UNIVERSIDADE FEDERAL DE SANTA CATARINA
CENTRO DE CIENCIAS BIOLOGICAS
PROGRAMA DE POS-GRADUACAO EM ECOLOGIA

CLARISSA RIBEIRO TEIXEIRA

Ecologia tréfica do boto-cinza, Sotalia guianensis: padroes temporais,

espaciais e individuais

FLORIANOPOLIS
2021



Clarissa Ribeiro Teixeira

Ecologia tréfica do boto-cinza, Sotalia guianensis: padroes temporais,

espaciais e individuais

Tese apresentada ao Programa de Pos-
Graduacao em Ecologia, da Universidade
Federal de Santa Catarina, como requisito
parcial a obtencao do titulo de Doutor em
Ecologia

Orientador: Prof. Dr. Paulo César de
Azevedo Simdes Lopes

Coorientadores:  Prof.  Dr.  Fabio
Gongalves Daura Jorge e Profa. Dra.

Silvina Botta

Floriandpolis

2021



Ficha de identificacdo da obra elaborada pelo autor, através do Programa de Gerac&do Automaéatica da
Biblioteca Universitaria da UFSC.

Teixeira, Clarissa Ribeiro

Ecologia trdéfica do boto-cinza, Sotalia guianensis:
padrdes temporais, espaciais e individuais / Clarissa
Ribeiro Teixeira ; orientador, Paulo César de Azevedo
Simdes Lopes, coorientador, Fabio Gongalves Daura Jorge,
coorientador, Silvina Botta, 2021.

145 p.

Tese (doutorado) - Universidade Federal de Santa
Catarina, Centro de Ciéncias Bioldgicas, Programa de Pbs
Graduacdo em Ecologia, Floriandpolis, 2021.

Inclui referéncias.

1. Ecologia. 2. Ecologia. 3. Ecologia Trdéfica. 4.
Isétopos Estaveis. 5. Nicho Isotdépico. I. Simdes Lopes,
Paulo César de Azevedo. II. Daura Jorge, Fabio Gongalves
III. Botta, Silvina 1IV. Universidade Federal de Santa
Catarina. Programa de Pds-Graduagdo em Ecologia. V. Titulo.




CLARISSA RIBEIRO TEIXEIRA

Ecologia trofica do boto-cinza, Sotalia guianensis: padroes temporais, espaciais

e individuais

O presente trabalho em nivel de doutorado foi avaliado e aprovado por banca

examinadora composta pelos seguintes membros:

Prof.* Rocio Loizaga de Castro, Dr.?

Centro Nacional Patagdnico

Prof.* Danielle da Silva Monteiro, Dr.?

Universidade Federal do Rio Grande

Prof. Renato Hajenius Aché¢ de Freitas, Dr.

Universidade Federal de Santa Catarina

Certificamos que esta ¢ a versao original e final do trabalho de conclusdo que foi

julgado adequado para obtencao do titulo de doutor em Ecologia.

Documento assinado digitalmente

Andrea Santarosa Freire
Data: 10/02/2021 14:21:19-0300
CPF: 844.565.237-00

Prof.® Dr.* Andrea Santarosa Freire

Coordenadora do Programa

Documento assinado digitalmente

Paulo Cesar de Azevedo Simoes Lopes
Data: 10/02/2021 10:54:12-0300
CPF:500.281.620-72

Prof. Dr. Paulo César de Azevedo Simdes Lopes

Orientador

Florianopolis, 2021



AGRADECIMENTOS

Este doutorado ¢ a soma de muitos, e muuitos quildmetros rodados. Mas esta (longa)
caminhada me proporcionou momentos unicos ao lado de pessoas incriveis, que me ensinaram
tanto (sobre a vida, golfinhos e claro, is6topos estaveis) e tornaram esta trajetoria ainda mais
divertida. A todos que conheci em Maceid, Sao Paulo, Floriandpolis, Laguna, Rio Grande,
Curitiba, Albuquerque, California, Barcelona, Argentina e Chile: esta tese tem um pedacinho
de cada um de vocés. Obrigada por caminharem ao meu lado.

Primeiro, gostaria de agradecer aos meus orientadores Paulinho e Fabio. Pela
paciéncia, por tantos ensinamentos e principalmente pela empatia nos momentos dificeis.
Aprendi e cresci muito com vocés, e sempre lembrarei da oportunidade e confianga que vocés
depositaram em mim.

A minha coorientadora Silvina Botta. Por sempre ter uma palavra de apoio (e me
socorrer tantas vezes até via WhatsApp) e trazer o lado humano para a ciéncia. Vocé ¢ um
grande exemplo de mulher/pesquisadora/mae para mim!

A minha familia, pelo amor e apoio incondicional. Em especial aos meus padrinhos
(Vo6 Deni e V6 Dedé), Vo Lola, meu irmao Lucas, meu pai Ricardo e minha mae Alice. Aos
meus pais, por serem meus maiores exemplos de determinacdo, carater e resiliéncia. Por
acreditarem tanto em mim e se desdobrarem em mil para que eu pudesse chegar aonde cheguei
e correr atras dos meus sonhos malucos de bidloga.

Ao Andreas, parceiro desta e de tantas outras caminhadas. Pelo teu exemplo de pessoa
e companheirismo. Obrigada, por me apoiar a seguir meus objetivos ao longo destes 14 anos.

Minha “marida” Lorena. Pela sintonia, pelos momentos incriveis morando juntas e
por viver comigo (literalmente) todas as experiéncias do doutorado. Obrigada por me ajudar a
ver a vida com outros olhos e lidar com ela de uma maneira mais madura. Agradeco também
ao Henrique, por desde o comeco ter aberto as portas para que eu sempre tivesse um cantinho
nesse lar.

As amigas de uma década: Amandinha, Aninha (filits), F14, e claro, minhas belugas.

A Carol, por me ensinar a respirar, encerrar ¢ comecar novos ciclos e entender tantos
processos..

Minha amiga e parceira de trabalho, rolés, viagens, Luiza Pereira. Por explorar o
mundo isotdpico comigo e tornar tudo tdo divertido. Que a gente siga se transformando e

trabalhando juntas sempre!



Ao grupo V&Q: Lorena, Maristela, Alessandra, Aline, Macarena ¢ Nina. Que nossa
amizade persista independente dos caminhos que tragamos, sejam eles na Argentina, Espanha,
Brasil... obrigada pelas risadas, pela parceria maravilhosa e inumeras comemoragdes (ou
lamentacgoes).

Aos amigos da pds-graduagdo, em especial: Z¢, Luis, Leo, Brisa, Grazi, May, Edu,
Lidi e Leticia (aeglinhas), Rodrigo, Bigo e Ide, Ricardo, Wally, Andrei.

A todos do LAMAQ, ¢ um prazer fazer parte dessa equipe. Em especial ao Jodo e
Maca, por separarem o0s 0ssos para me enviar nos EUA (na semana do natal), ao Mauricio
Cantor e ao Ale, pelas discussoes filosoficas, questionamentos e ideias que se transformaram
em capitulos desta tese. E claro, a todos da casinha em Barcelona.

As amizades fortalecidas durante o periodo pandémico: Thaixx, por me mostrar um
novo significado para a palavra “lar”. Obrigada por ter sido meu lar nesse periodo dificil. E a
Ju, por toda a aventura que estamos vivendo juntas. Obrigada por me ensinar tanto apenas sendo
voce.

To my foreign advisor Seth Newsome. Thanks for giving me the opportunity to learn
so much about the isotope voodoo and for the great experience of working with you and your
teamwork: Emma, Alexi, John, Christina, and Christie.

Y a Rocio, por todos esos momentos divertidisimos en tantos lugares del mundo
(Chile, Puerto Madryn, Alburquerque) que por casualidad nos encontramos durante mi
doctorado!

To all the amazing people from the Center for Stable Isotopes (CSI) — Zac, Laura, and
my dear friend Viorel. Thanks for all your patience, and for teaching me so much!

To my communist house in Albuquerque —Sanda, Jose, Nikhil, Jullur and Luis. Thanks
for being my family during this period.

To my special friends in ABQ: Marina and Andressa. Thanks for being my support,
for teaching me so much about feminism, for all the (huge amount of) coffee, road trips that
lead to nowhere, and for the long philosophical talks (what is love?)

To my friends in California: Dylan, Paul, Bandit (of course) and special thanks to
Connor, for making me feel so welcome at your house, for giving me the opportunity to work
in the UC — Santa Barbara and the experience to live in California (even for such a short period
of time!).

A todos aqueles que, sem me conhecer, me cederam um cantinho da sua casa para que

eu pudesse visitar outros laboratorios: Jodo, Iti e Samantha!



A todos os laboratorios e professores que abriram suas portas e colaboraram nesse
projeto: Eduardo Secchi (FURG), Pedro Castilho (Laguna) e Zac (Center for Stable Isotopes)
por emprestarem os equipamentos necessarios ao corte das amostras. Ao prof. Dr. Francisco
William da Cruz Junior (USP), prof. Dra. Nidia Fabré (UFAL) e Dr. Garreth Seward (UCSB)
pelo empréstimo do Micromill.

Ao Programa de Pos-Graduacdo em Ecologia da Universidade Federal de Santa
Catarina e a todos os professores e pos doutorandos por todo o aprendizado durante o curso.
Em especial a Karla Scherer por toda a ajuda e apoio ao longo das coletas, e Gisele Ribeiro pelo
auxilio em identificar as espécies de peixes, e me ajudar em tantas manhas rodando a ilha para
encontrar pescadores dispostos a me ajudar!

Aos orgaos financiadores deste projeto: a Society of Marine Mammalogy (SMM) e
Cetacean Society International (CSI) pelos Grants concedidos, a Coordenagdo de
Aperfeicoamento de Pessoal de Nivel Superior (Capes) pela bolsa durante estes 4 anos e pela

bolsa-sanduiche concedida através do edital PDSE.



“You must live in the present, launch yourself on every wave, find your eternity in each
moment. Fools stand on their island of opportunities and look toward another land. There is

’

no other land; there is no other life but this.’

Henry David Thoreau



RESUMO

O conceito de nicho ecoldgico ¢ essencial para compreendermos como as espécies utilizam
recursos disponiveis no ambiente € como estes recursos estruturam as comunidades ecologicas.
A andlise de is6topos estaveis tem sido utilizada como uma aproximacdo para mensurar
algumas das n-dimensdes do nicho de uma espécie. Assim, o nicho isotopico utiliza como
coordenadas os valores de 8'°C e §'°N que registram tanto os recursos consumidos (5'°N)
quanto os locais de alimentacdo (5'°C). Estruturei esta tese em trés capitulos, partindo de uma
revisdo metodoldgica sobre a sele¢do, coleta, preservagdo e preparo dos tecidos de cetaceos
comumente utilizados para a analise de isdtopos estaveis. Reuni estas informagdes em um
roteiro que podera orientar futuras pesquisas e facilitar a padronizagao destes procedimentos
em diferentes laboratorios de pesquisa, viabilizando comparagdes entre espécies de cetaceos.
No segundo capitulo, utilizei valores de §'3C e §!°N em coldgeno 6sseo para avaliar a ecologia
alimentar e a potencial sobreposi¢do ou parti¢ao no nicho isotépico entre o boto-cinza (Sotalia
guianensis), toninha (Pontoporia blainvillei) e o ec6tipo costeiro do boto-da-tainha (Tursiops
truncatus gephyreus) na area de simpatria destas espécies na regido sul do Brasil. Utilizei
modelos de mistura isotopicas para quantificar a contribui¢do proporcional das principais presas
na dieta de cada espécie e avaliei potenciais variacdes na composi¢ao da dieta destas populagdes
que podem estar relacionadas ao aumento da pressdo da pesca nas ultimas trés décadas. A
toninha apresentou valores maiores de 8'°N e baixa sobreposicdo de nicho isotdpico com as
espécies de delfinideos (boto-cinza e o boto-da-tainha). Em contrapartida, o boto-cinza e o boto-
da-tainha apresentaram valores similares de §'°C e §'°N, resultando em uma alta sobreposico
1sotopica entre si. Esta variacao nas posicoes troficas e a baixa sobreposi¢ao entre a toninha e
delfinideos reflete o consumo de presas provenientes de diferentes tipos de habitat, uma vez
que a toninha se alimenta principalmente de presas pelagicas (e.g., anchovas), e os delfinideos
consomem principalmente presas demersais da familia Mugilidae (e.g., parati e tainha).
Algumas das espécies de presas que contribuem significativamente para a dieta destes golfinhos
(e.g., tainha) estdo ameacas pela sobreexplotacdo. Assim, potenciais mudangas na abundancia
dessas fontes de presas podem influenciar na composi¢do da dieta e selecdo de habitat entre
essas espécies simpatricas e, consequentemente, impactar a coexisténcia na regiao. No capitulo
3, utilizei valores de §'°C e §'°N em amostras de dentina obtidas ao longo das camadas de
crescimento do boto-cinza para avaliar variagdo na utilizagdo de recursos alimentares a nivel
populacional e individual pelas populacdes da Baia Norte, Baia da Babitonga e Rio Caravelas.

Os valores das métricas de nicho trofico (TNW, WIC, BIC e WIC/TNW) para os valores de



8N sugerem que a populagdo de Caravelas possui 0 maior nicho tréfico (TNW) quando
comparado as outras populagdes e ¢ composta por individuos especialistas. Este resultado da
suporte a hipotese de variagdao de nicho, a qual prediz que populagdes mais generalistas sao
mais varidveis em termos de utilizacdo de recursos alimentares e apresentam maior grau de
especializacdo individual. J& a populacdao da Baia Norte possui o nicho mais estreito comparado
as outras populacdes e ¢ composta por individuos generalistas. Este resultado pode estar
associado a coexisténcia e a alta sobreposi¢cdo de nicho isotdpico com o ecotipo costeiro do
boto-da-tainha, ambas também associadas a alta sobreposicao de area de vida entre individuos
da populacgdo de boto-cinza devido a organizacdo social caracterizada por um grupo grande e
coeso vivendo em uma area pequena e restrita da Baia Norte. Assim, tanto a potencial
competi¢ao inter- e intraespecifica podem atuar na restri¢do da expansao do nicho populacional
do boto-cinza na Baia Norte, limitando oportunidades de especializagdo individual. Assim
como na Baia Norte, a populagio de botos-cinza da Baia da Babitonga também possui um nicho
estreito, porém, ¢ composta por individuos especialistas, provavelmente devido ao menor
potencial competi¢do interespecifica com a toninha associada as diferencas no uso de habitat e
no consumo das principais presas. Estes resultados auxiliam na compreensao das estratégias de
forrageio realizadas pelo boto-cinza, e sugerem que a amplitude do nicho tréfico total da
populagdo e o grau de especializagdo individual da dieta podem ser influenciados por diferentes

fatores ecologicos (e.g., disponibilidade de recursos, competi¢do intraespecifica e area de vida)

agindo de maneira independente ou integrada.

Palavras-chave: isotopos estaveis, nicho isotopico, Sotalia guianensis, cetaceos, interacdes

troficas, ecologia alimentar



ABSTRACT

The concept of niche is essential for understanding how species use resources available in the
environment and how these resources structure ecological communities. Stable isotope analysis
has been used as a proxy to measure some of the n-dimensions of a species' niche in which §'*C
vs. 8'°N are the environmental axes that combine both habitat and resource related components.
I structured this dissertation in three chapters, starting with a practical guideline with suitable
techniques for sample preparation of biological tissues to be employed that can yield
methodological consistency of stable isotope analyses in cetacean species and hence, facilitate
interlaboratorial comparisons. In the second chapter, I used §'°C and 8'°N values in bone
collagen to assess the foraging ecology and potential dietary overlap among sympatric Guiana
dolphin (Sotalia guianensis), franciscana dolphin (Pontoporia blainvillei) and the coastal
ecotype of the bottlenose dolphin (Tursiops truncatus gephyreus) along the southern Brazilian
coast. I applied isotopic mixing models to quantify the proportional contribution of primary
prey sources to their diet and investigated potential historical dietary shifts that may be related
to increased fishing pressure on some of their primary prey species during the last three decades.
The franciscana dolphin showed higher values of §!°N and low isotopic niche overlap with the
delphinid species (Guiana and bottlenose dolphins). In contrast, the Guiana and bottlenose
dolphins showed similar values of §!°N, with a high degree of isotopic overlap with each other.
The different trophic position and the minimal overlap between the franciscana and the
delphinid species reflect consumption of prey sources from different habitat types (pelagic vs.
demersal), given that franciscana dolphin primarily consumes pelagic prey (e.g., anchovies),
whereas the delphinids consume mainly demersal prey species from the Mugilidae family (e.g.,
parati and mullet). Some of the prey species shown by mixing models to contribute significantly
to dolphin diets are considered threatened by overexploitation. Thus, changes in abundance of
these prey sources have the potential to impact resource and habitat use among these sympatric
dolphin species, and consequently, their coexistence in this region. In chapter 3, I evaluated
time series of stable isotope values (8'°N and §'°C) in sequential growth layer groups within
tooth dentin to assess population- and individual-level variation in resource use among Guiana
dolphin populations from North Bay, Babitonga Bay and Caravelas River Estuary. The niche
metrics (TNW, WIC, BIC and WIC / TNW) for the 8'°N values suggest that the Caravelas
population has the widest niche width (TNW) and is comprised mostly of specialist individuals.
This result support the Niche Variation Hypothesis, which posits that the degree of individual

diet specialization increased with the populations’ total niche width. The population from the



Norte Bay, on the other hand, has the narrowest niche compared to the other populations and is
comprised of generalist individuals. This result may be associated with the coexistence and the
high overlap of the isotopic niche with the bottlenose dolphin, both associated with the high
spatial overlap of Guiana dolphin individuals due to their unique social organization
characterized by a large, cohesive group living in a small and restricted area of the North Bay.
Thus, both potential inter- and intraspecific competition can be acting to restrict the expansion
of the population niche in the North Bay, limiting opportunities for individual specialization.
As in the Norte Bay, the population from the Babitonga Bay also has a narrow niche, but is
mostly comprised of specialist individuals, likely promoted by the lower interspecific
competition with a sympatric franciscana dolphin population due to differences in use of core
areas and main prey items preferences. These results improve our understanding of the foraging
strategies used by the Guiana dolphin, and suggests that the total niche width and degree of diet
individual specialization of Guiana dolphin populations can be influenced by different
ecological factors (e.g., availability of resources, intraspecific competition. and living area)

acting independently or integrated.

