em geral, assobios registrados nas localidades norte e sul (considerando somente o
local de coleta e desconsiderando a identificagdo das unidades sociais) apresentaram
frequéncias significativamente menores em comparagdo a regido estuarina, exceto
pela frequéncia central e pelo nimero de pontos de inflexdo. Em particular, o nimero
de inflexdes foi significativamente maior para assobios registrados na area adjacente
ao sul em relacéo ao estuério.

Os termos suaves, tamanho do grupo e SST, também mostraram relacGes
significativas entre a maioria dos parametros acusticos (Tabela 5). A frequéncia
inicial tendeu a diminuir com o aumento do tamanho do grupo, enquanto o nimero
de pontos de inflexdo e as frequéncias de pico e centro aumentaram com o tamanho
do grupo (Fig. 5). As taxas de emissdo foram maiores nos grupos menores, sugerindo
que a medida que o numero de individuos no grupo aumenta, 0 nimero de assobios
emitidos por individuo tende a diminuir (Fig. 5).

Quanto a SST, todos os modelos com essa varidvel selecionada indicam que os
parametros acusticos tenderam a diminuir na temperatura inicial, alcancando valores
mais baixos entre 16 e 18 graus Celsius, seguidos por uma tendéncia crescente e pico
em torno de 22°C (Fig. 6).

Conclusdes

As trés unidades sociais abordadas, as quais sdo consideradas como parte da
metapopulacdo que compde a Unidade Evolutiva Significante do Sul do Brasil-
Uruguai (SB-U ESU - Fruet et al. 2014), demonstraram variagdes microgeograficas
em diversos parametros do seu repertério de assobios. Este estudo corrobora a
distingdo entre unidades sociais proposta por Genoves et al. (in press) para os botos

de Lahille na regido do PLE e area costeira adjacente.
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Os assobios variaram em funcdo dos fatores biodticos e abioticos analisados neste
estudo. Observou-se alteracbes nas frequéncias de producdo vocal ligadas as
mudangas no comportamento, onde as maiores taxas foram associadas aos
comportamentos de maior agitacdo (e.g. alimentacdo e socializacdo). Os botos
demonstraram emitir em média assobios mais curtos na presenca de filhotes. Nossos
resultados também sugerem que & medida que o tamanho de grupo aumenta, o nimero
de assobios emitidos por cada boto tende a diminuir, entretanto com emissdes mais
longas. A temperatura superficial do mar também demonstrou influenciar as
caracteristicas dos assobios emitidos pelo boto. Em geral, observou-se uma oscilacao
sazonal ao longo de um ano para os parametros acusticos analisados, fato que
necessita ser investigado com maior detalhamento.

O presente trabalho demonstrou uma possivel adequacdo vocal de botos que utilizam
a area do PLE, uma regido com constante ruido ambiental. Como este local é
caracterizado por um intenso trafego diario de embarcagdes comerciais e pesqueiras,
atividades portuarias (e.g. construcao de plataformas de petrdleo), além de dragagens
eventuais no canal, estudos futuros devem atentar para possiveis mudangas no
comportamento acustico do boto na regido do PLE. Para tanto, é evidente a
necessidade de se caracterizar a paisagem acustica da regido e investigar a relacédo
direta entre o ruido ambiental e as vocaliza¢6es dos botos. Compreender o quanto de
ruido (i.e. de energia) esta sendo emitido no ambiente, em funcdo de atividades
antropicas, e como isto afeta as atividades vitais dos botos, como a comunicacéo, é

fundamental para sua conservacao e manejo adequado do ambiente.
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Abstract

Our main objective was to assess microgeographic variations in whistle emissions from
three social units of Lahille’s bottlenose dolphin (Tursiops truncatus gephyreus). These
units partially overlap in space and time at the Patos Lagoon Estuary and adjacent
coastline, in southern Brazil. We also assessed whistle variability as a function of biotic
and abiotic factors. Acoustic recordings were obtained from January 2017 to January
2018. Of 1926 whistles selected following quality criteria, only whistles from photo-
identified groups with social unit determination were used to assess variations in social
unit repertoire, totaling 193 whistles. Generalized linear models indicated that many
whistle parameters differed among the three social units. Frequency range was important
for distinguishing the three social units, whereas duration and number of inflection points
differed only between the northern and estuarine units. Generalized additive models
showed that biotic and abiotic factors had significant relationships with some acoustic
parameters. During traveling, dolphins generally emitted lower frequencies in
comparison to other behavioral states. Whistles recorded along the north and south
coastlines showed significantly lower frequencies compared to the estuarine region. Our
results indicate microgeographic variations in the whistles of Lahille’s bottlenose
dolphins, highlighting the importance of bioacoustics for distinguishing populations of
this subspecies.

Key words: metapopulation, social unit, intraspecific variation, vocalizations, acoustics
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Introduction

The bottlenose dolphin (Tursiops truncatus) is a cosmopolitan species inhabiting
coastal and offshore waters in the tropics and subtropics (Wells and Scott, 2018). As one
of the most social cetaceans species, bottlenose dolphins display different levels of social
bonds with conspecifics or even different species, where knowledge and culture are
developed through inter-individual communication. (Whitehead et al., 1998; Connor et
al., 2000; Rendell and Whitehead, 2001; Janik, 2009; Whitehead and Rendell, 2015). In
the Southwestern Atlantic Ocean (SWAO), inshore/coastal and offshore ecotypes of
bottlenose dolphins have been reported (Bastida et al., 2007; Goodall et al., 2011; Fruet
et al., 2014; Di Tullio et al., 2015), with the coastal ecotype restricted to a narrow stretch
along the coastline of southern Brazil, Uruguay and Argentina (Fruet et al., 2014; Costa
et al., 2016; Wickert et al., 2016; Fruet et al., 2017). These coastal dolphins differ from
the offshore ecotype in their genetic profiles, external morphology, coloration pattern and
skull and spine characteristics (Barreto, 2000; Costa et al., 2016; Wickert et al., 2016;
Fruet et al., 2017). Such divergences between ecotypes lead to a new taxonomic
classification for these coastal dolphins, which are now recognized as the sub-species
Lahille’s bottlenose dolphin (Tursiops truncatus gephyreus) (Costa et al., 2016;

Committe on Taxonomy, 2018).

The coastal populations of the Lahille’s bottlenose dolphin in the SWAO typically
present low genetic diversity and can be divided into two main populations or
Evolutionary Significant Units (ESUs) (Fruet et al., 2014). One population is spread
along the coast of Argentina; the other is distributed from the southern limit of the
Uruguayan coast (34°55°S) to the southern Brazilian coast and is composed of different

communities with moderate levels of connectivity which are suggestive of a larger
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metapopulation, referred to as the southern Brazil-Uruguay (SB-U) ESU (Fruet et al.,

2014).

Located at the southern portion of the Brazilian coast, the mouth of the Patos
Lagoon Estuary (PLE) and adjacent coastline represent an important area for three
communities of the SB-U metapopulation (Fruet et al., 2014; Genoves et al., in press).
Social network analyses suggested that the main mechanisms shaping these communities
are the use of different environments and the individual association patterns (Genoves et
al., in press). The authors investigated these associations at the individual level using
standard photo-identification protocols (Hammond et al., 1990), where dolphins are
individually identified using long-lasting marks on their dorsal fin. Therefore, such
differences led to the proposition of three social units for the PLE region (Genoves et al.,
in press). One of the units is composed of resident dolphins that regularly use the estuary
mouth and are strongly associated with the PLE region, totaling a population of about 83
dolphins (95% CI=78 to 88) (Dalla Rosa, 1999). This social unit has been studied
intermittently since 1974, and recent estimates suggest its abundance has been relatively
stable (Fruet et al., 2015). Associated with the north and south adjacent coastline, the
other two social units are estimated at about 19 and 21 individuals, respectively (Genoves
et al., in press). Unlike the PLE resident dolphins, some individuals of the southern unity
have been identified as Uruguayan dolphins (Laporta et al., 2016; Genoves et al., in

press).

Bottlenose dolphins communicate using a variety of acoustic emissions, broadly
classified into whistles and burst-pulse sounds (Janik, 2009). When cultural differences
among dolphin communities emerge as a consequence of specific social bonds or

ecological associations, distinct acoustic repertoires may arise even in the presence of
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overlapping home ranges (Ding et al., 1995; Morisaka et al., 2005a; Whitehead, 2008a;
May-Collado and Wartzok, 2008; Janik, 2009; Whitehead and Rendell, 2015). Such
differences in vocalizations among dolphin communities that share some neighboring
areas result in microgeographic variations (Conner, 1982; BazUa-Duran and Au, 2004;
Hawkins, 2010) that provide valuable insights into a variety of ecological, biological and
cultural aspects of cetaceans, and can serve as a tool to differentiate dolphin stocks

(Whitehead et al., 1998; Whitehead and Rendell, 2015).

In the SWAO region, few studies have investigated acoustic parameters of coastal
bottlenose dolphins (e.g. Azevedo et al., 2007; Tellechea et al., 2014; Lima et al., 2016;
Romeu et al., 2017). For the PLE region, in particular, some whistle characteristics have
been described only for the estuarine social unit (Azevedo et al., 2007). Our goal was to
assess microgeographic variations in whistle emissions among three social units of the
Lahille’s bottlenose dolphin in the southern Brazil. In addition, we aimed to investigate
whistle variability as function of group size and composition (calf presence), surface
behavior, location of recordings and sea surface temperature (SST) for the first time for
this sub-species. By identifying key factors that distinguish and characterize the Lahille’s

bottlenose dolphin repertoire, we provide important insights into population discreteness.

Methods

Study area

The study was conducted in a 90 km? area along the southern Brazilian coast, at
the Patos Lagoon estuary (PLE) and in the adjacent coastline (~32°W, ~52°S) (Fig. 1).
Located about 200 km from Uruguay, this region is seasonally influenced by cold waters

from the Falklands Current in the winter and by warm waters from the Brazil Current in
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the summer (Legeckis and Gordon, 1982). The Patos Lagoon is the largest choked lagoon
in the world (Kjerfve, 1986), and its estuary represents an important source of fluvial
water discharge to the SWAO (Lutz et al., 2018). Estuaries are among the most productive
of marine ecosystems, supporting a diverse fauna and flora (Nixon et al., 1986; Odebrecht
et al., 2010). On the PLE and adjacent coastline, meteorological and oceanographic
factors (e.g. storms, water with high concentration of nutrients from the Falklands Current
and Rio de La Plata) are known to promote increased nutrient availability in the region,
configuring a highly productive area (Abreu et al., 1995; Muller and Casting, 1999; Lutz
et al., 2018). The PLE mouth between and around the jetties constitutes an important
habitat for vital activities of Lahille’s bottlenose dolphin in southern Brazil (Mattos et al.,

2007).