Keywords: Stable isotope, isotopic niche, Sotalia guianensis, cetaceans, trophic interactions,

feeding ecology
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e contextos de interacdes. Em uma escala ecoldgica mais ampla, ao comparar a amplitude e
sobreposi¢do (ou particdo) de nicho trofico do boto-cinza e das espécies de cetdceos simpatricos
(toninha e eco6tipo costeiro do boto-da-tainha) que compdem a comunidade costeira da regido da
Baia Norte (Capitulo 2); e em uma escala ecoldgica mais fina, ao avaliar o tamanho do nicho tréfico
em populagdes do boto-cinza localizadas em diferentes regides (Baia Norte, Baia da Babitonga e
Estuario do Rio Caravelas) e como a variagdo individual no forrageio e entre individuos podem

influenciar no nicho tréfico destas populagdes (Capitulo 3). ...coevveeeviiiriieeniieenieereeee e 34

CAPITULO 1

Figure 1. Metabolically active tissues (e.g., blood plasma and liver) have a rapid turnover rate and
represent the assimilated diet spanning few days prior to sample collection, whereas less active
tissues (e.g., red blood cells, blubber, muscle, skin) indicate dietary integration of several days to
months (Caut et al., 2011; Giménez et al., 2016). Bone collagen exhibits a low turnover rate, and
its isotopic composition reflects the integration of dietary inputs over the years (Dalerum &
Angerbjorn, 2005). Metabolically inert tissues sch as tooth enamel or baleen plates are not resorbed
after deposition and represent chronological diet information (Koch, 2007). This variation in tissue
types is especially useful for marine predators such as cetaceans, as a single low metabolic tissue
(e.g., tooth dentin and baleen) sequentially subsampled or samples of different tissues from the
same individual allows the assessment of resource use over different timescales, without having to
re-sample the same individual on numerous events. These features can also provide dietary
information from elusive stages within cetaceans’ life history such as length of nursing/lactating

period and age of Weaning.........cccceecvveeviiieeniieeniiieeniee e e Erro! Indicador nao definido.

Figure 2. Denting Growth layer groups (GLGs) of the false killer whale (Pseudorca crassidens)
manually drilled with a micro dental drill bit coupled to an abrasive rotatory tool (Photo: Liane

Dias/ EcoMega-IO-FURG) .......ccccvieiiiieiieeieeceeeeee e Erro! Indicador nao definido.3

Figure 3. Collection of cetacean tissues depending on the carcass decomposition condition (Code
1: animal stranded alive; Code 2-3: well-preserved and moderately decomposed carcasses; Code

4-5: advanced decomposed or mummified carcasses) with specific preservation and preparation
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methods (in order from top to bottom: tooth, baleen plates, bone, muscle, red blood cells, skin,

blubber, plasma, and liVer). .......c.cccceevviiiiieniieieieeeee e Erro! Indicador nio definido.

CAPITULO 2

Figure 1. (a) Overlap (dark gray) in the distribution of the franciscana (Pontoporia blainvillei)
(red), Guiana (Sotalia guianensis) (gray) and Lahille's bottlenose (Tursiops truncatus gephyreus)
(blue) dolphins off the Santa Catarina coast in southern Brazil. Insets (b), (¢), and (d) represent the

distribution of each species independently ............cccceevvieriennennnnn. Erro! Indicador nao definido.

Figure 2. a) Bone collagen §'°C and §'N mean values for the franciscana (Pontoporia blainvillei),
Guiana (Sotalia guianensis), and Lahille’s bottlenose (Tursiops truncatus gephyreus) dolphins. b)
Temporal trends in bone collagen §'°C and c) §'°N values of franciscana (red triangles), Guiana
(gray triangles), and bottlenose (blue triangles) dolphins collected from 1985 to 2017........... Erro!

Indicador nao definido.

Figure 3. §'3C and 8'°N biplot illustrating the isotopic niche of franciscana (Pontoporia blainvillei),
Guiana (Sotalia guianensis) and Lahille’s bottlenose (Tursiops truncatus gephyreus) dolphins off
the Santa Catarina coast in southern Brazil. Each point represents an individual and solid ellipses
represent the standard ellipse area corrected for small sample sizes (SEAc)Erro! Indicador nio

definido.

Figure 4. Bayesian mixing model based on estimates of trophic levels (mean, 25% and 75%
percentiles) for the franciscana (Pontoporia blainvillei), Guiana (Sotalia guianensis) and Lahille’s
bottlenose (Tursiops truncatus gephyreus) dolphins off the Santa Catarina coast in southern Brazil.
Pel HL = Pelagic fish from high trophic levels, Pel LL = Pelagic fish from low trophic levels, Dem
= Demersal fish, Dem HL = Demersal fish from high trophic levels, Dem LL = Demersal fish from

low trophic levels, Ceph = cephalopods..........ccceeceeviiieniinciieniennen. Erro! Indicador néao definido.

CAPITULO 3
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Figure 1. a) Geographical location of the Caravelas River (red), Babitonga (yellow) and Norte Bay
along the Brazilian coast b) Violin plots of the GLG §'3C mean values and ¢) GLG §'°N mean
values for the Guiana dolphin, Sotalia guianensis populations from the Caravelas River (CR),
Babitonga (BB) and Norte Bay (NB). Points indicate mean values of §'*C and §'°N values and the

lines indicate standard deviation ............ooovvveieiiiiiiiiiiiie Erro! Indicador nio definido.

Figure 2. a) !°C and §'°N values in sequential growth layer groups within tooth dentin in Guiana
dolphin populations of Caravelas River (CR), Babitonga Bay (BB) and Norte Bay (NB) and b)
Within individual variation (WIC) and degree of individual specialization (WIC/TNW) for §!3C
and 8'°N values of Guiana dolphin populations from CR, BB and NB. WIC/TNW range from 0

(all individuals are specialists) to 1 (all individual are generalists). Erro! Indicador nao definido.
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1 INTRODUCAO GERAL

O conceito de nicho ecologico ¢ essencial para compreendermos como as espécies
utilizam recursos disponiveis no ambiente e, consequentemente, como estes recursos estruturam as
comunidades ecoldgicas. A defini¢do moderna proposta por Hutchinson (1957) caracteriza o nicho
como um hipervolume n-dimensional composto por variaveis ecologicas que refletem as condig¢des
e recursos permissivos a existéncia indefinida de uma espécie. Por questdes operacionais, ¢ comum
que as variaveis que compdem o nicho sejam divididas em duas classes principais. Uma delas ¢ a
classe Grinnelliana (ou nicho Grinnelliano, sensu Soberén 2007), composta por variaveis abidticas
geralmente associadas a fenomenos ecoldgicos que variam em ampla escala espacial e temporal.
A outra ¢ a classe Eltoniana (ou nicho Eltoniano, sensu Soberon 2007), que descreve as interagdes
bidticas entre os organismos € que comumente relaciona-se com fendmenos ecologicos que
ocorrem em escalas menores. Hutchinson distinguiu ainda o nicho ecoldgico de uma espécie em
fundamental e realizado, sendo o primeiro representado pelo conjunto de atributos do habitat que
permite a presenca de uma espécie, enquanto o segundo considera o efeito das interacdes
interespecificas (e.g., competi¢do, predacdo) na determinagdo do nicho de uma espécie (Leibold

1995) (Figura 1).

Nicho Fundamental

Nicho Realizado

iF

2° dimensao

&
g
$

1° dimenséo

Figura 1. Representacdo esquematica do nicho fundamental e realizado de uma espécie em um espaco n-dimensional
(Hutchinson 1957). Cada dimenséo ou eixo representa uma condi¢@o ou recurso exigido para a sobrevivéncia de uma
determinada espécie.
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Compreender esta dindmica—a interagdo de espécies entre si, com outras espécies, com
seu ambiente e seus recursos—¢ uma questao central em Ecologia, com importantes implicagdes
para a conservagao da biodiversidade. Sabe-se, por exemplo, que a coexisténcia de duas ou mais
espécies com requerimentos ecoldgicos semelhantes pode ocorrer através da diferenciagcdo do
nicho em trés principais dimensdes: uso de habitat, padrao temporal de atividade e recursos
alimentares preferenciais. Uma menor sobreposi¢ao nestas dimensdes pode minimizar os efeitos
da competi¢do, facilitando a coexisténcia (Schoener 1974; Pianka 1980). A dimensao do nicho
ecoldgico na qual estas espécies podem diferir, e entdo coexistir, ¢ uma particularidade de cada
interacdo, grupo de organismos, habitat e recursos existentes. A maioria dos animais tende a evitar
sobreposigoes, diferindo seus nichos principalmente quanto ao uso de habitat e/ou no uso dos
recursos alimentares (Schoener 1974). Neste contexto, a avaliagdo da amplitude e,
consequentemente, da sobreposi¢cdo ou particdo de nicho tréfico sdo importantes para quantificar
como as espécies se relacionam e utilizam os recursos alimentares em um mesmo local, bem como
quais os elementos que garantem uma eventual coexisténcia.

Em teoria, o nicho ecoldgico de uma espécie ¢ descrito por meio de uma curva de
utilizacdo de recursos baseada na “aproximacao do campo médio” (Durret & Levin 1994; Violle
etal. 2012). Este ¢ um preceito simplificado utilizado para modelar sistemas e fenomenos altamente
complexos, e considera as médias em detrimento das variagdes entre individuos. Esta aproximacao,
entretanto, tem se mostrado inadequada para descrever a dindmica do nicho trofico (Bolnick et al.
2003), uma vez que pressupde que individuos de uma mesma populacdo sdo equivalentes em
relagdo a utilizag@o de recursos (Hutchinson 1957). De acordo com este pressuposto, a distribui¢dao
no uso dos recursos dos individuos sobrepde-se amplamente com a da populagao (Figura 2a). No
entanto, diferentes fatores exogenos (e.g., disponibilidade de recursos e sazonalidade; Tebbich et
al. 2004) e endogenos (e.g., sexo, idade e polimorfismo; Polis 1983; Skulason & Smith 1995;
Elorriaga-Verplancken et al. 2013) podem gerar variagdes no nicho trofico entre individuos da
mesma populagao (Figura 2b). Em algumas espécies, por exemplo, a variacdo de nicho tréfico entre
machos e fémeas pode ser atribuida ao dimorfismo sexual e aos requerimentos energéticos e
fisiologicos associados a reproducao (e.g., Bearhop et al. 2006). J4 em relacdo a idade, as variagdes
podem surgir como uma resposta a mudangas no tamanho corporal e/ou ao periodo necessario para

o aprendizado das habilidades de forrageio (e.g., Troina et al. 2016; De Albernaz et al. 2017).
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a) b)

Figura 2. Representacdo conceitual dos nichos tréficos dos individuos (curvas coloridas) dentro do nicho da
populacdo (curva delimitada pela linha preta). (a) Cenario sugerido pela teoria classica de nicho, em que as
distribuigdes individuais no uso de recursos sobrepdem-se com a distribuicdo de uso de recursos da populacao; (b)
Cenario no qual individuos sdo especializados em determinados subconjuntos de recursos alimentares dentro da
distribuigdo de uso de recursos total observado na populagéo.

Embora a contribui¢cdo dos fatores enddgenos e exdgenos na variagdo intrapopulacional
seja cada vez mais reconhecida na literatura, individuos podem também consumir subconjuntos do
espectro de recursos da populacdo por razdes nao atribuidas ao sexo, idade ou polimorfismos
(Bolnick & Doebel 2003) (Figura 2b). Esta variacdo, denominada especializa¢do individual ou
variacao interindividual (Bolnick et al. 2003) tem importantes implicagdes ecoldgicas podendo
modificar a intensidade da competicdo intraespecifica, bem como as interagcdes e dindmicas
populacionais (Bolnick 2011). A variagdo intrapopulacional pode ser avaliada por meio de indices
de amplitude de nicho e especializac¢do individual (Bolnick et al. 2002, 2003; Aratjo et al. 2007)
propostos inicialmente por Roughgarden (1972; 1974). Por esta perspectiva, o nicho trofico total
da populacao (TNW — total niche width) ¢ dividido nos componentes intraindividual (WIC — within
individual component), relativo a variancia média na diversidade de recursos usados por cada
individuo, e interindividual (BIC — between individual component), relativo a varidncia média na
diversidade de recursos usados por diferentes individuos. Assim, quanto menor o valor do
componente intraindividual relativo ao nicho tréfico total (WIC/TNW), maior sera a especializacao
individual naquela populagdo (Bolnick et al. 2003), e menor serd a potencial competi¢do
intraespecifica (Bolnick et al. 2003). Esta abordagem pode ser usada para avaliar a prevaléncia
relativa de estratégias especialista vs. generalistas que se reflete no grau de especializacao

individual em uma populagao (Figura 3).
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Figura 3. Exemplos de trés séries temporais hipotéticas no uso de recursos. A primeira populagdo seria considerada
especialista, com individuos tambem especialistas, que consomem apenas uma fra¢do do total de recursos disponiveis.
Na primeira populagdo generalista, os individuos sdo generalistas e variam amplamente no uso de recursos, resultando
em um registro isotdpico que varia ao longo do tempo de modo que tanto os individuos quanto a populagdo ocupam
um amplo nicho. J& na segunda populagdo generalista, os individuos sdo especialistas € mantém o uso consistente dos
recursos dentro de um nicho estreito, mas a variagdo entre os individuos resulta em um nicho amplo da populagio.
Figura adaptada de Vander Zander et al. 2010.

Desta forma, além da compreensao sobre as interagdes tréficas entre espécies coexistentes,
se faz necessario avaliar e considerar as variagdes entre individuos que podem influenciar no

tamanho total do nicho tréfico das populacdes. Porém, mensurar as dimensdes do nicho, em
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especial em nivel individual € uma tarefa desafiadora. Alguns autores (Bearhop et al. 2004; Layman
et al. 2007; Newsome et al. 2007; Jackson et al. 2011) propuseram a analise de is6topos estaveis
como uma aproximagdo para mensurar algumas das n-dimensdes do nicho ecoldgico de uma
espécie. No entanto, para entender como os is6topos estaveis podem ser utilizados para inferir a
amplitude, a sobreposi¢cdo ou mesmo a parti¢ao de nicho trofico, € necessario definir a priori alguns
conceitos fundamentais da analise de is6topos estaveis, partindo do questionamento mais simples:

0 que sdo isOtopos estaveis?

1.1 ESTUDO DA ECOLOGIA TROFICA ATRAVES DE ISOTOPOS ESTAVEIS

Isotopos estaveis sdo atomos de um elemento quimico que apresentam o mesmo nimero
de proétons e elétrons, mas diferem em relagcdo ao nimero de néutrons no ntcleo. Ao contrario dos
radioisOtopos, os isOtopos estaveis persistem sob a mesma forma apos serem formados podendo
ser encontrados em abundéancia nos mais variados organismos e ecossistemas. Desde a década de
1970, a analise de is6topos estaveis € aplicada com sucesso em estudos ecologicos (Gannes et al.
1998; Crawford et al. 2008), comumente utilizando is6topos de carbono (!*C) e nitrogénio (°N)
(Michener & Schell 1994). Nestes estudos, a composi¢do isotopica ¢ expressa pela notacdo delta

(0), em partes por mil (%o) e obtida através da seguinte equacao:

0X%0 = [(Ramostra/ Rpadrﬁo) - 1] *1000

em que X representa a massa do is6topo pesado (um ou mais néutrons extras em relagao ao isétopo
mais leve) de um determinado elemento quimico (i.e., '*C e '"N) enquanto Ramostra/Rypadrio
corresponde a razdo entre os is6topos pesados e leves quantificada na amostra (e.g., *C/'?C ou
ISN/N), expressa em relagdo aquela encontrada em um padrio internacional estabelecido para
cada elemento (e.g., Pee Dee Belemnite — PDB para o carbono e N para o nitrogénio) (Peterson &
Fry 1987). Assim, quando a razdo entre os isotopos pesado e leve de uma amostra ¢ maior do que
aquela encontrada no padrdo, dizemos que a amostra possui composi¢do enriquecida (valores
positivos de d), e quando a razado entre os isotopos pesado e leve da amostra ¢ menor do que a razao

do padrao, a amostra possui composi¢do empobrecida (valores negativos de 9).
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Estudos de ecologia trofica que utilizam a andlise de isotopos estaveis como principal
ferramenta metodologica estdo ancorados no principio ‘vocé € o que vocé come’. Isto porque os
alimentos sdo a principal fonte de carbono e nitrogénio nos consumidores e, portanto, ¢ possivel
determinar as composigdes isotopicas com base nas fontes alimentares (Peterson & Fry 1987).
Porém, trata-se de uma técnica minuciosa que requer o conhecimento das principais fontes de
variagdo isotdpica nos consumidores: a composi¢cdo isotdpica das fontes, as discriminac¢des
isotopicas entre as fontes e os tecidos do consumidor, € 0 tempo necessario para que a composicao
isotopica das fontes seja refletida nos diferentes tecidos do consumidor (taxa de reposi¢do ou
turnover) (Newsome et al. 2010).

A carga extra de néutrons encontrada nos is6topos pesados resulta em ligagdes mais fortes
e dificeis de quebrar (Fry 2006). Consequentemente, isotopos pesados reagem de maneira mais
lenta em processos fisico-quimicos quando comparados aos isotopos leves. Este comportamento
isotopico distinto, conhecido como fator de discriminacio isotépica (ou tréfica), faz com que a
razdo entre isdtopos pesados e leves ao final de uma reacdo (produto) seja diferente da razao inicial
entre eles (substrato) (Martinez del Rio et al. 2009). Desta forma, a utilizacdo das composi¢des
isotopicas se baseia no fator de discriminagao isotopica, de modo que os consumidores apresentam
composigdes enriquecidas em relacdo as suas fontes alimentares (Tieszen et al. 1983). Esta
discriminacao observada entre a dieta e os tecidos dos consumidores pode variar também de acordo
com as diferentes rotas metabdlicas entre tecidos, a taxa de crescimento do organismo, a qualidade
nutricional da dieta, e a variagdo na composi¢do de aminoacidos das proteinas encontrada nos
tecidos animais (Newsome et al. 2010).

De maneira geral, a discriminagdo isotopica do carbono entre a dieta e os tecidos do
consumidor ¢ de aproximadamente +0.5 a +1%o0 (DeNiro & Epstein 1978). Esta minima
discriminago isotopica entre niveis tréficos é a razio pelo qual o 8'°C ¢ utilizado para inferir a
fonte primaria de carbono na base da cadeia trofica, demonstrando um gradiente em sistemas
aquaticos onde fontes costeiras exibem valores de §'°C mais enriquecidas em relagdo a fontes mais
oceanicas (McConnaughey & McRoy 1979; Peterson & Fry 1987). Estas diferencas nos valores de
3'3C entre produtores ocorrem principalmente em razdo do sistema fotossintético das plantas, em
que espécies com ciclo C4 geralmente apresentam composi¢des mais enriquecidas em *C do que
plantas C3 (Peterson & Fry 1987). Ja a discriminagdo isotdpica do nitrogénio entre niveis troficos

varia entre +2 a +5%o (DeNiro & Epstein 1981; Minagawa & Wada 1984; Post 2002) e ¢ atribuida,
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principalmente, a excre¢io de ureia e outros compostos nitrogenados empobrecidos em °N
(Minagawa & Wada 1984). Assim, o 8'°N é comumente utilizado como indicador da posigdo
trofica ocupada pelo consumidor na cadeia alimentar (Figura 4) (DeNiro & Epstein 1981;

Minagawa & Wada 1984).
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Figura 4. Representagdo de uma cadeia trofica marinha em que a discriminagio isotopica do 8'*C entre niveis troficos
¢ de aproximadamente +0.5 a +1%o, e ¢ utilizado para inferir a fonte primaria de carbono na base da cadeia. Ja a
discriminagdo isotopica do 8N entre niveis troficos € de +2 a +5%o, indicando a posi¢do trofica ocupada pelo
consumidor na cadeia alimentar.

A taxa de reposicao, ou turnover consiste na sintese e renovagao de tecido e degradacao
do tecido pré-existente, a qual varia de acordo com a taxa metabolica do tecido. Tecidos de alta
taxa metabolica (e.g., figado), por exemplo, apresentam taxa de renovagao elevada e refletem a
dieta recente (Caut et al. 2011). A andlise isotdpica em tecidos com taxas metabdlicas
intermediarias (e.g., musculo, pele e hemadcias) reflete a dieta do consumidor referente ao periodo

de semanas a meses (Dalerum & Angerbjorn 2005). J4 os tecidos de baixa taxa metabolica (e.g.,
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0ss0s) e tecidos considerados inertes (e.g., vibrissas, barbatanas e dentes), apresentam crescimento
continuo ¢ uma vez formados, ndo sdo novamente metabolizados, tendo taxa de renovacao
isotopica baixa e inexistente, refletindo a dieta do individuo a longo prazo (anos) (Knoff et al.
2008). Esta variacao nos tipos de tecido ¢ especialmente util para grandes predadores marinhos,
pois um Unico tecido de baixo metabolismo sequencialmente subamostrado, ou amostras de
diferentes tecidos do mesmo individuo, permitem avaliar o uso de recursos em diferentes escalas
temporais, sem exigir que o mesmo individuo seja reamostrado em diferentes eventos (e.g., Matich
et al. 2011). Os cetaceos odontocetos, por exemplo, apresentam denti¢ao Uinica (monofiodontes)
com dentes compostos por tecidos proteicos e calcificados (Fordyce & Barnes 1994) e deposicao
continua de dentina e cimento ao longo da vida, formando camadas de crescimento contrastantes
entre si ou GLGs (Growth Layer groups; Perrin & Myrick 1980). Assim, a partir da medicao das
composicdes isotopicas de carbono e nitrogénio nestas camadas € possivel obter informacgdes de
forma ordenada e cronoldgica sobre a dieta do individuo (e.g., Rossman et al. 2015). Quando as
amostras de dentes sdo limitadas ou indisponiveis, o colageno Osseo pode representar uma
importante fonte de informagdes sobre a dieta, uma vez que apresentam taxas de renovagao
relativamente lentas (Riofrio-Lazo & Aurioles-Gamboa 2013) e, consequentemente, a anélise da
sua composi¢do isotopica fornece informagdes sobre a dieta do individuo em longa escala temporal
(Koch 2007).

Apos rever conceitos fundamentais quanto ao nicho ecologico e is6topos estaveis, retorno
a questdo central: como inferir sobre as interagdes troficas entre espécies e considerar as variagdes
intrapopulacionais por meio de is6topos estaveis? Para isso, aplica-se usualmente o conceito de
nicho isotépico, uma 4rea no espaco isotdpico (3-espaco) que utiliza $'°C e §"°N como
coordenadas que registram os recursos consumidos € os locais onde os individuos se alimentam
(Newsome et al. 2007). Desta forma, organismos que apresentam variacdo na composi¢ao da dieta
irdo refletir tais diferencas na propor¢do isotopica dos seus tecidos e, consequentemente, na
maneira como o nicho isotdpico ¢ estruturado neste 6-espaco. O delineamento da amplitude dos
nichos isotdpicos, bem como das métricas de sobreposi¢ao desses nichos podem entdo fornecer um
meio para quantificar nichos troficos e inferir relagdes troficas e sobreposicao ou particao de nicho
entre individuos (e.g., Zhao et al. 2014), populagdes (e.g., Santos-Carvallo et al. 2015), e espécies

coexistentes (e.g., Franco-Trecu et al. 2017; Teixeira et al. 2020).
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1.1.1 O boto-cinza como modelo de estudo

Os cetaceos desempenham um papel vital para a estrutura e funcionamento dos
ecossistemas. Devido ao grande tamanho corporal e a alta demanda energética, consomem uma
variedade de recursos alimentares provenientes de diferentes niveis troéficos (Katona & Whitehead
1988). Por serem predadores de topo de cadeia, atuam no controle da abundancia das populagdes
de presas e na regulacdo “top-down” de cadeias troficas, no qual sua extingdo local pode
desencadear uma série de eventos em cascata nos niveis tréficos inferiores (Terborgh & Estes
2013). Atuam também na regulacdo “bottom-up”, ao aumentar a produgdo primaria por meio da
disponibilizag¢do de nitrogénio e outros nutrientes presentes em seus materiais fecais (Roman &
McCarthy 2010; Roman et al. 2016), e ao transferir nutrientes por meio de movimentos horizontais
realizados entre microhabitats e/ou movimentos verticais, e.g., quando suas carcagas submergem
fornecendo alimento e habitat para comunidades de micro e macro organismos abissais (Jones et
al. 1998; Pershing 2010).

As fungoes dos cetaceos no ecossistema vao além das interagcdes com os niveis troficos
inferiores. Estudos sugerem, por exemplo, que o declinio de algumas espécies pode influenciar na
abundancia de outros predadores de topo de cadeia (Laws 1977; Springer et al. 2003). Em
determinadas situacdes, os cetdceos podem exibir taticas de forrageio que maximizam a obtencao
de recursos alimentares de outras espécies de predadores. Tal interagdo pode ser observada com
aves marinhas, em que os cetdceos conduzem cardumes de peixes para a superficie da dgua
(Anderson & Lovvorn 2008; Veit & Harrison 2017) e até mesmo com humanos, em que os cetdceos
arrebanham cardumes de presas em direcdo a estruturas de pesca artesanais (e.g., cercos fixos)
(e.g., Monteiro-Filho 1995; Louzada 2013) ou a areas mais rasas onde pescadores posicionados
aguardam com redes de pesca (e.g., Simdes-Lopes et al. 1988; Zappes et al. 2011). Porém, nem
todas as interacdes envolvendo ceticeos e outros predadores sdo positivas ou cooperativas.
Espécies de cetaceos costeiros, por exemplo, sdo geralmente representadas por populacdes
pequenas que exploram as mesmas presas extraidas, e muitas vezes, sobreexplotadas, pela
atividade pesqueira (Trites et al. 1997; Demaster et al. 2001; Teixeira et al. 2020). Assim, esta
compreensdo sobre o papel dos cetdceos nas cadeias troficas marinhas e nos ecossistemas ¢
essencial, pois fornece elementos para avaliar as interagdes entre espécies coexistentes (e.g.,

sobreposi¢cdo ou particdo de recursos) € suas principais presas consumidas, bem como o potencial
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impacto da alteragdo na disponibilidade das presas na estrutura e dindmica das populagdes. Em
ultima instancia, resolver estas questdes pode auxiliar a fomentar a discussao sobre a conservagao
de espécies de cetdceos, bem como no monitoramento ¢ manejo dos ecossistemas em diferentes
ambitos, incluindo a gestao pesqueira.

Porém, a alimentacao criptica de cetdceos implica em muitos casos, na obten¢do de dados
com resolucdo limitada para a andlise da dieta a nivel populacional e individual.
Consequentemente, a ecologia trofica de algumas espécies permanece ainda pouco explorada. A
maioria dos dados sobre a ecologia alimentar em cetaceos provém da anélise de contetido estomacal
(e.g., Di Beneditto 2001; Barros et al. 2004; Lopes et al. 2012), que consiste na identificagdo e
biometria de partes rigidas (e.g., otolitos de peixes teledsteos e bicos de cefalopodes) recuperadas
do estdbmago de animais mortos encontrados encalhados ou capturados acidentalmente. Nas tltimas
décadas, porém, a analise de isOtopos estaveis tem se mostrado uma ferramenta eficiente para
abordar questdes complementares referentes ao uso de habitat (Botta et al. 2012; Kiszka et al.
2012), sobreposicao ou particdo de nicho entre espécies coexistentes (Diaz-Gamboa et al. 2018;
Teixeira et al. 2020), padrdoes migratorios (Mendes et al. 2007; Silva et al. 2019), variagdes
individuais (Rossman et al. 2015; Troina et al. 2016) e populacionais (Yurkowski et al. 2016) na
dieta. E valido ressaltar que as analises de conteudo estomacal e de is6topos estaveis apresentam
vantagens e limitagdes em suas aplicagdes. Enquanto a primeira técnica fornece uma descrigao
taxondmica das presas consumidas e sua biomassa em curta escala temporal (Hobson & Wassenaar
1999), a ultima oferece uma analise da dieta incorporada aos tecidos dos animais em diferentes
escalas temporais, porém com uma menor resolucdo taxonomica (Tieszen et al. 1983; Dalerum &
Angerbjorn 2005). Portanto, a combinagdo destes métodos para a determinagdo da dieta e seus
desdobramentos ecoldgicos pode ampliar a resolucao das interagdes troficas (Post 2002) e devem
ser considerados complementares sempre que possivel.

Entre as espécies de cetaceos que habitam as aguas do litoral brasileiro encontra-se o boto-
cinza, Sotalia guianensis, um delfinideo com distribuicao essencialmente costeira no Atlantico Sul-
ocidental (Borobia 1991), desde a Nicaragua (Carr & Bonde 2000) até Santa Catarina, Sul do Brasil
(Simdes-Lopes 1988). Ao longo da sua distribui¢do, o boto-cinza apresenta populacdes que
ocupam habitats em alopatria ou simpatria com espécies de cetaceos (Flores & Bazzalo 2004; Hardt
etal. 2010). A regido da Baia Norte localizada no limite sul da distribuicao da espécie, por exemplo,

¢ a Unica area que se conhece até o momento em que a populacao residente de boto-cinza ocorre
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em simpatria com a toninha (Pontoporia blainvillei), e o ec6tipo costeiro do boto-da-tainha
(Tursiops truncatus gephyreus). Estes cetadceos simpatricos apresentam diferentes caracteristicas
relacionadas a tamanho corporal, morfologia (e.g., tamanho de cranio, mandibula e nimero de
dentes; Rosas & Monteiro-Filho 2002; Botta et al. 2012; Cremer et al. 2018; Venuto et al. 2020) e
historia de vida (e.g., crescimento e maturidade sexual; Rosas & Monteiro-Filho 2002; Barreto &
Rosas 2006; Botta et al. 2010; Fruet et al. 2015; Venuto et al. 2020) que provavelmente exigem
demandas energéticas distintas e resultam em estratégias de forrageio e capacidade de captura de
presas especificas e, consequentemente, influenciam em suas preferéncias alimentares. Nas ultimas
décadas, algumas espécies de presas consumidas por esses cetaceos vém sofrendo um crescente
declinio devido a importancia econdmica para a pesca ou o descarte na pesca acidental (Haimovici
& Mendonga 1996), resultando em estoques explotados e/ou em risco de colapso (Haimovici &
Cardoso 2017). Assim, informagdes sobre a ecologia alimentar destas populagdes de cetaceos
simpatricos pode auxiliar na compreensao dos fatores que permitem esta coexisténcia € como o
aumento da pressdo de pesca em suas presas pode influenciar nas composi¢des das dietas e,
consequentemente, em suas interagdes troficas na regido.

Outro exemplo de simpatria pode ser observado na regido mais ao norte de Santa Catarina,
em que a populacdo residente de boto-cinza ocorre com a toninha na Baia da Babitonga (Cremer
& Simoes-Lopes 2005). Ja na regido do Banco de abrolhos, Sul da Bahia, ha o registro de diferentes
espécies de cetaceos (e.g., golfinho de dentes rugosos Steno bredanensis e golfinho nariz-de-
garrafa Tursiops truncatus). No entanto, estas espécies utilizam areas distintas do Banco de
Abrolhos, ndo ocorrendo no interior do Rio Caravelas e suas areas costeiras adjacentes que sao
utilizadas apenas pela populagdo de boto-cinza (Rossi-Santos et al. 2006). Assim, essas populagoes
de boto-cinza estdao expostas a diferentes contextos ecoldgicos, ndo apenas em termos de presenca
ou auséncia de outras espécies de cetdceos na mesma 4area (heteroespecificos), que podem gerar
uma potencial competicdo interespecifica por recursos alimentares, mas também em relacdo aos
padrdes de uso de area (alta ou baixa sobreposicao espacial entre individuos da populagao),
densidade populacional e disponibilidade de recursos. Tais aspectos podem influenciar a dieta e o
comportamento de forrageio, favorecendo ou ndo especializacdes individuais e refletindo no
tamanho de nicho trofico da populagdo. Até o momento, apenas estudos baseados em dados
provenientes de contetidos estomacais descreveram os habitos alimentares destas populagdes de

boto-cinza, sugerindo uma dieta generalista e oportunista (e.g., Daura-Jorge et al. 2011; Cremer
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2012; Rodrigues et al. 2020). A complementacdo destes estudos por andlise de is6topos estaveis
pode fornecer dados sobre a composicdo da dieta assimilada em diferentes escalas temporais,
possibilitando uma visdo mais ampla e refinada sobre a ecologia alimentar do boto-cinza em

diferentes contextos ecoldgicos.

1.2 OBJETIVOS
1.2.1 Objetivo Geral

Utilizando o nicho ecoldgico e o uso de recursos como bases conceituais, nesta tese busco
compreender o nicho tréfico do boto-cinza sob a 6tica do espago de nicho isotopico em diferentes
escalas ecoldgicas: em uma escala ecoldgica mais ampla, ao comparar a amplitude e sobreposicao
(ou parti¢ao) de nicho trofico do boto-cinza e das espécies de cetdceos simpatricos que compdem
a comunidade costeira da regido da Baia Norte (Capitulo 2); e em uma escala ecologica mais fina,
ao avaliar o tamanho do nicho trofico em populag¢des do boto-cinza localizadas em diferentes
regides (Baia Norte, Baia da Babitonga e Caravelas) e como a varia¢do individual no forrageio e
entre individuos podem influenciar no nicho tréfico destas populagdes (Capitulo 3). Para responder
a estas perguntas, a escolha dos tecidos para realizagdo das analises de isotopos estaveis € um fator
determinante. Ap6s uma revisdo sobre taxas de crescimento e renovagdes metabolicas (Capitulo
1), as composicdes de §'°C e §'°N foram avaliadas em colageno 6sseo e ao longo das camadas de
deposi¢do continua de dentina (camadas de crescimento), permitindo que as comparagdes entre
espécies e populagdes considerassem uma leitura da dieta dos individuos em uma ampla escala
temporal. Assim, esta tese foi estruturada em trés capitulos, partindo de uma revisao metodologica
e seguindo com as andlises e interpretacdes sobre o nicho ecoldgico do boto-cinza em diferentes
contextos de interagdes: entre espécies, populacdes e individuos (Figura 5). Mais especificamente,
no capitulo 2 testei a hipotese de que (i) o boto-cinza, a toninha e o ecotipo costeiro do boto-da-
tainha apresentariam diferencas em relagdo a posicao tréfica e amplitude de nicho isotopico, com
uma maior sobreposic¢ao de nicho entre as duas espécies mais filogeneticamente relacionadas (boto-
cinza e ecdtipo costeiro do boto-da-tainha) e (i) estas espécies apresentam variagdes temporais na
composi¢ao da dieta que podem estar relacionadas ao aumento da pressao da pesca em algumas de
suas principais espécies de presas durante as trés ultimas décadas (1985-2017). No capitulo 3,

testei a hipotese de que (i) embora o boto-cinza seja considerada uma espécie generalista, as
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populagdes da Baia da Babitonga, Baia Norte e Rio Caravelas apresentam diferengas em relagdo
ao grau de especializacdo de forrageio individual e, consequentemente, no tamanho de nicho tréfico
total da populacdo. Tais variagdes podem indicar uma adaptacao aos diferentes contextos
ecologicos nos quais estas populagdes estao inseridas, tais como a presenca de heteroespecificos,

densidade populacional, area de vida, padrdes espaciais individuais e organizagdo social.

1.2.2 Objetivos Especificos

Capitulo 1: A practical guide on stable isotope analysis: Applications to cetaceans
(1) Gerar um roteiro detalhado que auxilie na selecdo, coleta, preservacdo, e preparo dos
tecidos bioldgicos mais comuns para a andlise isotopica em espécies de cetdceos misticetos
e odontocetos
(i1) Orientar a interpretacdo e a analise de dados isotopicos por meio de ferramentas analisticas

disponiveis a fim de abordar questdes ecologicas especificas.

Capitulo 2: Niche overlap and diet composition of three sympatric coastal dolphin species in
the southwest Atlantic Ocean
(1) Caracterizar a ecologia alimentar do boto-cinza, toninha e do ec6tipo costeiro do boto-da-
tainha através dos valores de $'3C and §'N em amostras de coldgeno dsseo
(1) Estimar a area do nicho isotopico ocupada por estas espécies de cetaceos costeiros, € o nivel
de sobreposicao no nicho e na utilizagdo dos recursos entre elas.
(111) Quantificar a contribui¢ao proporcional das principais presas para a dieta de cada espécie
(iv) Investigar possiveis variagdes temporais na dieta das trés espécies, através dos valores de

813C and §'°N coletados em individuos ao longo de trés décadas (1985-2017)

Capitulo 3: Ecologically driven differences in individual diet specialization across three
populations of Guiana dolphin

(i) Quantificar e comparar o tamanho de nicho total (TNW), variagdo intraindividual

(WIC), variagao interindividual (BIC) e o indice de especializagdo individual na dieta

(WIC/TNW) das populagdes de botos-cinza da Baia Norte, Baia da Babitonga e

Caravelas através dos valores de §'3C and §'N em amostras de dentina obtidas ao longo

das camadas de crescimento
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Capitulo 2 : Capitulo 3

Figura 5. Estruturagdo da tese partindo de uma revisdo metodologica (Capitulo 1), seguindo para as analises e
interpretacdes sobre o nicho ecoldgico do boto-cinza em diferentes escalas ecoldgicas e contextos de interagdes. Em
uma escala ecoldgica mais ampla, ao comparar a amplitude e sobreposi¢ao (ou partigdo) de nicho tréfico do boto-cinza
e das espécies de cetaceos simpatricos (toninha e ecotipo costeiro do boto-da-tainha) que compdem a comunidade
costeira da regido da Baia Norte (Capitulo 2); e em uma escala ecoldgica mais fina, ao avaliar o tamanho do nicho
trofico em populacgdes do boto-cinza localizadas em diferentes regides (Baia Norte, Baia da Babitonga e Caravelas) e
como a variacdo individual no forrageio e entre individuos podem influenciar no nicho tréfico destas populagdes
(Capitulo 3).
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“It is no longer a question of how much food do whales and dolphins need, but whether they are

’

able to get the right kinds of food to survive.’

Jerome Spitz
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ABSTRACT

1. Trophic ecology information of cetaceans is essential to understand their role in ecosystem
processes and dynamics. However, observation of their foraging behavior is usually limited by
their elusive nature. The stable isotope analysis is a valuable complementary approach to
conventional methods applied to cetaceans because it provides dietary information integrated over
different time scales and the potential for using tissues archived in museums and scientific
collections.

2. The considerable increase in stable isotope analyses by a growing number of cetacean research
groups and the relatively high costs associated with processing and analyzing samples demand the
use of proper protocols for tissue collection, sampling and preservation to ensure that accurate
isotopic data are obtained.

3. We provide an overview of stable isotope analysis theoretical background and its potential
application to cetaceans’ trophic ecology. We review the factors that influence isotopic
measurements and propose a practical guideline with suitable techniques for sample preparation of
biological tissues to be employed by researchers to yield reliability in the interpretation of isotopic
data.