+32°10'S

Southwestern
Atlantic Ocean
(SWAO)

enreienees B0 ANSECS

52°10W 52°0W
Figure 1. Map of the study area off the southern Brazilian coast. The region of the Patos Lagoon Estuary and

adjacent coast were analyzed through transects along the estuary and adjacent coastline, and classified into three sub-

areas.
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Surveys and data collection

Field work was conducted onboard a 5m FlexBoat, under Beaufort conditions <
3, from January 2017 to January 2018. Survey design generally followed a zig-zag pattern
along the study area in search of groups of bottlenose dolphins. Individuals sighted were
counted and photo-identified using a Nikon D7200 camera with 300mm or 70-200mm

zoom lens, following methods described in Dalla Rosa (1999).

Underwater acoustic recordings were made after photo-identification had ceased,
with the engine off and setting the hydrophone at a depth of 3-4m and at a distance of less
than 200m from the dolphin group. If they moved farther away, we stopped the acoustic
recording, repositioned the boat and began recording another track closer to the dolphins.
Acoustic data were collected using a single element hydrophone HT1-96-MIN (High Tech
Inc, -165dB re: 1V/uPa) with a frequency response between 5 Hz and 30 kHz. This system
was connected to a Tascam DR-690MKII recorder, with 96kHz of sampling rate. Data on
surface behavioral activities were obtained during recordings and classified as proposed
by Shane (1990). Therefore, we were able to relate individual photo-identification data
and group behavioral states to each group’s acoustic emissions. Sea surface temperature

was recorded for each group, at the beginning of the photo-id process.

Data Analysis

Photo-identification

Dolphins were individually identified using standard photo-identification
protocols through the analysis of long-lasting marks on their dorsal fin (Hammond et al.
1990). During this process, individuals were classified into one of the three social units

of Lahille’s bottlenose dolphins from the PLE, according to Genoves et al. (in press):
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estuarine, northern and southern units. This approach allowed us to assess each social
unity’s acoustic repertoire. Some groups consisted of mixed social units, or of individuals

that could not be assigned to any of the units.

Acoustic parameters

Whistle parameters were measured using spectrogram display (Hanning window,
overlap 50%, FFT 512) on Raven Pro 1.5 (Cornell Laboratory of Ornithology, New
York). Whistles were treated as narrow-band tonal signals longer than 0.1s in duration
and were only considered in the analyses if not interrupted by more than 0.03s gaps, nor
affected by overlapping vocalizations or noise that could mask parameter measurements
(Lilly and Miller, 1961; Esch et al., 2009; Janik, et al. 2013). As the sequential whistles
could indicate signature vocalizations, our data were classified also based on its
sequential emission property, separated into classes of sequential whistles (S), first
sequential (FS) and non-sequential (NS). Sequential whistles were considered as narrow-
band tonal signals with the same contour, emitted in a gap <10s (Janik et al., 2013). Thus,
whistles of the same type occurring within this gap were assumed to be part of the same
set of sequential whistles, and those emissions that surpassed this interval were

considered a new sequential group of whistles.

Each whistle contour was identified and classified into five shape types of
frequency modulation: ascendant (AC), ascendant-descendant (AC-DC), descendant
(DC), descendant-ascendant (DC-AC), constant (CONST) and multi (MULTI) (Azevedo
etal., 2007). Inflection points were defined as a variation greater than 1kHz in the whistle
contour, changing from ascending to descending or vice-versa. Thus, CONST whistles

had a variation less than 1 kHz, AC-DC and DC-AC types had just one inflection point,
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and MULTI whistles contained more than one inflection point. Whistle emission rate was
estimated as the number of whistles emitted per record time, divided by the number of

individuals in the group.

We measured twelve acoustic parameters of whistles: duration, number of
inflection points, mean frequency, start frequency, end frequency, minimum frequency,
maximum frequency, frequency range (maximum frequency — minimum frequency),
center frequency, peak frequency, frequency at 1/4 of duration, and frequency at 3/4 of
duration. We estimated the mean frequency as an average of start, end, maximum and
minimum frequencies. The number of inflection points was counted visually and the
minimum, maximum, start and end frequencies were measured manually in Raven. All
frequency parameters were measured in kilohertz (kHz), and the duration in milliseconds

(ms).

Statistical modeling

Exploratory data analysis was performed to identify outliers, collinearity and other
potential problems in the dataset (e.g. Zuur et al., 2010). In order to assess representative
repertoires from each social unit, we used data only from photo-identified groups of
estuarine, northern and southern dolphins. Also, we selected only FS and NS whistles to
avoid potential biases from signature whistles which, as reported elsewhere (Cook et al.,
2004, Watwood et al., 2005), can represent nearly 50% of whistles recorded in free-
ranging dolphins. For each acoustic parameter, we calculated the mean, standard
deviation, median, maximum and minimum values. A chi-square test was used to

compare the frequency of whistles in each contour category, between the three social
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units (X%; o = 0.05), where larger the X? value, greater the difference between sites (e.g.

Bazla-Duran, 2004).

Generalized linear models (GLMs) (e.g. Zuur et al., 2009) were used to investigate
if the mean values of each whistle parameter differed among social units. Except for the
number of inflection points, all others parameters consisted of continuous response
variables and were modeled with a Gamma error distribution and log-link function. The
number of inflection points was modeled as a discrete variable with a quasi-Poisson error
distribution and logarithmic link function. The social units were included as categorical

covariates in each model.

Generalized additive models (GAMs) were fitted to assess the influence of the
following factors: group size, calf presence (CP, CA), surface behavior (F, T, T-F and S),
locality (estuary, north and south) and sea surface temperature (SST, expressed in Celsius
degrees) on each of the measured whistle parameters, and also on whistle emission rate.
Similar to the GLMs, we modeled the number of inflection points with a quasi-Poisson
and the other acoustic parameters and whistle emission rate with a Gamma error
distribution and logarithmic link function. Group size and SST were included as smooth
terms with the basis dimensional parameter (k) set to 4, to restrain the undulations of the
smoothing functions (e.g. Wood, 2017) and thus obtain more ecologically defensible
functional relationships. All other variables were included as categorical explanatory

variables.

All statistical procedures were performed in R (The R Foundation for Statistical
Computing, Vienna, Austria, http://www.r-project.org) through the RStudio interface

(version 3.5.1). The GAMs were fitted using the R package ‘mgcv’ (Wood, 2017). Model
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selection was based on Akaike Information Criterion (AIC), explained deviance, and a
visual examination of residual plots, and followed a backfitting procedure (see Zuur et

al., 2009; Wood, 2017).

Results

Acoustic recordings were acquired during 22 field surveys on the PLE and
adjacent areas, totalizing 18h and 54min of recordings from 64 group encounters. A total
of 5304 whistles were recorded, of which 1926 presented a good signal-to-noise ratio and
were, therefore, considered of high quality for further analysis. Of these, 1109 (57.6%)
were represented by sequential whistles (FS and S), and 193 (10%) were considered
adequate for analyses on the social units, as they included only groups with known
individuals and only non-sequential and first sequential whistles. This data subset totaled
127 whistles from the estuarine, 36 from the northern and 30 from the southern social
units (Table 1). The estuarine social unit presented more types of sequential whistles in
comparison to the coastal units. Still, unique stereotyped whistles were also identified for

both southern and northern social units (Table 1).

Table 1. Field surveys effort for each social unit of Lahille’s bottlenose dolphin in
southern Brazil.

Social units
southern northern estuarine
Groups recorded 4 4 37
Duration of acoustic recordings (min) 82.25 85.13 467.03
Good quality whistles 93 49 1031
Total whistles analized per social unit 30 36 127
Sequential whistles types 7 4 60
Unique sequential whistles 2 1 47

Number of photo-identified dolphins 17 14 43
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Whistle contour frequencies for each of the six types of frequency modulation
varied significantly among social units (Table 2). In particular, southern dolphins
demonstrated to have 40% of descendant-ascendant whistles, and both multi and
ascendant-descendant represented 23.33% of the whistle shapes. Interestingly, northern
ones showed 38.89% of the ascendant type whistles and a distinct expression of 16.67%
for constant vocalizations. The estuarine dolphins demonstrated greater percentage of
shapes for the multi and ascendant-descendant types, represented by 28.35% and 25.20%,

respectively.

Table 2. Chi? test (X?) for contour frequency comparisons among socials units and their respective p value.

Social Ascendant- e Contt)(;licr:ec:ctiz%(t)-ry Total Y o
units Ascendant descendant Descendant ascendant Multi Constant number P value X?
Southern 3 7 1 12 0 30
Northern 14 4 4 5 3 6 3  P<0001 4339
Estuarine 18 32 16 23 36 2 127
Total 35 43 22 40 46 8 193

Descriptive statistics for all measured acoustic parameters of whistles from the
three social units, as well as for all whistles combined (including FS and S, and groups
with non-identified individuals and with dolphins from distinct social units) are detailed
in Table 3. Interestingly, the highest value of maximum frequency for estuarine dolphins
surpassed those for the coastal units by more than 5 kHz (22.24 kHz) (Table 3), although
their mean values were not so discrepant. Whistles with more than one inflection
represented 29% of the whole data (n=1926), and thirteen vocalizations had more than
ten inflection points, during T, F and T_F surface behaviors. Of all acoustic parameters,
the number of inflection points and whistle duration expressed the highest coefficients of

variation.
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Table 3. Descriptive statistics for acoustic parameters of Lahille’s bottlenose dolphin whistles in southern Brazil, for southern,
northern and estuarine social units (n=30; n=36 and n=127, respectively) and the overall whistles considered as good quality
(n=1926). Values as they are expressed: mean (£S.D.); median (minimum and maximum values) and the coefficient of variation

in percentage. The frequency variables were measured in kHz and the duration in ms.