4. We provide guidance on how to interpret results and conduct analysis of isotopic data with
additional information about the available packages in R that can be used to address different
ecological questions with cetacean species.

5. We conclude by providing a synthesis of the main considerations for researchers willing to use

1sotopic analysis to address ecological questions.

KEYWORDS: odontocetes, baleen whales, sample preservation, lipid extraction, turnover rate,

trophic enrichment factors
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INTRODUCTION

Cetaceans are widely distributed top predators that regulate prey populations and contribute to the
stability of their ecosystems. Because of their large home ranges and high movement capacity,
some species can also connect food webs by transporting nutrients across different habitats (Roman
et al., 2014). Given the challenges associated with their cryptic nature, conventional methods used
to infer their foraging preferences such as direct observation are usually hampered by the fact that
these animals are highly mobile, with the ability to feed underwater and to remain submerged for
long periods of time. Although stomach content analysis has been widely employed to yield
taxonomic inputs of prey species and provided the basis for much of our current understanding, it
also presents well-described drawbacks mainly due to differential digestibility rates in prey items
and the assessment of diet over a short timescale (Dalerum and Angerbjorn, 2005). The analysis of
naturally occurring stable isotope ratios is a useful complementary approach to conventional
methods usually applied to cetaceans because it provides time-integrated information on prey
assimilated (Tieszen et al., 1983; Hobson, 1999) via analysis of multiple tissues types such as tooth
and bone collagen, baleen plates, blood, skin, blubber and muscle collected from live or dead
animals (Koch, 2007).

Stable isotope analysis (SIA) relies on the assumption that the isotopic composition of
consumers tissues, i.e., the ratio between the heavier and the lighter isotope, reflects the isotopic
composition of its consumed and assimilated food sources (DeNiro and Epstein, 1978; Gannes et
al., 1997). As prey nutrients are incorporated into the consumer, the isotopic ratio changes by a
trophic discrimination factor that reflect isotopic fractionation caused by physiological processes
(Martinez del Rio et al., 2009). In general, stable isotope ratios of carbon (!3C/'?C, reported as §'*C
values) increase between 0-1%o per trophic level and its variation allows to evaluate foraging
habitats by reflecting the photosynthetic pathway used by primary producers (i.e., C3 and Ca).
Therefore, 8'*C can show variation between benthic vs. pelagic, nearshore vs. offshore, and
between freshwater vs. saltwater consumers and ecosystems (Hobson 1999; Post 2002). By
contrast, stable isotope ratios of nitrogen ("’N/!*N, reported as §'°N values) typically increase 3—
5%o with every trophic level and is used to denote a species’ position within the food web (DeNiro

& Epstein, 1978; Newsome et al., 2010).
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Stable isotope analysis has been successfully applied to answer numerous ecological
questions such as resource partitioning (e.g., Ryan et al., 2013; Browning et al., 2014; Costa et al.,
2020), habitat use (e.g., Pinela et al., 2010), foraging individual specialization (e.g., Rossman et
al., 2015), ontogenetic (e.g., Newsome et al., 2009) and sexual variation in the diet (e.g., Troina et
al., 2016) of a wide array of cetacean species. With the improvement of stable isotope
measurements and the possibility of complementarity with other data sources (e.g., , fatty acids,
molecular identification of prey, compound specific SIA of individual lipids and amino acids,
satellite telemetry, hormones, contaminants, DNA markers) more complex questions about
migration patterns (e.g., , Watt & Ferguson, 2015), stocks origin of stranded carcasses (e.g., , Hohn
etal., 2017), population structure and identification (e.g., Brotons et al., 2019; Genoves et al., 2020;
M¢éndez-Fernandez et al., 2020), temporal dietary shift (e.g., Ning et al., 2020), gestation and
lactation (e.g., Clark et al., 2017; Gelippi et al., 2020), weaning age (e.g., Evacitas et al., 2017),
and interaction with anthropogenic activities (e.g., Lysiak et al., 2018) are now being addressed.

Several reviews cover the principles underlying stable isotope biogeochemistry (e.g.,
DeNiro & Epstein, 1978, 1981; Peterson & Fry, 1987; Gannes et al., 1998; Kelly, 2000; Martinez
del Rio et al., 2009), and their myriad of applications to marine mammal species (e.g., Crawford et
al., 2008; Newsome et al., 2010). Rather than summarizing the theoretical basis or the potential
application of SIA in trophic ecology of cetaceans, we provide an accessible protocol to guide new
researchers on collection, preservation, and sampling of the most relevant tissues for SIA. Given
that these practical steps are not always fully described in papers, a protocol with best practices for
SIA can increase reliability in isotopic data and facilitate interlaboratory comparisons across world-
wide cetacean species. Although additional isotopes (e.g., sulfur) may have a broad array of
applications to trophic ecology, we focus our background information on carbon and nitrogen, the

two most frequently used stable isotopes.

SIA METHODS

PLANNING YOUR RESEARCH
When analyzing stable isotope ratios to obtain dietary data, a consistent literature review is

essential before tissue selection for an understanding about the physiology of species, the
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macronutrient composition of tissues (e.g., lipids, protein and carbonate content), tissues’ turnover
rates (i.e., new tissue synthesis and old tissue replacement using the animal composition present in
diet), diet-to-tissue isotope discrimination or enrichment (i.e., difference between isotopic ratios of
an animal and its diet), isotopic routing (i.e., differential incorporation of dietary macronutrients
between tissues) and how these and other factors (e.g., tissue preservation) can influence isotopic
values. Besides tissues information, such literature review will also guide the choice to which
individuals (e.g., gender, age classes) and stable isotopes are the most appropriate to answer the
chosen ecological question. In some cases, 8'*C and 8'°N do not provide enough discriminatory
power to address the question of interest, and the addition of other elements may provide further
resolution.

The stable isotope ratios of sulfur (**S/*2S, reported as 6°*S values), for example, can be
combined with §'3C to help distinguish among primary producers (benthic vs. pelagic producers)
in marine food web systems (Connolly et al., 2004), and to identify fine-scale differences in
foraging ranges and spatial distribution across populations (Barros et al., 2010; Wilson et al., 2012)
and between sexes and ages (Nifo-Torres et al., 2006). The stable isotope ratios of oxygen
(180/'%0, reported as §'30 values), are linked with differential evaporation rates and precipitation
inputs along the hydrological cycle, and is potentially useful to distinguish habitat use (e.g., Endo
et al., 2014; Drago et al., 2020) and tracking movements across areas with strong salinity gradients
(e.g., Matthews et al., 2016). The stable isotope ratios of strontium (3’Sr/*Sr ratios, reported as
87Sr) vary regionally according to oceanographic and biological factors (e.g., riverine inputs,
salinity and temperature) that influence the distribution of specific planktonic organisms and affect
sea water acidification processes. Consequently, 8’Sr concentration in baleen plates of Mysticete
species has also been recently used as a potential tracer to investigate movements patterns across
oceans (Vighi et al., 2019)

Accounting for potential gender or age- related differences is important to minimize the
number of variables that might influence isotope values. Energetic, morphological, and
physiological constraints in males and females can result in differences in dietary requirements
reflected by distinct isotopic values (Rossman et al., 2015). It is also known that calves usually
have elevated 8'°N but lower §'*C due to milk consumption during the nursing period (Nifio-Torres
et al., 2006). Unless the research focus is related to ontogenetic patterns, it is best to sample only

adult individuals. The researchers should also be aware that the steps used in preparation of tissues
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for SIA are dependent upon tissue type and preservation methods, and each of these steps will
require the use of specific laboratory apparatus with appropriate safety procedures stablished by

each research facility.

CHOOSING BIOLOGICAL TISSUES

Because each tissue has a specific biochemical composition and reflects different time periods,
isotope values from different tissues are not directly comparable. The choice of tissue will depend
largely on the ecological questions, and an interpretation of the tissue growth pattern and turnover
rate is required before starting sample collection (Fig. 1). For instance, blood is particularly
valuable for SIA because it can be separated into components (e.g., plasma and red blood cells)
that illustrate different isotope turnover rates and represent dietary inputs at different periods of
time (Kelly, 2000). In cetaceans, plasma provides information about the last three months
(approximate time to equilibrium) whereas red blood cells provide long-term information (>175
days) (Caut et al., 2011). Blubber is a highly metabolically active subcutaneous tissue vertically
stratified in layers that vary in lipid content (Gomez-Campos et al., 2015). Like blubber, skin is a
metabolically active tissue with a turnover time of 2-3 months for §'*C and 2-6 months for §'°N
(Giménez et al., 2016; Busquets-Vass et al., 2017). For baleen whales, the different skin strata can
provide shorter-term ecological resolution as they integrate different time periods (Busquets-Vass
etal., 2017; Wild et al., 2018).

In toothed whales (Suborder Odontocete), dentin comprises most of the tooth and is
chronologically deposited in layers (i.e., Growth Layer Groups; GLGs; Perrin and Myrick, 1980)
filling the pulp cavity (Maas, 2009). Seasonal or ontogenetic changes in diet throughout an animal’s
life can be recorded by subsampling these different serial layers, while sampling an entire tooth
allows to obtain an integrated average of their diet through their lifetime (Walker and Macko,
1999). Instead of teeth, baleen whales (Suborder Mysticete) rely on transversely oriented keratin
plates attached to the lateral parts of the upper jaw (Werth, 2018) that allows filter-feed on
planktonic organisms and fish (Bannister, 2018). Baleen is a metabolic inert tissue and the variation
in isotope values subsampled along its length (i.e., transverse ridges of keratin that constitute the
baleen plates) generates multi-years record of individual habitat use, diet and seasonal movement
patterns (Matthews and Ferguson, 2015; Busquets-Vass et al., 2017). When tooth (or baleen)

samples are limited (e.g., in the case of Ziphiidae, that have only one or two pairs of teeth in the
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lower jaw) or not available, bone collagen can be an important source of isotopic information. Bone
tissues also present relatively slow turnover rates (Riofrio-Lazo and Aurioles-Gamboa, 2013) and
isotopic measurements represent dietary information over larger timescales (i.e., years; Koch,
2007). It is recommended, however, the same bone type to be sampled when comparing different
individuals within populations, as different bones within individuals may differ in their §'*C and

8N values (Smith et al., 2020).
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Figure 1. Metabolically active tissues (e.g., liver) have a rapid turnover rate and represent the assimilated diet spanning
few days prior to sample collection, whereas less active tissues (e.g., red blood cells, blubber, muscle, skin) indicate
dietary integration of several days to months (Caut et al., 2011; Giménez et al., 2016). Bone collagen exhibits a low
turnover rate, and its isotopic composition reflects the integration of dietary inputs over the years (Dalerum &
Angerbjorn, 2005). Metabolically inert tissues such as tooth enamel or baleen plates are not resorbed after deposition
and represent chronological diet information (Koch, 2007). This variation in tissue types is especially useful for marine
predators such as cetaceans, as a single low metabolic tissue (e.g., tooth dentin and baleen) sequentially subsampled
or samples of different tissues from the same individual allows the assessment of resource use over different timescales,
without having to re-sample the same individual on numerous events. These features can also provide dietary
information from elusive stages within cetaceans” life history such as length of nursing/lactating period and weaning
age.



43

TISSUE COLLECTION AND PRESERVATION
To preserve sample integrity and obtain reliable measurements of isotope values, potential risk of
contamination as a result of handling should be minimized by adopting aseptic techniques during
field work and storing biological tissues in sterile containers (e.g., scintillation vials, Eppendorf
tubes, vacutainers, whirl pack or grip seal bags) (Jardine et al., 2003). Scientists have developed
nonlethal methods for the collection of tissues that can be taken from cetaceans either when they
surface to breathe (e.g., skin and blubber) (Noren and Mocklin, 2012) or from animals that are
captured and released (e.g., blood) (Norman et al., 2004; Fair, 2006). Although they represent
important techniques for obtaining samples for SIA (e.g., Hooker et al., 2001; Bryan et al., 2007;
Woshner et al., 2008; Kiszka et al., 2010; Lian et al., 2020), remote biopsies and capture of
cetaceans are logistically challenging. Permits and ethical issues should be considered, and the
information obtained must counterbalance the potential harm and stress posed to individuals.

Tissues sampled from animals stranded alive (Code 1; Pugliares, 2007), carcasses washed
ashore or archived in research collections or museums can also be used for SIA. However, the
viability of postmortem tissues will depend on the carcass decomposition condition based on the
length of time since death and the ambient temperature of postmortem exposure. Extended
exposure and degradation, especially in warm and humid environments, can lead to isotopic
enrichment (associated with bacterial metabolism of lighter isotopes) and to reductions in the
percent of carbon and nitrogen (Kiljunen et al., 2006). Different tissues (e.g., organs, tooth, baleen
plates, bone, skin, blubber, and muscle) can be obtained from well-preserved and moderately
decomposed carcasses (Codes 2-3, i.e., little scavenger damage, fresh to mild odor, blubber firm
to slightly oily, wrinkled to cracked skin with little to no abrasion, intact organs; Pugliares et al.,
2007). In counterpart, the volatile carbon and nitrogen compounds (e.g., carbon dioxide, methane,
and ammonia) formed during decomposition decay stages (Stuart, 2013; Keenan & Debruyn, 2019)
of advanced decomposed or mummified carcasses (Codes 4-5, i.e., severe scavenger damage,
strong odor, blubber and muscle easily falling from bones; liquefied internal organs; Pugliares et
al., 2007) likely compromise isotopic measurements of soft tissues, limiting sample options to
mineralized and keratinous tissues.

Field samples may require some degree of cleaning to remove any external contamination.
As mineralized (tooth and bone) and keratinous (baleen plates) tissues do not easily decompose,

dirt or adherent material can be easily removed by cleaning the external part with a solution of 2:1
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chloroform:methanol while soft tissues can be rinsed with deionized water. Mineralized (e.g., bone
and tooth) and keratinous (e.g., baleen plates) tissues can often be stored under dry conditions,
whereas tissues with greater water content (e.g., blood, liver and muscle) are highly susceptible to
degradation and must be wrapped in aluminium foil, preserved inside a labeled plastic bag, and
dried or frozen at —20°C immediately after collection to avoid potential degradation effects (i.e.,
decay and mold growth) (Barrow et al., 2008). Freezing, freeze-drying, and oven-drying are the
most recommended storage technique due to the minor alteration on isotopic values (Sweeting et
al., 2004; Barrow et al., 2008). Whole blood should be collected with neither additives or in
heparinized vacuumed tubes to prevent clotting and ensure latter separation of its components (e.g.,
red blood cells and plasma) (Hobson et al., 1997; Kurle, 2002).

When field collection of biological tissues is not possible, researchers should be aware that
archived tissues of cetacean species are usually chemically preserved in formalin, dimethyl
sulfoxide (DMSO) buffer, 70% ethanol (EtOH), and formalin-EtOH, that can result in major or
minor alterations in 8'°C and 8'°N values (Sweeting et al., 2004; Kiszka et al., 2014). Although the
possibility of remotion of these preservative methods remains not fully understood, previous
studies have shown that DMSO effect on isotope values of cetacean tissues can be removed with
deionized water (Marcoux et al., 2007; Lesage et al., 2010; Foote et al. 2012) or via lipid-extraction
methods (see Lipid Extraction below) (Lesage et al., 2010; Burrows et al., 2014; Busquets-Vass et
al., 2017; Newsome et al., 2018).

TISSUE SAMPLING METHODS
Recent advances in mass spectrometry have resulted in less sample size required for SIA (Michener
and Schell, 1994). The exact amount of material depends on the concentration of carbon and
nitrogen in the sample, and the sensitivity of the mass spectrometer used for the analysis. Given
that some tissue can be lost during preparation, it is ideal to obtain enough sample to perform at
least two rounds of analyses.

Whole blood can be directly placed in vials to be dried or freeze-dried directly, or
separated into red blood cells (RBC) and plasma components by centrifuge at high velocity for ~5
min. Plasma must be transferred with a pipette to pre-combusted glass fiber filter papers to be

decanted (O Hara et al., 2018), and both components should be dried or freeze dried (Barrow et
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al., 2008). Skin, blubber, muscle, and liver should be washed with deionized water and directly
placed in petri dishes to be dried or vials to be freeze-dried (see Sample preparation below).

Whole tooth or bone fragments can be sampled to obtain long-term averaged dietary
information. The researcher should first check with the laboratory where samples will be analyzed
whether the sample needs to be pulverized or sent in small fragments. Alternatively, chronological
life-time information can be acquired by sampling subsets of the GLGs in tooth of odontocetes
species or along the surface of baleen plates of mysticetes species at fixed intervals. Tooth must be
air-dried and sectioned longitudinally along the buccolingual plane using a water-cooled diamond-
bladed saw (Buehler IsoMet®). To optimize the identification of the GLGs, the tooth longitudinal
sections can be polished with successive sheets of sandpaper with decreasing grit sizes (e.g., 340,
500, 600, 1200), and the inner surface of each tooth immersed in 25% formic acid (amount of time
will vary according to tooth size), rinsed with deionized water and air-dried for 24h or more
(Newsome et al., 2006). Dentinal GLGs of odontocetes can be extracted using two methods, i.e.,
by a micromilling computer-guided system or by manually drilling the layers (Fig. 2). Species with
relatively large teeth (e.g., sperm whale, killer whale) can be subsampled using a micro dental drill
bit coupled to an abrasive rotatory tool (Dremel®) or with a computer-guided micromilling system
(i.e., New Wave™ Research) fitted with a carbide drill bit (e.g., Newsome et al., 2009). Previous
studies on delphinid species with smaller teeth manually drilled the entire tooth of individuals from
different age groups (e.g., Nifio-Torres et al., 2006), the outer and inner dentin to represent early
and later life stages, respectively (e.g., Knoff et al., 2008) or combining the older GLGs (Pereira
etal., 2020). For subsampling baleen plates, keratin powder is sequentially drilled along the L-axis
from the proximal part (below the gum line) of the baleen plate to the most distal, i.e., the oldest
part of the plate. The distance between sample points depends on the baleen species and the
intended temporal resolution (e.g., seasonal or annual) according to the research question, as baleen
growth rates vary among species (e.g., Schell et al., 1989a; Mitani et al., 2006; Bentaleb et al.,
2011; Aguilar et al., 2014) and may also depend on the age of the individual (Schell et al. 1989b;
Best and Schell 1996).


https://www.sciencedirect.com/science/article/pii/S0305440316000030?casa_token=932_KHhTJBsAAAAA:igw0gemlocS8asYBpDaMKBe1WPSFriIy8pkp0frQUZYkH3fbGdHxTcLPiVKvmEWEv9LrcLCl7TY#bib30
https://www.sciencedirect.com/science/article/pii/S0305440316000030?casa_token=932_KHhTJBsAAAAA:igw0gemlocS8asYBpDaMKBe1WPSFriIy8pkp0frQUZYkH3fbGdHxTcLPiVKvmEWEv9LrcLCl7TY#bib22

46

Figure 2. Denting Growth layer groups (GLGs) of the false killer whale (Pseudorca crassidens) manually drilled with
a micro dental drill bit coupled to an abrasive rotatory tool (Photo: Liane Dias/ EcoMega-IO-FURG).