. Social units
Whistle parameters Southern Northern Estuarine Overall
Initial frequency 10.13+3.10 7.12+2.96 7.83+3.69 8.27+3.98
10.40 (4.47-14.69) 5.95 (3.73-15.75) 6.98 (2.10-20.87) 6.99 (1.04-21.11)
31% 42% 47% 48%
End frequency 6.70+£2.77 8.89+4.13 7.60+4.06 6.9+4.08
6.60 (2.35-13.88) 8.26 (1.88-16.66) 6.67 (1.88-21.56) 5.24(0.67-22.2)
41% 46% 53% 59%
Minimum frequency 3.75+0.71 5.50+2.20 4.77+£2.03 4.28+1.49
3.40 (2.35-4.98) 5.42 (1.90-14.84) 4.36 (1.79-14.18) 3.71 (1.04-14.84)
19% 40% 43% 35%
Maximum frequency 13.18+1.51 11.00+3.25 12.34+3.73 12.25+3.81
13.10 (10.02-15.92) 11.77 (4.66-16.66) 12.61 (4.75-22.25) 12.77 (3.94-22.25)
11% 30% 30% 31%
Frequency range 9.43+1.64 5.50+2.70 7.57+4.07 7.98+3.74
9.81 (5.13-11.43) 5.86 (0.60-9.77) 7.38 (0.79-19.03) 8.16 (0.54-19.03)
17% 49% 54% 47%
Center frequency 7.57+2.11 7.53+2.34 7.21+2.43 6.84+2.32
6.94 (4.88-12.56) 7.50 (3.38-15.38) 6.94 (3.38-16.78) 6.75 (1.88-16.78)
28% 31% 34% 34%
Peak frequency 8.63+2.83 7.63+2.84 6.82+2.69 6.75+2.89
7.04 (4.88-14.63) 6.99 (2.25-15.19) 6.28 (3.00-16.59) 6.38 (1.5-18.75)
33% 37% 39% 43%
Frequency at ¥ of duration 5.99+1.35 6.83+2.30 6.13+2.20 5.71+1.89
5.63 (3.56-9.00) 6.67 (2.63-15.19) 5.81 (3-16.13) 5.44 (1.69-16.13)
22% 34% 36% 33%
Frequency at ¥ of duration 9.17+2.22 8.56+2.73 8.82+2.80 8.46+2.82
9.10 (6.00-13.69) 8.68 (3.94-15.56) 8.81 (3.56-18.00) 8.44 (2.63-18)
24% 32% 32% 33%
Mean frequency 8.30+0.88 7.90£2.57 8.51+2.41 7.9+2.2
8.35 (6.45-9.94) 7.64 (4.10-15.67) 8.63 (3.72-17.87) 7.95 (2.78-17.87)
11% 33% 28% 29%
Duration 0.59+0.72 0.41+0.36 0.79+0.47 0.69+0.42
0.38 (0.22-3.38) 0.27 (0.05-1.43) 0.74 (0.16-4.27) 0.59 (0.05-4.27)
121% 89% 60% 61%
Number of inflection points 1.93+3.29 0.42+0.65 1.30+1.35 1.31+1.78
1 (0-16) 0(0-2) 1 (0-6) 0 (0-16)
170% 155% 104% 136%

Results of the generalized linear models used to investigate differences in the

acoustic parameters among the three social units are shown in Table 4. The intercept is

an estimate of the estuarine unit as the reference category. Most whistle parameters varied

significantly across social units. The model for frequency range demonstrated significant

p values for both coastal units, with the southern unit showing higher (p < 0.05) and the

northern unit lower (p < 0.001) mean values than the estuarine unit. Initial, peak and

minimum frequencies were significantly different (all p < 0.01) only between estuarine
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and southern units, with the southern unit presenting higher mean values for the first two
parameters and lower minimum frequencies. Maximum frequency (p < 0.05), whistle
duration (p < 0.001) and the number of inflection points (p < 0.01) differed only between

northern and estuarine units, with the former having all values lower than the latter.

Table 4. Results of the generalized linear models (GLMs) with estimates and p values of coefficients for each
of the nine acoustic parameters used as response variables in the models in relation to the three social units.

The intercept refers to the estuary unit as the reference category.

Social Units

Whistle parameter Intercept Southern Northern

Estimate p Estimate p Estimate p
Initial Frequency 2.05862 Fkx 0.25659 el -0.9571 0.25
End Frequency 2.02743 **kx-0.12592 0.221 0.15737 0.101
Minimum Frequency 1.56121 *HRx - -0.23945 kel 0.14455
Maximum Frequency 2.51267 Fhx 0.06596 0.248 -0.11424 *
Frequency Range 2.02459 falalad 0.21924 * -0.31989 fakalad
Center Frequency 1.97624 Fhx 0.04804 0.466 0.04258 0.487
Peak Frequency 1.9194 falalad 0.2355 kel 0.11251 0.12
Duration -0.23702  *** -0.2861 : -0.65323 Fxk
Inflection point 0.2618 * 0.3975 . -1.1372 *x

Where *** = p <0.001; **=p<0.01; *=p<0.05and . =p<0.1

Results of the generalized additive models for nine whistle parameters and
emission rate are expressed in Table 5. No collinearity was detected between the
explanatory variables. Here we used the complete data set of 1926 whistles from 64
dolphin groups to model whistle parameters as a function of biotic factors. The partial
effects of the linear terms and the estimated smooth functions are presented separately for
each selected explanatory variable and combining all models together to give an idea of
how they varied for each parameter (Fig. 2, 3, 4, 5 and 6). The intercept represents the
reference categories of the categorical explanatory variables (i.e. feeding, calf absence
and estuary region). In general, the deviance explained by the models was relatively low,

suggesting that other important covariates that would help to explain variability in whistle
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parameters might be missing from the models. The model for the emission rate presented
the highest explained deviance, of 30%. Group size was the only significant variable for
this model, but the categorical variable location was also kept improving model fit (i.e.,

lower AIC and better distribution of residuals).

Surface behavior showed significant relationships for most whistle parameters,
except for the number of inflection points and emission rate (Table 5, Fig. 2). Whistles
emitted during traveling presented lower values than feeding for minimum, final,
maximum, center and peak frequencies (all p < 0.001). Whistles recorded during travel-
feeding (T_F) had significantly lower values than feeding for all frequency parameters
and duration. Socializing was significantly different from feeding for initial, final and
minimum frequencies, with lower initial frequency and higher minimum and final
frequencies. Undefined surface behavior was significant for initial and final frequencies,

and whistle duration (Table 5, Fig. 2).