SAMPLE PREPARATION FOR SIA

Drying and homogenization

Samples must be sufficiently dried to reduce tissue breakdown (changing the ratios of the heavy to
light isotopes). Given that high temperatures (e.g., >60°C) can lead to volatilization of the
compounds enriched in lighter stable isotopes (De Lecea, Smit, & Fennessy, 2011), samples should
be oven-dried at moderate temperatures (50-60°C) for varying periods of time (hours to days) or
freeze-dried (Fig. 3) (Jardine et al., 2003; Post et al., 2007). There are no standard protocols when
it comes to the decision on whether tissues should be pulverized and homogenized prior to SIA
Thus, the researcher should first check with the laboratory for instructions on whether tissue
powder or fragments are required. When tissues require homogenization (e.g., , due to the variation
in the amino acid or lipid composition of different layers, that can lead to differences in the isotopic
values) samples must be pulverized into a fine powder using a mortar and pestle or a ball-mill
grinder can ensure isotopic homogeneity and complete combustion. Homogenization is not needed

when using powder of metabolically inert tissues (e.g., baleen plates and tooth).

Acidification of mineralized tissues
Bone and tooth dentin are comprised of collagen and hydroxyapatite. Collagen is an organic matrix
assimilated from carbon and nitrogen contained in the protein constituents of a consumer’s diet.

Bioapatite-based carbon is synthesized from a consumer’s whole diet (i.e., protein, carbohydrates,
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and lipids). Thus, collagen and bioapatite experience differential isotopic fractionation and routing
of dietary components during the biosynthesis of the tissue and their §'3C and §'°N values reflect
different portions of a consumer’s diet. For the best isotopic data interpretation of these tissues
samples, bone and tooth collagen is usually isolated with hydrochloric acid (HCI) (Fig. 3) (DeNiro
and Epstein, 1978; Hobson and Welch, 1992). An assumption of this technique is that acids
dissolve carbon that forms part of inorganic, non-dietary carbonates associated with organic
matrices.

Samples of bone and tooth must be soaked in HCI (0.1 to 0.3 N) at room temperature for
~24 h. This process should be repeated if the acid is still bubbling and samples are still hard by
replacing the acid solution every 24 h until bubbling cease (Nelson et al. 2018). Once the samples
are flexible, they are completely decalcified. After carefully removing the HCI using a pipette,
samples should be washed with successive rinses of deionized water and freeze-dried for +12h.
This treatment eliminates traces of inorganic and organic carbon, where the supernatant containing
the contaminants is discarded, the residue containing the protein is rinsed to neutrality and the
resulting material is collagen (Ambrose, 1990). It remains unclear, however, whether this acid-
treatment affects isotopic values from tissues. The simultaneous measurement of §'°C and §'°N to
estimate trophic position can be problematic given that the acid-treatment used to remove inorganic
carbon can also affects 8'°N values (Choy et al., 2016). One alternative is to split tissues into acid-
treated and untreated sub-samples for separate analyses of §'°C and §'°N.

Nevertheless, by directly comparing results of raw and decalcified dentin of odontocete
species, Brault et al. (2014) and Groom (2018) found no significant differences in the §'°C and
8'°N values, although C:N ratios slightly differed between treatments. These results suggest that
decalcification is not necessary when measuring bulk stable isotopes in dentin of modern
odontocetes. The authors attributed their results to potentially low concentration of lipids and
carbonates, and to the similarity in '°C values of dentin proteins and carbonates (Brault et al.,
2014). However, the application of acid-treatment to fossil dentin and modern bone is still

recommended (Brault et al., 2014).

Lipid extraction
Lipids are depleted in *C (i.e., lower §'°C) compared to other biochemical compounds (e.g.,

proteins or carbohydrates), due to kinetic-isotope effects during the conversion of pyruvate to
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acetyl coenzymeA in lipid synthesis (DeNiro and Epstein, 1977). This depletion in lipid content
can decrease '*C/!>C in bulk tissues and their respective 8'°C values, which can be wrongly
interpreted as dietary or habitat shifts (Logan et al., 2008). Consequently, chemical procedures to
correct the influence of lipids on '3C values prior to stable isotope analysis have become common
practice. Given that synthesis and storage of lipids vary among tissues types, tissues with high lipid
content such as liver, muscle and plasma should be lipid extracted prior to SIA, while the lower
lipid proportion in tissues such as dentin, baleen plates and red blood cells do not require lipid
extraction (Newsome et al., 2010). One of the most common used in lipid extraction is an
adaptation of the Bligh and Dyer’s (1959) method, in which lipids are reduced through repeated
rinses of chloroform:methanol or petroleum ether solvents sonicated in a fume hood at ambient
temperature and rinsed for 12-24 h at higher temperatures using a Soxhlet apparatus or other
extraction devices. The amount of time of exposure to solvents will vary according to the lipid
content of the tissue being analyzed. The C:N ratios are frequently used as a proxy for determining
whether samples have been adequately lipid extracted. Lesage et al. (2010) and Kiszka et al. (2014)
suggest that C:N ratio is an efficient lipid removal indicator for cetacean skin when values are <4.
Yet, studies have shown that the C:N ratio is not a reliable indicator of lipid content for some
cetacean species and tissues (Wilson et al., 2014; Yurkowski et al., 2014). For example, Yurkowski
et al. 2014 showed that the C:N ratio was positively correlated with lipid content in liver but
negatively correlated with lipid content in muscle tissues of Arctic marine mammal species (e.g.,
beluga and narwhal).

The use of organic solvents to remove simple lipids may also lead to changes in tissue §'°N
values due to the removal of amino acids (Kiljunen et al., 2006; Sweeting et al., 2006; Logan et al.,
2008; Lesage et al., 2010; Choy et al., 2016). This effect varies between —0.15% and +0.30% in
cetaceans depending on the taxonomic group (Lesage et al., 2010). An alternative to the §'°N bias
induced by lipid chemical extraction is to analyze duplicate samples (one aliquot lipid extracted,
one nonextracted) for a proper estimation of '*C and 8'°N values (Logan et al., 2008; Ryan et al.,
2012). This duplication of samples is ideal but can also be problematic given the high costs
associated and by the fact that some cetaceans’ studies rely on small amount of tissues obtained
through remoted biopsies. An alternative is to double analyze only a fraction of the total samples
and carry out a posterior mathematic correction for the influence of lipids on the §'3C values of

untreated samples (see Mathematic lipid correction below).
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Figure 3. Collection of cetacean tissues depending on the carcass decomposition condition (Code 1: animal stranded
alive; Code 2-3: well-preserved and moderately decomposed carcasses; Code 4-5: advanced decomposed or
mummified carcasses) with specific preservation and preparation methods (in order from top to bottom: tooth, baleen
plates, bone, muscle, red blood cells, skin, blubber, plasma, and liver).

Prey samples

Mathematical mixing models are valuable tools to infer the relative contribution of different prey
items to consumers’ diet. Samples of potential prey sources assessed via stomach contents or visual
observation should be obtained from the same region where the animal occurs. Because there could
be ontogenetic related changes in the diet of potential prey, consequently affecting their 5'°C and
3N (e.g., Nagata et al., 2015), prey samples need to encompass the same length range taken by
consumers. Prey samples should also follow the same sampling, cleaning protocols as cetacean
species’, and stored at -20°C until preparation for SIA. Potential prey items may include
invertebrates (whole body of single or multiple individuals) and tissues of fish, squid and/or even
marine birds and mammals. Whole body (in the case of invertebrates) or small amounts of tissue
should be washed with deionized water to remove any external contaminants, placed in Petri dishes
and dried at 50-60°C for 12-48h or freeze-dried. One should investigate the need and effectiveness
of carrying out acidification to remove carbonates (usually required for invertebrates with

calcareous structures, Carabel et al., 2006) and chemical lipid extraction or normalization (see
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mathematic lipid correction below). Giménez et al. (2017a) recommend the use of species-specific
linear models to normalize the isotopic composition of prey sources before dietary quantifications
through mixing models of specialist consumers and general linear models when dealing with

generalist consumers.

Sample submission to the laboratory facility

Samples should be placed into tin (Sn) or silver (Ag) capsules. Tin is an important combustion
catalyst and is usually used for §'*C and §'°N analyses of tissues, while silver capsules are often
used for acid fumed samples because tin decomposes rapidly when exposed to acid (Bosley and
Wainright, 1999). Capsules should be weighed using a micro-analytical balance with a readability
of 3 decimal places on a milligram (i.e., 0.00lmg). If a micro-analytical balance with this
readability is not available, some precision may be lost when measuring %C and %N because these
values are calculated using the recorded weight of the sample. One possible negative outcome of
these weighing errors is the presence of isotopic outliers that can be avoided by sending prepared
samples in labelled Eppendorf tubes or glass/plastic vials to be processed and/or weighed at the
same laboratory facility that will conduct the analysis for an extra-cost. Weighing pulverized or
small pieces of sample tissue can be tricky, especially for tissue powders that are strongly affected
by static electricity. Ensure that the microbalance is clean and calibrated, and there is no air flow
(e.g., air conditioning fan, open doors) when taring and weighing.

Before weighing out the sample, tare the balance to exclude the initial mass of the pre-
weighted capsule. Using sterilized latex gloves during the entire process, carefully handle the
capsules with tweezers and move them from the microbalance to a clean metal surface. Sample
amount to be loaded into tin capsules is determined by the type of isotopic element needed (i.e., C,
N) and the instrumental precision of the laboratory. Thus, before sending samples for analysis is
essential to ask about the laboratory's analytical precision to ensure readability and precision are
compatible with the isotope laboratory requirements. Using a spatula or tweezers, transfer a small
amount of tissue sample into the capsule. Reweigh capsules containing the sample and continue
adding or removing biological material until the target sample weight is obtained. Record the final
sample weight and ID in a spreadsheet.

Once the sample has been loaded, tightly seal the capsules by crimping the open end and

gently folding in the edges into spherical or cylindrical shape using a pair of clean forceps with
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blunt tips. Ensure that there are no holes in the capsule that can result in sample leak, and that there
are no stray edges of the capsule protruding that can become stuck in the autosampler clogging the
equipment. To avoid cross-contamination among samples, always thoroughly wipe supplies and
equipment using tissues with a solvent (e.g., ethanol) between samples. Organize and
group samples of similar material together in a 96-well untreated polystyrene culture plate to be
shipped together with a specific sample submission form with unique sample ID’s and weights
required by the laboratory (generally available on their website). To secure loaded trays and prevent
samples from moving during shipment, close the gap between the 96-well plate and cover, trim an

index card(s) between the top lid and bottom tray and secure preferably with elastic bands.

SAMPLE ANALYSIS IN ISOTOPE MASS SPECTROMETRY INSTRUMENTATION

The isotope-ratio mass spectrometry system (IRMS) is usually coupled to an elemental analyzer
where 8'3C and §'°N data can be obtained simultaneously. First, organic tissues wrapped in
capsules are converted to pure gases (CO2, N2) by using a helium diluter (an inert gas used to carry
the sample through the system) prior to transfer into the isotope-ratio mass spectrometer (Jardine
et al., 2003; Sulzman, 2007). Samples are focused into the ion source to reach the high precision
required to detect natural abundance isotope variations (Kelly et al., 2018). Because the ratio of
heavy to light isotope tends to be very small, isotopic abundance is conveniently reported as parts
per thousand or per mil (%o), expressed in delta notation (6) and obtained using the equation:

68X = [Rsample / Rstandard — 1] * 1000

where X is the heavier isotope (e.g., *C), Rsample / Rstandard 18 the ratio of the heavy to light isotope
(e.g., *C/2C) in the sample relative to an internationally accepted standard (Peterson and Fry,
1987). For carbon, the international standard is the Pee dee Belemnite (PDB) marine fossil
limestone formation from South Carolina (Craig, 1957), whereas the standard for nitrogen is
atmospheric nitrogen (Ehleringer and Rundel, 1989). As international standards are expensive and
not always commercially available, each laboratory has internal standards, i.e., compounds with
similar physical and chemical features to that of the sample, which are compared against the
international standard. A positive & value means the sample has more of the heavier isotope than
the standard, whereas a negative value indicates the sample has less of the heavy isotope than the

standard.
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DATA ANALYSIS

Raw data interpretation

When results come back from the isotope laboratory, check if the isotopic and elemental data for
the analytical standards are consistent throughout the run, and if §'°C, §'>N and C:N ratios are
within the range expected for the system and tissue type. If these conditions are not met, samples
should be reanalyzed. Data discrepancy can occur due to sample contamination during collection,
preparation, preservation steps, and/or did not run properly during the analysis. If the amount of a

sample is too low to repeat analysis, consider excluding the biased data from statistical analyses.

Suess effect correction

Atmospheric CO> 8'°C has been declining in the last 200 years, largely due to the release of low
8!*C-CO; by increased burning of fossil fuel and deforestation (Francey et al., 1999; Gruber et al.,
1999; Indermiihle et al., 1999; Verburg, 2007). These changes in atmospheric CO2 §!*C resulting
from long-term anthropogenic influences is referred to as the Suess effect (Keeling, 1979) and
needs to be accounted for when interpreting changes in §'*C in species and their ecosystem. For
this reason, studies focusing on historical samples have applied a correction factor of 0.02%. year,
an average of mean values reported by Kortzinger and Quay (2003) and Sonnerup et al. (1999), to
samples’ §'°C to account for such a decrease and allow comparison among samples from different

time periods (e.g., Riccialdelli et al., 2013; Loizaga de Castro et al., 2016; Teixeira et al., 2020) .

Mathematic lipid correction

When samples have not been lipid extracted, §!°C values can be a posteriori corrected for lipid
content by applying mathematical corrections or normalizations (Sweeting et al., 2006; Logan et
al., 2008). Despite the time and cost-saving provided by mathematical corrections, they should be
based on empiric experiments to obtain more accurate species and tissue-specific models (Logan
et al., 2008; Lesage et al., 2010; Yurkowski et al., 2014, Gimenez et al., 2017). Linear and non-
linear mathematical models for lipid correction have been fitted for whole body aquatic
invertebrates and vertebrates (McConnaughey and McRoy, 1979; Fry et al., 2003; Post et al., 2007),
thus researchers should estimate the species- and tissue-specific coefficients to apply to the most

appropriate equation. Ideally, a significant number of samples for each species being studied should
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be double-analyzed, allowing the development of each species’ tissue-specific coefficients for the
equation that would then be applied to all data for lipid correction. Table 1 presents a compilation
of cetacean species for which tissue-specific parameters for mathematical lipid correction have
been estimated.

The non-linear model proposed by McConnaughey and McRoy (1979) requires the initial
estimation of the lipid content (L) using the carbon-to-nitrogen ratios of the untreated sample

(C:NBulk):

~ 93
1 + ((0.246 X C:Nyyy) —0.775)

L

Subsequently, one can apply the estimated L to correct §'°C values:

3.9

(1+5)

513CCorrected = 613CBulk +DX|I +

Where D defines the curve slope, indicating the isotopic difference (in %o) between pure
lipid and pure protein. Thus, in other words, D = 8'*Cvripid. The equation also includes the constant
L

The mass-balance model developed by Fry et al. (2003) estimates lipid-free 8'°C using C:N
ratios from both bulk and lipid-extracted (C:Nirg) samples, as well as D:

s13¢ _ (6"°Cpuixe X C:Npyy) + [D(C: Npyye — C:Nyg)]
Corrected C: Npyik

The model for mathematical correction proposed by Post et al. (2007) assumes a linear
relationship between C:Npux and AS'’C; the latter is the difference between §'’C values of
chemically treated and non-treated samples. The parameters a (the intercept, 5'°C when C:N equals
zero) and P (the slope, the rate of changes in §'3C for each unit change in C:N) are estimated from
a linear regression between C:Npuk and A8'°C, and are then applied in the following equation to

estimate lipid-free 5'*C:
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613CCorrected = 613CBulk + (a+ﬁ X C:NBulk)

Tissue- and species-specific mathematical lipid correction is a method frequently used to
estimate lipid-free 5!°C values. Nevertheless, as these models assume that C:N ratios are indicative
of lipid content, and thus estimate changes in 8'*C based on changes in C:N, potential non-linearity
between them may hinder the possibility of such arithmetical corrections (e.g., Wilson et al., 2014).
Thus, it is noteworthy emphasizing that, when feasible, duplicate analyses should be carried out,
with lipid-extracted samples to obtain §'3C values and non-treated samples for §!°N values (Ryan

et al., 2012; Cloyed et al., 2020).

Table 1. Cetacean species for which tissue-specific coefficients for mathematical lipid correction have been estimated
by analyzing lipid-extracted and non-treated subsets of individual samples.

Species Tissue type Reference

Beaked whales* Bone Tatsch et al., 2016

Skin, muscle, Lesage et al., 2010; Choy et al.,
Beluga Delphinapterus leucas

liver 2016

Bottlenose dolphin Tursiops truncatus Skin Giménez et al., 2016
Bowhead whale Balaena mysticetus Skin Lesage et al., 2010
Fin whale Balaenoptera physalus Skin Ryan et al., 2012
Harbor porpoise Phocoena phocoena Skin Lesage et al., 2010
Humpback whale Megaptera novaeangliae  Skin, blubber Ryan et al., 2012
Minke whale Balaenoptera acutorostrata Blubber Ryan et al., 2012
Common dolphin Delphinus delphis Skin Peters et al., 2020

*data from five species (Cuvier’s Ziphius cavirostris, Arnoux’s Berardius arnuxii, Blainville’s Mesoplodon
densirostris, Gray’s M. grayi, Layard’s M. layardii, and Hector’s M. hectori) of beaked whales pooled together to
estimate the equation parameters.

Exploratory analysis and hypothesis testing
Stable isotope biplots, also referred to as niche space or isotopic niche, are the most commonly
used approach for presenting stable isotope data, while graphical (e.g., scatter plots, error bars) and

basic statistical methods provide the framework for interpreting raw isotope data. Mean §'°C and
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815N values between samples can be evaluated using univariate tests, or multivariate models. For
example, the parametric ANOVA has been used to assess temporal (Secchi et al., 2016) and
ontogenetic dietary shifts in bottlenose dolphins (Knoff et al., 2008) and Commerson’s dolphins
(Riccialdelli et al., 2013), dietary variation between groups and acoustic clans of sperm whale
(Marcoux et al., 2007), as well as potential seasonal dietary shifts and the effect of different areas
on isotopic values of short-beaked common dolphin’ skin (Loizaga de Castro et al., 2016). The
non-parametric Kruskal-Wallis has been used to assess resource use and partitioning among
sympatric dolphin species around Mayotte Island (Gross et al., 2009; Kiszka et al., 2011), Morea
Island (French Polinesia) (Kiszka et al., 2010), and in Northwest Iberian Peninsula waters
(Mendez-Fernandez et al., 2012). Alternatively, generalized linear model (GLM) has been used to
assess foraging patterns among narwhal populations (Watt et al., 2013) and trophic relationships
in sympatric dolphin species (Teixeira et al., 2020), whereas fitted generalized additive models
(GAMs) has been used to assess the temporal, ontogenetic and sex-related variation in the diet of

the franciscana dolphin (Troina et al., 2016), and common dolphins (Peters et al., 2020).