Whistle duration and number of inflection points decreased on average when
calves were present, whereas minimum and maximum frequencies were on average
higher in the presence of calves (Table 5, Fig. 3). In general, whistles recorded along the
coastline, in the north and south localities (not to be confused with the social units)
showed significantly lower frequencies in comparison to the estuarine region, except for
center frequency and the number of inflection points. In particular, the number of
inflections was significantly higher for whistles recorded in the southern adjacent area in

relation to the estuary.

The smooth terms group size and SST also showed significant relationships across

most acoustic parameters (Table 5). Initial frequency tended to decrease with increasing
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group size, whereas the number of inflection points and peak and center frequencies
increased with group size (Fig. 5). Minimum frequency had its lowest values around 15
to 20 individuals, and whistle duration peaked around 8 individuals (Fig. 5). Emission
rates were higher at smaller group sizes, suggesting that as the number of individuals in
the group increase, the number of whistles emitted per individual tend to decrease (Fig.
5). Regarding SST, all models with this variable selected indicate that acoustic parameters
tended to decrease at initial temperatures reaching lowest values between 16 and 18

degrees Celsius, followed by an increasing tendency and peaking around 22°C (Fig. 6).

Table 5. Summary of the generalized additive models results, where the explanatory variables used for each model are identified as factors
or smooth functions (S) along with their estimated degrees of freedom in parentheses. Approximate p-value significance and estimates of
coefficients are as follows: dashes represent variables that were not selected in the final model. Percent deviance explained and adjusted

R? are also expressed for all models.

Explanatory variables %

2

Acoustic variable Surface behavioral states Local Explained .
intercept clf_  to@l  group. oo deviance lusted
T TF S IND PreSence north  south  SiZ€
Initial frequency * %% * ok ok * ok ok * * ok ok * kK * *ok ok
- 12.8 0.128
2.371 0.031 0.169 0.263 0.099 -0.195 -0.168 S(1.7) S(2.9)
End frequency % %k k % %k k * % %k k * k% %k
- - - - 10.4 0.103
1.968 0.293 0.091 0.386 0.12 S(2.9)
Minimum frequency % %k k % %k k % %k k * * %k %k % * k% %k
13.7 0.114
1.616 0.286 0.124 0.13 0.02 0.04 -0.098 -0.043 S(2.9) S(3)
Maximum frequency % % % % % % % % % * % %k % % % % % %
- 9.18 0.102
2.648 0.111 0.137 0.027 0.021 0.04 -0.129 -0.068 S(3)
Frequency range * kK * kK * kK . *ok K
- - 4.35 0.055
2.219 -0.01 0.126 0.055 0.013 -0147 -0.07 S(2.9)
Center frequency % %k k % %k k % %k k k% * k% %k
- 11.8 0.112
1.988 0.188 0.145 0.081 0.017 0.019 0.074 S(1.9) S(3)
Peak frequency *ok ok *ok ok *ok ok *kk *kk
- - - 8.57 0.074
2.042 0.181 0.212 0.037 0.049 S(2.9) S(2.9)
Duration * k% %k * k k% %k k k% %k k% %k
8.48 0.067
-0.006 0.014 0.088 0.076 0.457 -0.088 -0.275 -0.224 S(2.9) S(2.9)
Inflection points . *ok ok *ok ok * %k * %k
- - - - 8.76 0.062
0.203 0294 008 0513 S(3) S(2.9)
Emission rate ko *kx
- - - - - - 30 0.036
-1.358 0.547 -0.072 S(3)

Where *** =p <0.001; ** =p<0.01; *=p<0.05 and.=p<0.1
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Figure 2. Partial effects of the explanatory variable surface behavioral states from each of the selected generalized
additive models (GAMs) fitted to Lahille’s bottlenose dolphin whistle parameters.
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4. Discussion

Our results show that Lahille’s bottlenose dolphins present a rich vocal repertoire,
including stereotyped whistles and variable whistle contour shapes and acoustic
parameters. While some similarities were observed, most whistle parameters differed

among the three social units living in the PLE region.

Variation in whistle frequency contours (see Table 2) has also been reported for
bottlenose dolphins from different locations along the coast of the Gulf of Mexico, where
such differences corresponded to the degree of movement of animals between sites
(Bazua-Duréan, 2004). However, the author suggests that the interaction between dolphins
from different areas was not the only factor that promoted whistles variation. Whistle
contour distributions also varied for different populations of Guiana, Sotalia guianensis
(Azevedo and Van Sluys, 2005), and spinner, Stenella longirostris (Bazua-Duran, 2004)
dolphins, but did not follow the same pattern with distance between populations as
observed for bottlenose dolphins, implying a different whistle system (BazlUa-Duran,

2004, Azevedo and Van Sluys, 2005).

The significant differences we observed in most whistle parameters among the three
social units indicate microgeographic variations in their vocal repertoire. Delphinid
whistles are known to vary both among and within populations of the same species (Ding
et al., 1995; Bazla-Duran & Au, 2004; Azevedo & Van Sluys, 2005; Morisaka et al.,
2005a; Samarra et al., 2015). In general, duration and the number of inflection points
seem to have relatively high intra-population or intra-specific variability in comparison
to whistle frequency variables, as they may be modulated to add additional information
to communication (Steiner, 1981; Ding et al., 1995; Azevedo & Van Sluys, 2005;

Morisaka et al., 2005a). Indeed, duration and the number of inflections also had the
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highest coefficients of variation in our study (Table 3), what could mask potential
differences among the social units for these parameters. Nevertheless, both parameters
were significantly higher for the estuarine unit in relation to the northern. For the southern
unit, although mean duration was also lower than in the estuarine dolphins, the difference
was not significant (GLM, p < 0.1). The PLE region is a semi-close area, with intense
traffic of commercial and fishing boats, which differs from the open coastline. Longer
whistle duration might be a vocal adaptation to noisy soundscapes that could drive
intraspecific differentiation (Ding et al., 1995). Foote et al. (2004) also observed longer
whistles for three social groups of orcas expose to boat traffic in the nearshore waters of
Washington state (USA), suggesting a communication response to anthropogenic noise

as it reaches a critical level for the animals.

Of all parameters, frequency range seemed to differ the most among the three units, as it
was significant for both northern and southern dolphins in relation to the estuarine unit,
and with opposing relationships. Other variables such as initial, minimum, maximum and
peak frequencies also differed between two of the three units, suggesting additional
microgeographic differences in vocal parameters. Frequency variables are also
considered key factors to distinguish populations (Morisaka et al. 2005a; Azevedo & Van
Sluys, 2005; Rossi-Santos & Podos, 2006), even though they seem to have less
importance at the individual differentiation level (Bazua-Duran & Au, 2004). End and
center frequencies, however, did not differ among the social units, indicating common
whistle characteristics among neighboring populations. The acoustic capacity to adapt to
changes within societies, environments and species assemblages may indicate the
plasticity aspect of their communication and should reflect in some of their whistle

characteristics (May-Collado, 2010). Nevertheless, factors as specific associations within
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populations, soundscape environments, genetic and morphological differences and
behaviors may drive repertoire distinctness and promote the development of different
cultures (Bazua-Duran & Au, 2004; Whitehead & Rendell, 2015). Coastal bottlenose
dolphins are known to travel large distances for different purposes (Wells et al., 1990;
Robinson et al., 2012), so the contact with individuals from different populations could
represent an opportunity for vocal exchange and culture transmission among them
(Whitehead & Rendell, 2015). In South America, roundtrips of about 600km were
recorded for bottlenose dolphins in Argentina (Wirsig & Wirsig, 1979), and dolphins
known from the Uruguayan coast (Laporta et al., 2016) have been identified more than
200 km away, at the coastline adjacent to the PLE, in southern Brazil (Genoves et al., in
press). Moderate genetic contact among some communities within the SB-U
metapopulation has also been identified (Fruet et al., 2014), providing further evidence
of connections among them. Nevertheless, despite living in a fission-fusion social system
(Wells & Scott, 2018), strong long-term associations among Lahille’s bottlenose dolphin
individuals within each social unit at the PLE (Genoves et al., in press), might contribute
to the development of unique vocal repertoires. In addition, each social unit demonstrated
having some specific stereotyped whistles (Table 1). Stereotyped whistles are related to
a characteristic form of individual communication, constructed throughout life by each
dolphin, expressed as sequential vocalizations (Janik 2009, Janik et al., 2013),
contributing to reinforce the observed distinction between social units. Curiously, the
southern unit had more modulated signals, accounting for all whistles with more than six
inflection points. However, the estuarine unit had a higher coefficient of variation for all
whistle parameters in general, which may suggest greater complexity of their

vocalizations. Our findings suggest that social structure may drive whistle variability
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among dolphin communities with overlapping ranges, as proposed by Whitehead &

Rendell (2015).

We also showed variables that influenced whistle emissions. Surface behavior was
associated to variation in most whistle parameters (Table 5). Vocal adjustments as a
function of behavioral states are often report for bottlenose dolphin and other delphinids
(Weilgart & Whitehead, 1990; BazUa-Durdn & Au, 2004; Quick & Janik, 2008; May-
Collado, 2013; Heiler et al., 2016). Lahille’s bottlenose dolphin demonstrated downward
shifts of fundamental frequencies (e.g. initial, final, minimum, maximum and center
frequencies) during traveling and travel-feeding throughout the area. Several studies
reported lower vocal activity during traveling than when dolphins are socializing or
foraging (Jones & Sayigh, 2002; Cook et al., 2004; Quick & Janik, 2008). Cook et al.
(2004) suggest that the way dolphins communicate during traveling seems to be an
important factor in these changes observed in whistles, where physical or visual contact
may play an important role in joint displacements. Janik & Slater (1998) also noted that
bottlenose dolphins rarely use signature whistles when traveling. For some of the
parameters, dolphins seemed to use relatively higher frequency calls when performing
arousal behaviors, such as feeding and socializing (Fig.2). This finding corroborates with
vocal patterns expressed by several mammalian species, where upward shifts in
fundamental frequencies are observed related to aroused behavioral states (Briefer, 2012).
The increase in frequencies of whistle parameters to avoid masking and maintain the
information exchange is reported for this species (Janik, 2009). Audible vocalizations
during feeding behaviors may have many advantages for dolphins, as specific whistles
may not just coordinate group cohesion and attract conspecifics (Janik, 2009), but also

transmit additional context-specific information beyond individual recognition (Janik et
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al., 1994). However, further studies are necessary to address specifically signature whistle
emissions of Lahille’s bottlenose dolphins and how they might be related to variability in

whistle emission parameters.