Table 2. Summary exemplifying some studies with different tissues’ types and the ecological application with cetacean species
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Species

Type of tissue

Application

Reference

Dolphins community
Franciscana dolphin Pontoporia blainvillei

Bottlenose dolphin ecotypes Tursiops
truncatus and Sperm whale Physeter
macrocephalus

Bottlenose dolphin Tursiops truncatus

Franciscana dolphin Pontoporia blainvillei

Short-beaked common dolphins Delphinus
delphis delphis

Blue whale Balaenoptera musculus

Fin whale Balaenoptera physalus
Narwhal Monodon monoceros

Indo-Pacific bottlenose dolphins Tursiops

aduncus

Beluga whales Delphinapterus leucas

Teeth and bone

Liver and muscle

Skin

Teeth

Teeth

Skin

Skin

Baleen plate
Skin

Skin and blubber

Teeth

Trophic interactions

Trophic interactions

Trophic interactions
Temporal and sexual variation in diet
Ontogenetic and sexual variation in diet

Stock origin of stranded animals

Seasonal foraging and migration pattern

Seasonal foraging and migration pattern

Geographic variation in diet

Feeding ecology (prey preferences)

Individual diet specialization

e.g., Costa et al., 2020

e.g., Di Beneditto et al.,
2013

e.g., Diaz-Gamboa et al.,

2017

e.g., Secchi et al., 2017
e.g., Troina et al., 2016
e.g., Elorriaga-
Verplancken et al., 2020

e.g., Busquets-Vass et

al., 2020
e.g., Vighi et al., 2019
e.g., Watt et al., 2013

e.g., Kiszka et al., 2014

e.g., Yurkowski et al.,

2016



Sperm whales Physeter macrocephalus

Bottlenose dolphin Tursiops truncatus

Bottlenose dolphin Tursiops truncatus

Teeth

Blood and skin
Teeth

Habitat use

Trophic position

Diet of modern and historic populations
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e.g., Zupcic-Moore et
al., 2017
e.g., Woshner et al., 2008

e.g., Walker et al., 1999
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Populational trophic structure, habitat use and interspecific interactions

The isotopic niche (Bearhop, Adams, Waldron, Fuller, & MacLeod, 2004; Newsome, Martinez del
Rio, Bearhop, & Phillips, 2007) can be delineated in a §-space in which §'°C vs. §'°N are the
environmental axes that provide information on the bionomic and scenopoetic components of the
ecological niche (Newsome et al. 2007). Isotopic niches can be quantified using metrics (Jackson
et al., 2011; Layman et al., 2007) that allow for the assessment of trophic interactions and niche
overlap between different groups, populations, or species. Quantitative tools such as Layman's
community-wide metrics of trophic structure can be used to investigate patterns in food web
structure and niche with based on mean positions in niche space (Layman et al., 2007). The §'3C
and 8'°N range (CR and NR, respectively), Total area (TA), Mean distance to centroid (CD), Mean
nearest neighbor distance (NND), Standard deviation of nearest neighbor distance (SDNND)
metrics can be calculated using the package Stable Isotope Analysis in R (SIAR; Parnell et al.,
2008; Parnell, Inger, Bearhop, & Jackson, 2010). However, the use of Euclidean methods such as
Layman metrics to define the isotopic niche space of a species in a community (Layman et al.,
2007) do not account for uncertainty associated with sampling and can be sensitive to sample size
(Jackson et al., 2011). Isotopic niche breadth and overlap between cetacean species can be assessed
using standard area ellipses estimated by Bayesian inference that incorporates uncertainties such
as sampling biases and small sample sizes into niche metrics (Jackson et al., 2011). The package
SIBER (Stable isotope Bayesian ellipses in R, Table 3) employs Markov-Chain Monte Carlo
simulations to construct ellipses that represent the isotopic niche width (or isotopic niche space)
and are produced by estimating the covariance matrix of §!°C and §'°N, which is the equivalent to
the standard deviation for univariate data (Jackson et al., 2011). The trophic overlap can be
calculated by estimating the area of the isotopic niche space that intersects between different groups
or species (Jackson et al., 2011).

This approach has been applied to assess the trophic relationships, habitat, and resource use
of fin whale populations (Ryan et al., 2013; Das et al., 2017), common bottlenose dolphin ecotypes
and sperm whales (Diaz-Gamboa et al., 2018), sympatric transient and resident populations of
bottlenose dolphin (Santos Carvallo et al., 2015), sympatric coastal (Young et al., 2017; Teixeira
et al., 2020) and oceanic dolphin populations (Troina et al., 2020), to name a few. SIBER has also

been used to evaluate sexual (Loizaga De Castro et al., 2016), ontogenetic (Pereira et al., 2020)
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and temporal (Secchi et al., 2016) changes in cetaceans’ diet and ecological niches. Additionally,
both Layman metrics and SIBER approaches can be combined to help evaluate the trophic diversity
and niche partitioning among populations (e.g., Riccialdelli et al., 2017; Brotons et al., 2019) and
species (Browning et al., 2014; Giménez et al., 2017b; Troina et al., in press). An alternative
approach to estimate isotopic niche area and overlap is the kernel density method (Eckrich, Albeke,
Flaherty, Bowyer, & Ben-David, 2020), offering more realistic estimates when data are irregularly
distributed within the bivariate space. To our knowledge, this method has not been applied in
studies with cetaceans, but it is a promising novel tool.

Lastly, the R package tRophicPosition (Quezada-Romegialli et al., 2018, Table 3)
incorporates a Bayesian approach to estimate the trophic position of consumers and allows the use
of isotopic information of up to two baselines (e.g., benthic and pelagic primary producers).
Knowing the trophic position occupied by cetacean species within their food webs is key to

understanding their ecological role in that ecosystem.

Proportional contribution of sources to consumers’ diet

Mass-balance mixing models use Bayesian framework to allow the estimation of the proportional
contribution of different prey items to the consumers’ overall diet based on the isotopic data of
consumers (1.e., cetaceans) and potential dietary sources (prey) (Phillips and Gregg, 2003; Parnell
etal., 2010). Using the packages MixSIAR (Moore and Semmens, 2008), SIMMR (Parnell, 2016),
isotopic mixing models incorporate uncertainty for each parameter and specific diet-to-tissue
discrimination factors, also called trophic enrichment factors (i.e., TEFs) (Martinez del Rio et al.,
2009, Table 3).

Isotopic mixing models have been applied to estimate the diet of several cetacean species,
including baleen whales (e.g., Pomerleau et al., 2012; Witteveen et al., 2012; Ryan et al., 2014)
and odontocetes (e.g., Monteiro et al., 2015; Secchi et al., 2016; Troina et al., 2016; Teixeira et al.,
2020). The assessment of important prey species is key to quantifying interactions with fishing
activities (e.g., Secchi et al., 2016; Wild et al., 2020), being therefore especially useful for
conservation purposes. Additionally, isotopic mixing models coupled with isotopic niche metrics
estimated with SIBER has helped the assessment of long-term patterns in feeding habits and trophic

segregation among sympatric baleen whales, and to differentiate between specialist species and
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those that have changed prey dominance according to prey availability (e.g., Gavrilchuk et al.,
2014).

Nevertheless, the reliability of dietary information through isotopic mixing models relies
on several assumptions, such as the use of accurate diet-to-tissue discrimination factors. As models’
outputs are sensitive to variations in TEFs (e.g., Caut et al., 2008), the use of inappropriate TEF
values may lead to unrealistic dietary estimates. To quantify discrimination factors, consumers are
held on a controlled, isotopically constant diet comprising the length of time required for a
complete turnover of the tissue of interest. Thus only a few studies have been able to estimate TEFs
for cetaceans (e.g., Caut et al., 2011; Browning et al., 2014; Giménez et al., 2016) and average
values are usually adapted from closely related species available in the literature. In this case,
dietary outputs based on isotopic mixing models using a single discrimination factor need to be
considered with caution, as results may be misleading if TEF is incompatible with the target species
or tissue analyzed (Caut et al., 2009, Table 3). An alternative to tackle this issue is to test different
TEFs and report the range of dietary estimates provided by the different models. For instance,
Troina et al. (2016) applied several TEFs for §'°C and for §"°N in different mixing models to
estimate the proportional contribution of prey items to franciscana dolphins, with Bhattachayya’s
coefficient index to compare models’ outputs. More recently, Bayesian inferences allow to estimate
consumers’ 8'°C and §'°N TEFs for the different tissue types, based on their feeding ecology and
phylogeny with the SIDER package in R (Healy et al., 2018).

Further, a critical assumption for applying isotopic mixing models is that the consumer’s
isotopic composition must be within the polygon bounding the isotopic composition of the dietary
sources (Phillips & Gregg, 2003), and violations of this assumption can be tested using the ‘point-
in-polygon’ approach (e.g., Benstead et al., 2006). The mixing polygon simulations (Mixing
polygons package in R, Table 3) developed by Smith et al. (2013), generate polygons that satisfy
the point-in-polygon assumption within a model using Monte Carlo iterations. This approach uses
the isotopic distributions of the proposed dietary sources and the trophic enrichment factors to
determine if the mixing model designed for cetaceans and their prey sources was appropriate (e.g.,

Giménez et al., 2017c; Varela et al., 2018; Borrell et al., 2020).

Intra and inter-individual variation in foraging preferences
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Ecologists have long recognized that natural populations can be composed of ecologically
heterogeneous individuals that feed on different subsets of the available resources (Bolnick et al.,
2002; Bearhop et al., 2004). Given that the isotopic niche of a population can be influenced by the
different foraging strategies of each consumer, an important step in evaluating population isotopic
niche is to examine how differences within vs. between individuals contribute to the observed
isotopic variability of that population. Individual specialization is known to be widespread across
a diverse set of taxa (Bolnick et al., 2003) including cetaceans (e.g., Rossman et al., 2015; Guerra
et al., 2020; Pereira et al., 2020) and refers to the use of a restricted portion of the possible range
of available resources.

To assess the level of individual specialization in cetaceans using stable isotopes, tissues
with different turnover time (thus reflecting different foraging events through time) or from
metabolically inert and continually growing tissues (e.g., tooth or baleen plates) should be sampled.
Subsequently, the average intra-individual variance (‘within- individual component’ of the niche,
WIC) can be calculated and divided by the sum of the inter-individual variance (‘between-
individual component’, BIC) and the intra-individual variance (WIC + BIC = TNW, the ‘total niche
width’). This index (WIC/TNW) varies between 0 and 1, and indicate complete or no individual
specialization, respectively (Bolnick et al., 2003). This method has allowed to evaluate whether
TNW in a population of beluga whales changed latitudinally in response to ecological opportunity
(e.g., availability of prey), and to identify that WIC contributed more to TNC than BIC, indicating
a generalist feeding behavior in the species (Yurkowski et al., 2016). Empirical values can be
compared with a null model (randomisation of prey items between individuals) and can be

implemented in the R package RInSp (Zaccarelli et al., 2013).


https://link.springer.com/article/10.1007/s00227-015-2735-4#ref-CR14
https://link.springer.com/article/10.1007/s00227-015-2735-4#ref-CR7

Table 3. Key software packages in R and required data to address specific ecological research questions with cetacean species using stable isotope analysis

Research Question Model Required data Reference
Habitat use Isotopic values of individuals from the
o ' Layman . ‘ Layman et al., 2007
Interspecific interactions focal populations or species
Habitat use ) e
o ) Isotopic values of individuals from the
Interspecific interactions SIBER _ ‘ Jackson et al., 2011
focal populations or species
niche width and niche overlap
Isotopic value of consumers;
Baseline isotopic values (e.g., primary
Trophic position tRophicPosition consumer); Quezada-Romegialli et al., 2018
Diet-to consumer trophic discrimination
factor
Multiple samples of each individual
Intra and inter-individual encompassing different life-time periods )
o _ Rlnsp _ . . . Zaccarelli et al., 2013
variation in foraging preferences (e.g., different tissues with varying
turnover time, dentin GLGs)
MixSIAR Moore & Semmens, 2008
Isotopic values of consumers
) o SIAR o Parnell et al., 2010
Proportional contribution of Mean and standard deviation of
sources to consumers’ diet SIMMR isotopic values of sources Smith et al., 2013

Trophic discrimination factor

Mixing polygons Parnell, 2016
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CONCLUSIONS

The usage of SIA to the study of cetacean species has grown rapidly due to substantial
technique advances that allow minimal sample size and rapid processing of a large number of
samples. Although SIA provide valuable information on food web interactions and energy flow in
various ecosystems, we should also recognize inherent caveats that must be considered when
interpreting isotopic data such as the species-specific trophic discrimination factors, overlapping
values among prey sources, and temporal or spatial variation in prey and baseline isotopic values
that can lead to confounding interpretations of isotopic values of organisms in higher trophic level
(Gannes, O’Brien & del Rio, 1997). To minimize such limitations and provide greater resolution
on foraging ecology, migration patterns, and population structure of cetacean species, SIA can be
coupled with other techniques biochemical tracers such as fatty acids (e.g., Hooker et al., 2001)
and compound-specific isotope analysis of amino acids (CSIA-AA) (e.g., Matthews, Ruiz-Cooley,
Pomerleau, & Ferguson, 2020).

Based on an overview of existing studies and procedures of SIA applied to cetacean species,
we present a practical and accessible guide for the common steps encompassing SIA with best
practices for sampling, storing and preparing the most commonly used biological tissues, with the
available tools for the treatment and statistical analysis of isotopic data. We also provide a synthesis
of the approaches and considerations that are common to most studies (see Box 1). We believe that
this guide can yield methodological consistency of SIA in cetacean species and hence, facilitate

interlaboratorial comparisons.



Box 1. Basic steps to conduct SIA with cetacean species

e Review the literature to understand the fundamental
principles of stable isotopes biochemistry and its application to
the focal organism of interest

e Choose the isotope element (C, N, S) and other
complementary data sources that are best suitable to answer
your ecological question

e Choose the proper biological tissue based on their
availability, growth rate, trophic discrimination, and turnover
rate

e Contact the laboratory facility to obtain information about
the instrumental precision of the mass spectrometer and sample
submission instructions (i.e., sample size)

e Apply specific methods of sampling, preservation, and
preparation according to the biological tissue used for SIA
(e.g., acidification, lipid extraction, centrifugation)

e Check if raw isotopic data are within the range expected
for the tissue and the system, evaluating possible discrepancies
e Choose methods for data analysis according to the
objective of the study, the structure of the data and the number

of variables.
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ABSTRACT

Sympatric species are expected to differ in ecological requirements to minimize niche overlap
and avoid competition. Here we assess the trophic interactions among three coexisting dolphin
species from southern Brazil: the franciscana dolphin (Pontoporia blainvillei), the Guiana
dolphin (Sotalia guianensis), and the Labhille's bottlenose dolphin (Tursiops truncatus
gephyreus). We evaluated temporal variation in carbon (8'°C) and nitrogen (8'°N) isotope
values of bone collagen to examine potential dietary shifts resulting from increased fishing
activity over the past three decades. We estimated the degree of niche overlap among these
species and the contribution of potential prey sources to their diet. §'°N values were consistent
among species and across years, while 8'°C values increased for Guiana dolphins and decreased
for bottlenose dolphins, suggesting changes in diet and/or foraging habitats through time. The
similar 8!°C and 8"°N values and the high niche overlap between Guiana and bottlenose
dolphins indicate that these species are primarily feeding on demersal prey. The franciscana
diet is primarily composed of pelagic prey, resulting in a lower niche overlap in comparison
with the other dolphin species. Our study provides further information about the foraging
ecology of this unique dolphin community in southern Brazil with implications for its

management and conservation.

Keywords: isotopic niche, Pontoporia blainvillei, Sotalia guianensis, stable isotopes, trophic

position, Tursiops truncatus gephyreus
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INTRODUCTION

The concept of niche is essential for understanding how biotic and abiotic variables regulate
resource use and competition among species. Niche theory predicts that sympatric species can
partition resources through variation in foraging strategies or through variation in when and/or
where resources are exploited (Pianka, 1980; Schoener, 1974). Therefore, quantifying niche
overlap of sympatric species can provide insights into the underlying mechanisms that enable
coexistence, such as how species share or compete for resources. This information may
eventually be used to predict community responses to natural or anthropogenic ecosystem
change, especially those related to prey distribution and abundance (Chase & Leibold, 2003;
Geange, Pledger, Burns, & Shima, 2011).

Resource partitioning through variation in foraging strategies can be attributed to
morphological differences among coexisting species (Schoener, 1974). This is mainly due to
the influence of an organism's morphology on its foraging performance, which can limit the
range of prey that can be efficiently captured (Taylor, 1987). Off the coast of Santa Catarina,
Brazil in the Southwest Atlantic Ocean (SWAO), a direct sympatry (sensu Bearzi, 2005) among
three dolphin species with marked differences in morphological traits—the franciscana dolphin
(Pontoporia blainvillei), the Guiana dolphin (Sotalia guianensis), and the coastal ecotype of
the bottlenose dolphin (Tursiops truncatus gephyreus)—provides an interesting opportunity to
evaluate resource partitioning (Figure 1). The franciscana dolphin (Pontoporidae) is usually
grouped within the so-called river dolphins, that consist of relict dolphin lineages (Cassens et
al., 2000). These species have a unique combination of morphological features such as a flexible
neck, elongated skull, narrow jaw, and rostrum (Cassens et al., 2000) with a relatively large
number (up to 250) of small needle-like teeth (Werth, 2006). The Guiana and bottlenose
dolphins are grouped within the more diverse delphinid family characterized by blunt heads,
wider jaws, and a lower number of robust and conical teeth (up to 100) in comparison to river
dolphins (Werth, 2006). These three species also have different body dimensions (Botta,
Muelbert, & Secchi, 2012; Cremer et al., 2018; Rosas & Monteiro-Filho, 2002; Venuto, Botta,
Barreto, Secchi, & Fruet, 2020) and life history traits (i.e., growth rates and age at maturity;
Barreto & Rosas, 2006; Botta et al., 2010; Fruet, Daura-Jorge, Moller, Genoves, & Secchi,
2015; Rosas & Monteiro-Filho, 2002; Venuto et al., 2020) that likely result in contrasting
energetic demands, which in turn can affect their behavior and ability to catch prey, and by

extension their dietary preferences.
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Figure 1. (a) Overlap (dark gray) in the distribution of the franciscana (Pontoporia blainvillei) (red),
Guiana (Sotalia guianensis) (gray) and Lahille's bottlenose (Tursiops truncatus gephyreus) (blue) dolphins
off the Santa Catarina coast in southern Brazil. Insets (b), (c), and (d) represent the distribution of each
species independently

The diet of these three sympatric dolphin species was previously described via stomach
content analysis (Bassoi, 2005; Daura-Jorge, Wedekin, & Simdes-Lopes, 2011; Milmann,
Danilewicz, Machado, Santos, & Ott, 2016), which revealed that the most important prey
species for both Guiana and bottlenose dolphins is the pelagic Trichiurus lepturus, while the
demersal Stellifer rastrifer is the preferred prey for the frasciscana dolphin. Studies suggest that
the franciscana dolphin feeds mainly on small size prey (Bittar & di Beneditto, 2009; Cremer,
Pinheiro, & Simdes-Lopes, 2012), which might be related to its rather unique skull morphology.
In contrast, Guiana and bottlenose dolphins exhibit a high degree of dietary plasticity with
respect to prey size (Daura-Jorge et al., 2011; Milmann et al., 2016).
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Although 7. lepturus is not considered an important resource for fisheries in southern
Brazil, the high bycatch mortality of this pelagic species by the bottom trawling fleet
(Haimovici & Mendonga, 1996; Haimovici & Fischer, 2007) may negatively impact 7. lepturus
stocks and by extension influence the diet of Guiana and bottlenose dolphins. Other important
prey consumed by these three sympatric dolphins are demersal species (e.g., , Mugil liza,
Micropogonias furnieri, Macrodon atricauda, Umbrina canosai, and Cynocion guatucupa),
which have decreased in abundance over time, with stocks now considered fully exploited
and/or at risk of collapse (Haimovici & Cardoso, 2017). Together, these demersal fish species
represent more than half of local marine fish landings in southern Brazil. The ecological impact
of overfishing has been monitored for decades along the southern Brazilian coast (Castello,
Sunyé, Haimovici, & Hellebrandt, 2009; Haimovici & Cardoso, 2017; Vasconcellos & Gasalla,
2001) and has likely influenced the foraging behavior and diet composition of these dolphin
species and possibly other coastal marine top consumers in this region. During the last decade,
franciscana and bottlenose dolphins from Rio Grande in southern Brazil showed a temporal
change in diet composition that likely corresponds to increased fishing pressure in this region,
which impacted the availability of their primary prey sources (e.g., , M. furnieri and
Menticirrhus sp.; Secchi, Ott, & Danilewicz, 2003; Secchi et al., 2017). Thus, detailed
information on feeding ecology can help elucidate how increasing fishing activities in this
region can influence diet composition and trophic relationships among these top predators,
supporting more effective management for the conservation of coastal marine mammal
populations and the ecosystems that support them.

Stable isotope analysis has emerged as a useful tool to assess trophic interactions and
resource partitioning among marine mammals and has been used extensively to study sympatric
dolphin species (e.g., , Kiszka et al., 2011; Loizaga de Castro, Saporiti, Vales, Cardona, &
Crespo, 2017). As applied to marine top consumers, this approach commonly utilizes carbon
(6'C) and nitrogen (8'°N) stable isotope analysis to characterize foraging habitats and trophic
level (DeNiro & Epstein, 1978; Fry, 2006; Newsome, Clementz, & Koch, 2010). The ecological
niche of a population or species can thus be depicted by its isotopic composition or isotopic
niche (Bearhop, Adams, Waldron, Fuller, & MacLeod, 2004; Newsome, Martinez del Rio,
Bearhop, & Phillips, 2007) in which §'3C vs. 8'°N are the environmental axes that combine
both habitat and resource related components. Isotopic niches can be quantified using metrics
(Jackson, Inger, Parnell, & Bearhop, 2011; Layman, Arrington, Montani, & Post, 2007) that
allow for the assessment of trophic relationships and niche overlap within and among

individuals (e.g., , Zhao, Villéger, Lek, & Cucherousset, 2014), populations (e.g., , Santos-
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Carvallo et al., 2015), and even species (e.g., , Franco-Trecu, Drago, Costa, Dimitriadis, &
Passadore, 2017).

Here, we used 8'3C and 8'°N analysis to assess the foraging ecology and potential
dietary overlap among sympatric franciscana, Guiana, and bottlenose dolphins along the
southern Brazilian coast. Specifically, we compared the width and degree of overlap in the
isotopic niche among these species and used a Bayesian mixing model to quantify the
proportional contribution of primary prey sources to their diet. Based on differences in
morphology, we hypothesized that we would observe significant differences in their isotopic
niche, with larger niche overlap among the two most closely related species, Guiana and
bottlenose dolphins. Second, we analyzed §'°C and §'°N values of individuals collected across
the past three decades (1985-2017) to investigate historical dietary shifts that may be related to

increased fishing pressure on some of their primary prey species during this period.

MATERIAL AND METHODS

Study area

The coast of Santa Catarina in southern Brazil is composed of a mosaic of bays, rocky coastal
islands, sandy coastline, estuaries, lagoons, and mangrove forests. This region is influenced by
Subantarctic Shelf Water transported northward by the Malvinas/Falkland Current and Tropical
Water and South Atlantic Central Water carried southward by the Brazil Current, characterizing
the Subtropical Convergence (Ciotti, Odebrecht, Fillmann, & Moller, 1995; Médller, Piola,
Freitas, & Campos, 2008). This system generates high nutrient concentration and biological
productivity (Muelbert et al., 2008). In addition to marine currents, discharge of freshwater
from the La Plata River and, to a lesser extent, the Patos Lagoon Estuary also influences nutrient

dynamics in the coastal zone (Muelbert et al., 2008).

Sample collection

We subsampled vertebral epiphysis from 75 stranded carcasses (nffanciscana dolphin — 34, ,Guiana
dolphin — 93, pbottlenose dolphin — 1@y found along the Santa Catarina coast from Itajai (26°918S,
48°67"W) to Laguna (28°30°’S, 48°50°W) between 1985 and 2017 (see Supplementary Material
Figure S1). The specimens are archived in the scientific collection of the Aquatic Mammals
Laboratory (LAMAQ) at the Universidade Federal de Santa Catarina (UFSC). We selected
potential prey species based on the percent frequency of occurrence (%FO) from previous

stomach content analyses for local and adjacent populations of franciscana (Bassoi, 2005),
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Guiana (Daura-Jorge et al., 2011) and bottlenose dolphins (Milmann et al., 2016). We focused
on species with %FO > 10% based on stomach content analysis. Given that stable isotope values
may vary geographically, we attempted to obtain prey with artisanal fishers of the southern
Brazilian coast from the same regions where the stranded carcasses were found. We could not
collect five fish species (M. atricauda, U. canosai, Engraulis anchoita and Urophycis
brasiliensis), and hence, we relied on isotope values for these species collected in the southern
Brazil and previously reported in the literature (Bugoni, McGill, & Furness, 2010; Zenteno et
al., 2015). Due to the potential correlation between fish length/size and isotopic composition
(Nagata, Moreira, Pimentel, & Morandini, 2015), we also considered the average size of prey
consumed by each dolphin species when selecting samples for analysis. We analyzed stable
isotope values of a total of 92 prey specimens from 17 fish and one cephalopod species (see

Supplementary Material Table S2).

Stable isotope analysis

We extracted bone collagen via demineralization in 0.2 N hydrochloric acid (HCI) for ~96 hr
at room temperature with replacement of the acid solution every ~24 hr. Each sample was
washed with successive rinses of deionized (DI) water and lipids were extracted by repeated
soaks in a 2:1 chloroform:methanol solvent solution, rinsed with DI water, and dried for ~15 hr
in a freeze-dryer. White dorsal muscle of fishes and the mantle of cephalopods were stored at
—20°C until preparation for isotope analyses. We then collected a section of muscle tissue from
each fish from the region between the lateral line and the dorsal fin. We rinsed samples with
deionized water to remove external contaminants and dried them at 60°C for 48 hr. We then
ground the dried tissues to a fine powder using a mortar and pestle. No lipid corrections were
applied to prey 8'°C values because muscle samples had weight percent C:N ratios (<3.5),
indicating negligible lipid contents (Post et al., 2007).

We weighed dried collagen or muscle/mantle tissue (~0.6 mg) into tin capsules and
measured §'3C and §'°N values using a Costech 4010 Elemental Analyzer (Valencia, CA)
coupled to a Thermo Scientific Delta V Plus (Bremen, Germany) isotope ratio mass
spectrometer at the University of New Mexico Center for Stable Isotopes (Albuquerque, NM).
Results are expressed in parts per thousand (%o) and delta notation (8) using the equation: dsample
= [Rsample/Rstandard — 1] * 1.000, where Rsample and Rstandard are the '*C/'?C or '’N/!*N ratios
of the sample and standard, respectively (Peterson & Fry, 1987). The standards are Vienna Pee
Dee Belemnite limestone (V-PDB) for §'3C and atmospheric N? for §'°N. The analytical

precision based on the within-run standard deviation of protein reference materials (casein and
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acetanilide) was <0.2%o for both 8'*C and &'°N. To directly compare the carbon isotope
composition of historical and modern specimens, we applied a correction factor of 0.022%/year
to 8'3C values of historical specimens to account for the Suess effect, or the anthropogenic
decrease in the §'°C values of atmospheric CO2 caused by burning of fossil fuels (Francey et
al., 1999; Indermiihle et al., 1999). We also measured the C:N ratios of each sample, which
were in the expected range (2.8-3.5) for pure protein (Ambrose, 1990; see Supplementary
Material Table S1).

Data analysis

613C and 6N variation among species and years

We fitted Gamma generalized linear models (GLM) with an inverse link function (Zuur, Ieno,
Walker, Saveliev, & Smith, 2009) to model 8'*C and §'°N values (response variables) as a
function of species and stranding year (explanatory variables). As 8'°C values are negative and
Gamma family requires positive data values, we used 8'°C absolute values. We ran models
separately for 8!°C and 8'°N considering additive, interactive, and isolated relations between
response and explanatory variables. Model selection was performed through a stepwise
backward procedure, and the best model was identified by adjusted Akaike's information
criterion (AICc) and Akaike weights (Burnham & Anderson, 2002). Significant models with
delta AICc <2 were considered suitable to explain the variation in §'3C and §'°N values and

residuals were checked to ensure normality.

Isotopic niche width and overlap

We compared the isotopic niche width of each species by generating bivariate ellipses in SIBER
(Stable Isotope Bayesian Ellipses in R; Jackson et al., 2011), which employs Markov-Chain
Monte Carlo (MCMC) simulations to construct parameters of ellipses based on sampling points.
We estimated the standard ellipse area corrected for small sample sizes (SEAc, expressed as
%o?), which represents the mean core area of each species' isotopic niche (Jackson et al., 2011;
Layman et al., 2007). We used the SEAc to estimate the proportional niche width overlap
among species. Additionally, we calculated the Bayesian standard ellipse area (SEAR) to obtain
unbiased estimates of the isotopic niche widths with credibility intervals (Jackson et al., 2011).
To test for significant differences, we ran 20,000 MCMC iterations and constructed 95%

credible intervals around the mean of each species.
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Stable isotope mixing models

We estimated the relative contribution of prey species from different trophic levels to the diet
of the three dolphin species using the Stable Isotope Mixing Models in R (simmr) package
(Parnell, 2016). This Bayesian framework uses robust probability estimates to assess the
distribution of sources contribution to the assimilated diet of consumers (Parnell et al., 2010)
and incorporates §'°C and §'>N of consumers, 5'°C and '°N means and standard deviation of
both the sources of prey (see Supplementary Material Table S2) and trophic discrimination
factors (TDFs) defined as the difference in isotope values between consumers and their diet.
We ran mixing models separately for each dolphin species with prey sources identified from
previous stomach content analysis of individuals stranded in our study area and adjacent areas
(Bassoi, 2005; Daura-Jorge et al., 2011; Milmann et al., 2016); note that the suite of prey
differed among models for each dolphin species (Table S2). This approach enabled us to
compare the long-term contribution of prey from different trophic levels to the diet of each
dolphin species.

As there are no estimates of §!°C and §'°N TDFs values for dolphin bone collagen, we
used the published mean (+ SD) value of diet-to-skin TDF estimates for the bottlenose dolphin
of 1.0%o =+ 0.4%o for 8'*C and 1.6%o £ 0.5%o for 8'°N (Gimenez, Ramirez, Almunia, Forero, &
de Stephanis, 2016), and adjusted them using §'*C and 8'°N values of paired skin and bone
collagen of franciscana dolphin (n = 7) (S.B., unpublished data). The mean difference between
paired skin and collagen §13C values was +2.6%o and + 0.5%o for §'°C and §'°N values,
respectively. These mean values were added to the reported TDFs values for bottlenose dolphin
(Gimenez et al., 2016) to yield final values of A3C = 3.6%o £ 0.4%o and AN = 2.1%o = 0.5%o.
Mean §'3C and 8'°N values of prey for each dolphin species were analyzed with a cluster
analysis (Ward's minimum variance method) to group them for running the mixing models.
Ecological groups were defined considering the clusters, the prey habitat type (pelagic vs.
demersal) and trophic levels, including high and low trophic level pelagic fish, high and low
trophic level demersal fish, and cephalopods (see Supplementary Material Figures S2, S3, and

S4, Table S2). Results are reported as mean + standard deviation (SD) unless otherwise stated.

RESULTS

63C and 6" N variation among species
813C values were similar among the three dolphin species varying from —13.4%o + 0.4%o for

franciscana, —12.9%o + 0.4%o for Guiana, and — 12.7%o £ 0.7%o for the bottlenose dolphin. In
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contrast, franciscana dolphin had the highest mean §'°N values (16.9%o = 0.8%o), followed by
Guiana (16.1%o £ 0.6%o0) and the bottlenose dolphin (15.5%o £ 1.6%o) (Figure 2a).

The most parsimonious models in our two candidate set had contrasting §'°C and §'°N
values for species (Table 1), with §'3C values significantly lower (t = —5.170, p < .001) and
85N values significantly higher (t = —4.734, p <.001) for franciscana in relation to Guiana and
the bottlenose dolphin. No residual patterns were evident in the validation of these models. The
model that included the dolphin species and year of collection was also one of the best candidate
models, suggesting a temporal effect in §'°C values dependent of species, the AIC value of this
model was 1.2 units higher than the model that only included species as an explanatory variable.
813C decreased for the bottlenose dolphin but increased for Guiana across years; there was no
significant temporal trend in franciscana (Figure 2b). The fitted model for §'°N values suggests

variation among species with no temporal effect within each dolphin species (Figure 2c).

Table 1 Generalized linear models with Gamma family and inverse link function for 8'*C and §"°N values with
species, year, and interaction terms as explanatory variables. Models are ranked by the adjusted Akaike
information criterion (AICc).

Models df logLink AlCc AAICc Wi pseudo-R?
§13C Species 4 -4949 107.6 0.0 0.515 0.38
S13C  species *year 7 -46.56 108.8 1.2 0.278 0.45
813C  species + year 5 -49.25 109.4 1.8 0.207 0.39
813C Year 3 -6341 133.2 25.5 0.000 0.01
§'°N Species 4 -107.20 223.0 0.0 0.667 0.26
8N species + year 5 -106.98 223.9 1.8 0.268 0.27
SN species *year 7 -106.18 228.0 5.0 0.054 0.28
§'°N Year 3 -117.88 242.0 19.1 0.000 0.01

*indicates an interaction; AICc is the difference between the AICc of the model and the minimum AICc; wi
indicates the AIC weights.
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Figure 2 a) Bone collagen §'3C and §'°N mean values for the franciscana (Pontoporia blainvillei), Guiana (Sotalia
guianensis), and Lahille’s bottlenose (Tursiops truncatus gephyreus) dolphins. b) Temporal trends in bone
collagen 3'*C and c) 8'°N values of franciscana (red triangles) Guiana (gray triangles), and bottlenose (blue
triangles) dolphins collected from 1985 to 2017

Isotopic niche width and overlap

The bottlenose dolphin had the largest standard ellipse area (SEAc; 3.5%o> and SEAg: 3.2%0°;
CI: 1.9%02-5.1%0%) while Guiana (SEAc: 0.8%02 and SEAg: 0.8%0%; 95% CI: 0.5%02—1.2%0%)
and franciscana (SEAc: 0.9%0” and SEAB: 0.9%0%; 95% CI: 0.6%0°—1.2%0°) had much smaller
areas. Based on SEAc estimates, Guiana (0.1%02) and the bottlenose dolphin (0.2%0%) had
minimal overlap with franciscana (Figure 3). In contrast, the SEAc ellipses of Guiana and the
bottlenose dolphin overlapped by 0.9%o?, which represent 100% of the former and 24.4% of the

latter species isotopic niche width.
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Figure 3 8'3C and 8'°N biplot illustrating the isotopic niche of franciscana (Pontoporia blainvillei), Guiana
(Sotalia guianensis) and Lahille’s bottlenose (Tursiops truncatus gephyreus) dolphins off the Santa Catarina coast
in southern Brazil. Each point represents an individual and solid ellipses represent the standard ellipse area
corrected for small sample sizes (SEAc)

Stable isotope mixing models

Stable isotope composition of potential prey items varied from —18.1%o + 0.4%0 to —14.2%0 +
0.5%o for 8'°C and from 13.3%o £ 0.5%o to 17.0%o £ 0.3%o for 8'°N. Bayesian mixing model-
based estimates of trophic levels revealed interspecific differences among the three species
(Table 2). Low trophic level pelagic fish contributed a median of 51% (CI: 0.14%—0.80%) to
the diet of franciscana, while low trophic level demersal fish contributed a median of 46% (CI:
0.25%—0.58%) to the diet of Guiana. Low trophic level demersal fish were also important for
the bottlenose dolphin and contributed a mean of 72% (CI: 0.45%—0.94%) to this species diet
(Figure 4, Table 2).

Table 2 Stable isotope mixing model results with predicted diet proportions (2.5% and 97.5% quantiles) of each
prey group to the diet of the franciscana (Pontoporia blainvillei), Guiana (Sotalia guianensis) and Lahille's
bottlenose (Tursiops truncatus gephyreus) dolphin off the coast of Santa Catarina, southern Brazil. Mean values
are in parentheses and bold values represent the highest prey item contribution

Species Pel HL Pel LL Dem HL Dem LL Dem Ceph
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Franciscana

dolphin

Guiana

dolphin

Bottlenose

dolphin

0.02-0.39 0.14-0.80
(0.16) (0.51)

0.01-0.20 0.01-0.57  0.05-0.42 0.25-0.58

0.06)  (0.15) 027)  (0.46)
0.01-0.23 0.01-0.41  0.45-0.94
(0.07) ) 0.14)  (0.72)

0.02-0.47  0.03-0.30
(0.18) (0.15)

0.01-0.12
(0.04)

0.01-0.06
(0.07)

Pel HL = Pelagic fish from high trophic levels, Pel LL = Pelagic fish from low trophic levels, Dem = Demersal
fish, Dem HL = Demersal fish from high trophic levels, Dem LL = Demersal fish from low trophic levels, Ceph
= cephalopods. See Electronic Supplementary Material; Table 2 for prey species included in each ecological group
as they may not include the same items for each dolphin species
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Figure 4 Bayesian mixing model based on estimates of trophic levels (mean, 25% and 75% percentiles) for the
franciscana (Pontoporia blainvillei), Guiana (Sotalia guianensis) and Lahille’s bottlenose (Tursiops truncatus
gephyreus) dolphins off the Santa Catarina coast in southern Brazil. Pel HL = Pelagic fish from high trophic levels,
Pel LL = Pelagic fish from low trophic levels, Dem = Demersal fish, Dem HL = Demersal fish from high trophic
levels, Dem LL = Demersal fish from low trophic levels, Ceph = cephalopods.
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DISCUSSION

Our study is the first to assess resource partitioning among franciscana, Guiana, and Lahille's
bottlenose dolphins within the unique area where these three species coexist. Our main findings
suggest some degree of spatial segregation in foraging behavior and prey preferences for these
species along the southern Brazilian coast. Stable isotope analysis showed that franciscana
primarily consumes low trophic level pelagic prey like E. anchoita, while Guiana and the
bottlenose dolphin tend to consume demersal fish species such as Mugil curema and M. liza,
respectively. Relative to the size of the distribution of each species, their sympatry along the
southern Brazilian coast seems to be restricted to a rather small latitudinal band (Figure 1).
Locally, franciscana uses open waters with mean depth of 30 m (Danilewicz et al., 2009), which
may favor selection of pelagic prey in the water column or near the surface. In contrast, the
Guiana and the coastal ecotype of the bottlenose dolphin along the southern Brazilian coast use
shallower waters with a mean depth of 3 m (Di Tullio, Fruet, & Secchi, 2015; Simdes-Lopes et
al., 2019; Wedekin, Daura-Jorge, & Simdes-Lopes 2010), which favors selection of demersal
prey captured on or near the bottom. Indeed, the minimal isotopic overlap observed between
franciscana and the delphinid species can be associated with this broader distribution of
franciscana in open waters that likely results in low §'*C values.