The presence of calves was not significant for many of the GAM models, but
resulted in a negative relationship for structural parameters, like duration and inflection
points, and a positive relationship with fundamental frequencies like minimum and
maximum frequencies (Table 5). Fripp and Tyack (2008) described the vocalizations of
captive calves during their early stages of life, reporting that they usually emitted whistles
with lower frequencies. The frequency values found in the present study are in contrast
with other studies conducted with wild animals, which described descending changes in
the end and minimum frequencies of whistles when the calves were present in the groups
(Heiler et al., 2016). Nevertheless, some studies with bottlenose dolphins have suggested
that structural characteristics of whistles, such as duration and inflection points, increase
with age and thus younger dolphins would tend to emit less complex and shorter whistles
(Caldwell and Caldwell, 1979; Caldwell et al., 1990). This might explain the shorter

duration and lower number of inflection points we observed in the presence of calves.

Location helped explaining most whistle parameters (Table 5, Fig. 4). This result
also suggests that there is a possible vocal adequacy to the estuary region, where dolphins
seemed to whistle longer and use higher frequencies to communicate than in the adjacent
coastline, increasing fundamental frequencies (initial, minimum, maximum frequencies
and frequency range) regardless of the social unit. Therefore, this adds support to the
hypothesis that dolphins may be altering their vocal behavior in the estuary due to boat
traffic, as observed previously on this work for resident dolphins of the PLE. The acoustic

soundscape of the PLE has never been studied, however, it is a region of intense daily
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boat traffic, port activities (e.g. construction of oil platforms), and eventual dredging of
the main canal. As previously pointed out, dolphins can change their communications
when under stress, modifying their vocal behavior (Janik, 2009). Earlier studies have
shown the influence of noise on whistles parameters, suggesting that dolphins are capable
of adjusting their communication signals in order to avoid masking information
(Morisaka et al., 2005b; Ansmann et al., 2007; Heiler et al., 2016; van Ginkel et al.,
2017). Energy produced by boat engines, for example, may overlap with dolphin
vocalizations, particularly whistles that present similar frequency ranges (Richardson et
al., 1995; May-Collado and Quifiones-Lebron, 2014). Yet, some studies have suggested
a decrease in whistle duration in noisy environments (Buckstaff, 2004; Luis et al., 2014).
The north and south areas where vocalizations were recorded consist of an open coastal
region characterized by a wave energy dissipation profile, where its exposure and
geomorphological composition (sand bars characterized mainly by fine sediments such
as sand and mud) (Calliari et al., 1996; Calliari et al., 2007) can contribute to noise
attenuation. Future research comparing soundscapes between PLE and the northern and

southern areas of this study might help test the noise hypothesis.

The smooth term for group size had significant effects on seven of the ten GAM
models, (Table 5, Fig. 5). A general downward trend was observed for the initial
frequency. Lahille’s bottlenose dolphins also seemed to increment the number of
inflection points and produce longer whistles when groups got larger, peaking around ten
individuals for both, and then continuing to increase with group size more clearly only in
the case of inflection points. We also found that the number of whistle emissions per
dolphin tended to decrease when the group got larger. The contrary relation was suggested

by other studies with small groups, as observed for the Tursiops truncatus (Cook et al.,
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2004; Jones and Sayigh, 2002) and the dolphins Sousa chinensis (Van Parijs et al., 2002).
Nevertheless, our results corroborate other studies with bottlenose dolphins, which report
that in groups with more than 5-10 bottlenose dolphins, individual whistle rates do not
change or begin to decrease with increasing groups size (Jones and Sayigh, 2002; Quick
and Janik, 2008; Hawkins and Gartside, 2010; Luis et al., 2016). Janik (2009) suggests
that dolphins restrict their emission of acoustic signals to the minimum necessary when
levels of acoustic interference begin to impair their transmission of information. Given
the potential masking effect of acoustic signals when many whistles are emitted over the
same period, it is argued that there may be a limit, in larger groups, where communication
begins to collapse and efficiency in information exchange decreases, forcing dolphins to
adjust their communication (Quick and Janik, 2008; Janik et al., 2009). This limit was
more distinctive for peak frequency, where it is possible to observe the downward change

around 17 individuals (Fig. 5).

The smooth term of sea surface temperature was significant in all models except
the emission rate (Table 5), and shows a very similar pattern overall, with lower values
around 17°C and higher values around 22°C (Fig. 6). We believe this pattern partially
represents the seasonal pattern in temperature, but it may also be related to how efficiently
sound travels as a function of water density (Au and Hastings, 2008; Shekaari et al.,

2008).

In conclusion, our results indicate microgeographic variation in the whistle
repertoire of Lahille’s bottlenose dolphins in southern Brazil, adding support to the
distinction of the three social units initially proposed by Genoves et al. (in press). We
also provided, for the first time for Lahille’s bottlenose dolphins, information on the

influence of biotic and abiotic variables on their acoustic parameters. The significant
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relationships of several of the explanatory variables with the whistle parameters used as
response variables seemed, in general, ecologically sensible and were supported by other
studies (BazUa-Duran & Au, 2004; Quick and Janik, 2008; Heiler et al., 2016). Yet, the
explained deviance of the GAM models was relatively low, suggesting that additional
covariates that might explain part of the observed variance are missing in our study.
Future studies should try to identify these variables, perhaps by including additional
habitat variables, such as water turbidity and salinity, and also information at the
individual level such as strong and weak social alliances and the production of distinct

signature whistles.
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