The different trophic position occupied by the two delphinid species was a result of low
815N values of Guiana and the bottlenose dolphin compared to franciscana, which likely reflect
consumption of prey sources from different habitat types (pelagic vs. demersal). The §!°C and
8'°N mean values and the high degree of isotopic niche overlap between Guiana and the
bottlenose dolphin suggest similar foraging areas and/or prey preferences with both species
occupying equivalent trophic positions. This high degree of overlap can be related to the
important contribution of demersal fish species to both Guiana and the bottlenose dolphin's diet.
Although prey sources used for mixing models differ among delphinid species, it is important
to note that both Guiana and the bottlenose dolphin are primarily consuming mullet species
along the southern Brazilian coast (Daura-Jorge et al., 2011; Milmann et al., 2016). Mugil
curema and M. liza are common dolphin prey that consume a mixed diet of macroalgae,
microphytobenthos, and small benthic invertebrates and thus likely occupy a lower trophic level
than more pelagic prey (Cardona, 2001; Garcia et al., 2018; Drake, Arias, & Gallego, 1984).
Consumption of these omnivorous prey could contribute to the similar and lower 615N values
of Guiana and the bottlenose dolphin relative to franciscana. In contrast, pelagic fish

assemblages are usually planktophagous or piscivorous, which may explain the relatively high
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8'°N values and by extension higher trophic level of franciscana dolphin compared to the other
species.

Bottlenose dolphins are known to exhibit behavioral flexibility with a wide variety of
foraging strategies and prey selection via adaptation to local ecological conditions (Sargeant,
Wirsing, Heithaus, & Mann, 2007). Patterns in SEAc and SEAg estimates among species show
that bottlenose dolphins consume a more diverse set of prey than franciscana and Guiana
dolphins. This pattern may be driven in part by the possibility that our sample of bottlenose
dolphin represent a mixture of resident and transient individuals that use different foraging
strategies (Fruet et al., 2014). A subset of the small and highly resident bottlenose dolphin
population of Laguna in southern Brazil seasonally consumes a high proportion of M. liza in
cooperation with artisanal fishermen, which is a unique and specialized foraging tactic (Daura-
Jorge, Cantor, Ingram, Lusseau, & Simdes-Lopes, 2012; Simdes-Lopes, Fabian, & Menegheti,
1998). In contrast, coastal transient individuals forage over a broader geographical area in a
variety of habitats and, by extension, likely have more diverse diets. The broader geographic
range and the wide variety of foraging tactics showed by the bottlenose dolphin may explain
why some individuals plot outside of the mixing polygon produced from analysis of the limited
prey types analyzed here (see Supplementary Material Figure S5). The similarity between SEAc
and SEAg observed for franciscana and Guiana has been previously observed for populations
off the southeastern Brazilian coast (Di Beneditto & Monteiro, 2016). The narrowness of SEAc
and SEAB of Guiana is consistent with the restricted home range and site fidelity of the resident
population that inhabits the northern bay of Santa Catarina (Flores, 1999; Wedekin, Daura-
Jorge, Piacentini, & Simdes-Lopes, 2007). In addition, this resident population seems to avoid
productive areas near mangroves or the mouths of estuaries that are close to urban areas, thereby
reducing their access to a more diverse array of prey types (Wedekin et al., 2007).

Guiana and the bottlenose dolphin had similar §'*C values, suggesting that they tend to
forage in similar habitats. Observational data, however, suggest a fine-scale segregation in
habitat use between these two species, where the resident Guiana population is restricted to the
western section of the northern bay of Santa Catarina and bottlenose dolphin occurs mostly in
the eastern section of the bay (Flores & Fontoura, 2006; Wedekin et al., 2007). These habitat
preferences likely reduce either interference or exploitative competition (Wedekin, Daura-
Jorge, & Simdes-Lopes, 2004). Interestingly, these two species showed opposite patterns in
8'3C values over time, and we hypothesize that the observed temporal shifts in §!°C values
through time may reflect changes in resource availability. Specifically, the increases in 8'°C

values observed in Guiana through time is consistent with a recent shift in habitat use of this



95

resident population, which moved from a small and open inlet to a wider and more protected
inlet likely due to changes in prey abundance (Wedekin et al., 2007). It is important to note that
we cannot rule out the possibility that the §'*C values of potential prey has changed over time,
which may contribute to the observed temporal variation in dolphin carbon isotope
composition.

As mentioned above, the apparent interaction between foraging ecology and commercial
fishing activities has been previously noted for franciscana and the bottlenose dolphin (Secchi
etal., 2003, 2016) from adjacent waters in southern Brazil. Additionally, the mullet species (M.
liza) consumed by bottlenose dolphins are increasingly over- exploited in southern Brazil (Chao
et al., 2015; de Abreu-Mota et al., 2018; Haimovici, 1998; Haimovici & Cardoso, 2017). Not
only are current landings of M. /iza unsustainable (Sant'Ana & Kinas, 2018), Santa Catarina
also has produced the largest proportion (45%) of total mullet (Mugil) landings for any region
in southern Brazil over the past 30 years (de Abreu-Mota et al., 2018). The increased local
fishing pressure on mullet and its high contribution to bottlenose dolphin diet raise concerns
about resource competition with fisheries, which could lead to changes in diet composition, and
by extension, influence how it coexists with the two other dolphin species in this region.

These dolphin species are all considered to be threatened to various degrees primarily
by high bycatch-related mortality (Fruet et al., 2012; Secchi, 2010). Our isotope-based approach
suggests that franciscana, Guiana, and the bottlenose dolphin may be threatened by resource
competition with fisheries, which impacts how they partition prey sources and foraging habitats
along the southern Brazilian coast. Some of the prey species shown by mixing models and
previous stomach content analysis (Bassoi, 2005; Daura-Jorge et al., 2011; Milmann et al.,
2016) to contribute significantly to dolphin diets are considered threatened by overexploitation.
For example, M. atricauda has suffered a marked decrease in biomass in recent decades,
indicating a decline of at least 50% in commercial stocks of this species (Carvalho-Filho,
Santos, & Sampaio, 2010). Similarly, local artisanal fishers have reported a severe decline in
catches of M. furnieri and M. liza (Martins, Medeiros, Di Domenico, & Hanazaki, 2018). Thus,
changes in abundance of these prey sources—whether due to environmental effects or
unsustainable fishing pressure—has the potential to impact resource and habitat use among
these sympatric dolphin species and should be closely monitored. If food resources become
limited, interspecific competition among these three sympatric species will increase, which may
have a variety of ecological implications. For example, both inter- and intraspecific competition
influence both the total niche width and prevalence of individual specialization (Aratjo et al.,

2010). Therefore, future studies on within and between individual diet variation could
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strengthen our understanding of how these three species coexist and are impacts by future
changes in resource availability. By providing both population- and individual-level estimates
of dietary niche, isotope analysis could be an effective tool to better understand franciscana,
Guiana, and Labhille's bottlenose dolphin population dynamics and contribute with species

management and conservation plans.
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Figure 1 Franciscana (Pontoporia blainvillei), Guiana (Sotalia guianensis) and Lahille's bottlenose (Tursiops
truncatus gephyreus) dolphins bycaught along the Santa Catarina coast in southern Brazil, between 1985 to 2017.
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Figure 2 Results of the cluster analysis (Ward’s methods) based on §'*C and §'°N in prey items with %FO >10%
in franciscana dolphin (Pontoporia blainvillei) obtained from literature.
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Figure 3 Results of the cluster analysis (Ward’s methods) based on §'*C and §'°N in prey items with %FO >10%
in Guiana dolphin (Sotalia guianensis) obtained from literature.
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Figure 4 Results of the cluster analysis (Ward’s methods) based on §'*C and §'°N in prey items with %FO >10%
in the Lahille's bottlenose dolphin (Tursiops truncatus gephyreus) obtained from literature.
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Figure 5 Individual 3'3C and 8'>N values for bone collagen samples of franciscana (Pontoporia blainvillei), Guiana
(Sotalia guianensis) and Lahille's bottlenose (Tursiops truncatus gephyreus) dolphins off the Santa Catarina coast
in southern Brazil. 8"°C and 8"°N values (mean + SD) of their main prey sources corrected for trophic
discrimination factors.

Table 1 §'3C and 5'°N values (mean + SD in %o), carbon to nitrogen ratio (C:N) for each sample and year of
stranding of the franciscana (Pontoporia blainvillei), Guiana (Sotalia guianensis) and Lahille's bottlenose
(Tursiops truncatus gephyreus) dolphins bone collagen samples along the Santa Catarina coast in southern Brazil.

Sample ID Year d13C SN C:N

Franciscana dolphin

UFSC - 1435 2015 -13.1 18.4 2.9
UFSC - 1071 1988 -13.4 17.9 3.0
UFSC - 1439 2016 -13.8 16.0 2.9
UFSC - 1314 2003 -13.4 17.5 3.0
UFSC - 1037 1987 -13.3 16.4 2.9
UFSC - 1440 2015 -13.8 16.0 2.8
UFSC - 1437 2015 -12.9 16.9 2.9
UFSC - 1371 2009 -13.0 16.8 2.9
UFSC - 1411 2014 -13.3 17.4 2.9
UFSC - 1284 2000 -13.9 16.7 2.9
UFSC - 1290 2001 -13.4 16.7 34
UFSC - 1429 2015 -13.5 16.4 3.1
UFSC - 1216 1995 -13.9 17.7 34
UFSC - 1438 2015 -13.8 16.6 3.2
UFSC - 1215 1995 -13.4 18.8 34
UFSC - 1046 1987 -13.2 16.5 3.2
UFSC - 1092 1990 -13.2 18.9 3.1
UFSC - 1358 2008 -13.5 16.7 3.5
UFSC - 1058 1987 -12.9 16.7 3.1
UFSC - 1262 1999 -13.2 16.5 3.1
UFSC - 1091 1990 -13.2 16.4 3.2
UFSC - 1054 1987 -13.6 15.9 3.2
UFSC - 1369 2009 -13.2 16.8 3.2
UFSC - 1441 2016 -14.1 17.1 33
UFSC - 1357 2008 -13.4 16.6 3.2
UFSC - 1301 2001 -13.9 17.8 3.2
UFSC - 1434 2015 -12.4 15.7 3.1
UFSC - 1419 2014 -13.5 16.4 3.1
UFSC - 1288 2001 -13.0 16.9 3.2
UFSC - 1397 2012 -13.9 16.8 3.1
UFSC - 1007 1985 -13.6 17.0 34
UFSC - 1413 2014 -13.8 15.8 3.1
UFSC - 1390 2011 -13.3 16.4 3.2
UFSC - 1310 2003 -13.2 17.2 3.2

Guiana dolphin



UFSC - 1333
UFSC - 1083
UFSC - 1410
UFSC - 1436
UFSC - 1082
UFSC - 1312
UFSC - 1332
UFSC - 1377
UFSC - 1373
UFSC - 1386
UFSC - 1268
UFSC - 1130
UFSC - 1421
UFSC - 1079
UFSC - 1386
UFSC - 1104
UFSC - 1408
UFSC - 1108
UFSC - 1354
UFSC - 1218
UFSC - 1352
UFSC - 1291
UFSC - 1336

UFSC - 1072
UFSC - 1477
UFSC-1116
UFSC - 1209
UFSC - 1398
UFSC - 1081
UFSC - 1285
UFSC - 1415
UFSC - 1089
UFSC - 1349
UFSC - 1395
UFSC - 1077
UFSC - 1443
UFSC - 1281
UFSC - 1317
UFSC - 1420
UFSC - 1285
UFSC - 1289

2006
1989
2013
2015
1989
2003
2006
2010
2009
2010
2000
1994
2015
1989
2010
1991
2013
1992
2007
1995
2007
2001
2006

Lahille’s Bottlenose dolphin

1988
2016
1993
1994
2011
1989
2001
2014
1990
2009
2011
1989
2016
2000
2003
2014
2001
2017

-12.6
-14.1
-12.5
-12.6
-12.9
-12.8
-12.7
-12.3
-13.5
-12.5
-12.4
-13.0
-12.8
-12.7
-13.1
-12.3
-12.9
-13.1
-13.2
-13.5
-12.6
-12.8
-12.9

-13.0
-13.7
-12.4
-12.7
-13.1
-12.8
-12.4
-13.9
-11.3
-12.1
-12.5
-12.3
-13.4
-12.4
-13.1
-12.6
-12.7
-11.5

15.6
16.1
15.9
16.1
16.7
16.9
15.7
16.4
16.8
14.9
16.7
17.1
16.3
15.4
14.9
16.4
16.6
15.8
15.5
16.7
16.5
15.9
15.9

17.6
15.6
14.7
16.8
16.3
14.8
14.4
13.0
12.2
16.4
16.5
14.8
16.8
15.4
18.9
14.6
13.9
15.4

2.8
3.1
2.8
2.8
2.9
2.9
2.8
2.8
3.0
2.8
2.8
2.9
3.1
3.1
3.2
3.0
3.1
3.1
3.2
34
3.0
3.1
3.1

3.0
2.8
29
2.8
2.8
29
29
2.8
2.8
2.9
2.8
2.8
2.8
2.9
3.1
3.1
3.1
3.0
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Table 2 8'3C and §'°N values (mean = SD in %o) and sample sizes (n) of the potential prey species of the
franciscana (Pontoporia blainvillei), Guiana (Sotalia guianensis) and Lahille's bottlenose (Tursiops truncatus
gephyreus) dolphins off the Santa Catarina coast in southern Brazil.

Species Common name n o 8C (%o) 5N (%o)
Franciscana dolphin
Pelagic HL
Trichiurus lepturus Cutlass fish 7 -17.0+ 0.3 15.5+£0.5
Anchoa marinii Anchovy 5 -17.0+£0.2 155+0.3
Pelagic LL
Engraulis anchoita* Argentine anchovy 14 -16.5+0.5 14.7+0.5
Demersal
Stellifer rastrifer Rake stardrum 3 -16.7+£0.2 16.1+0.5
Paralonchurus brasiliensis Banded croacker 3 -142+0.5 15.6+0.6
Cynoscion guatucupa weakfish 5 -15.7+£0.3 17.1£0.3
Urophycis brasiliensis* Brazilian codling 11 -15.6+0.5 16.5+0.7
Umbrina canosai* Argentine croacker 10 -155+£0.3 16.6 £ 0.8
Cephalopods
Loliginidae squid 5 -18.1+04 133+0.5
Guiana dolphin

Pelagic HL
Trichiurus lepturus Cutlass fish 7 -17.0+03 155+0.5
Lycengraulis grossidens ~ Atlantic sabretooth anchovy 4  -17.2+0.3 15.6+0.5
Pelagic LL
Cetengraulis edentulus Atlantic anchoveta 5 -168+£04 144+03
Demersal HL
Stellifer rastrifer Rake stardrum 3 -16.7+0.2 16.1+0.5
Micropogonias furnieri White croaker 5 -16.1£0.1 159+0.1
Isopisthus parvipinnis Bigtooth corvina I -159+£05 163+0.5
Demersal LL
Mugil curema White mullet 3 -16.8+0.8 12.6+0.9
Cephalopods
Loliginidae squid 5 -181+£04 133£0.5

Lahille's Bottlenose dolphin
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Pelagic HL

Trichiurus lepturus Cutlass fish 7 -17.0+03 15.5=+0.5
Lycengraulis grossidens ~ Atlantic sabretooth anchovy 4 -172+£0.3 15.6+0.5
Demersal HL

Macrodon atricauda™** King weakfish 5 -145+£0.7 17.0+0.3
Mentichirrus littoralis Gulf kingcroaker 3 -163+£0.7 163+04
Urophycis brasiliensis* Brazilian codling 11 -15.6+0.5 16.5+0.7
Umbrina canosai* Argentine croacker 10 -15.5+03 16.6+0.8
Paralonchurus brasiliensis Banded croacker 3 -142+0.5 156=+0.6
Micropogonias furnieri White croaker 5 -16.1+£0.1 159+0.1
Cynoscion guatucupa weakfish 5 -157+03 17.1£0.3
Demersal LT

Mugil liza Lebranche mullet 3 -16.3+0.1 12.8+1.3
Cephalopods

Loliginidae squid 5 -18.1+£04 133+0.5

Reference:

* Bugoni et al. 2010;
** Zenteno et al. 2015

Table 3 Estimated regression parameters, standard errors (S.E.), t-values and P-values for the two Gamma GLM
models with inverse link function showed in Table 1.

Model: Estimate S.E. t value p
(Intercept) 0.32491 0.12917 2.51527 0.01423
Year -0.00012 0.00006 -1.90488 0.06096
GroupFranciscana_dolphin -0.20518 0.15505 -1.32329 0.19011
GroupGuiana_dolphin -0.42374 0.18541 -2.28549 0.02536
Year: GroupFranciscana dolphin  0.0001 0.00008 1.29594 0.19932
Year: GroupGuiana_dolphin 0.00021 0.00009 2.2794 0.02574
Model: Estimate S.E. t value p
(Intercept) 0.00656 0.0892 0.07358 0.94155
Year 0.00003 0.00004 0.6517 0.5167
GroupFranciscana_dolphin -0.0055 0.00116 -4.73487 0.00001
GroupGuiana_dolphin -0.00264 0.00127 -2.08203 0.04095
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ABSTRACT

Populations usually considered foraging generalists may include specialized individuals
feeding on a restricted subset of the populations” total prey spectrum. By analyzing time series
of stable isotope values (3'*C and §'°N) in sequential growth layer groups within tooth dentin,
we measured population- and individual-level variation in resource use of three populations of
Guiana dolphin from the western South Atlantic—Caravelas, Norte Bay and Babitonga Bay.
The niche metrics (TNW, WIC, BIC and WIC / TNW) for the 3'°N values suggest that the
Caravelas population has the widest niche width and is comprised mostly of specialist
individuals. This result support the Niche Variation Hypothesis, which posits that the degree of
individual diet specialization increased with the populations’ total niche width. The population
from the Norte Bay, on the other hand, has the narrowest niche compared to the other
populations and is comprised of generalist individuals. This result may be associated with the
coexistence and the high overlap of the isotopic niche with the bottlenose dolphin, both
associated with the high spatial overlap of Guiana dolphin individuals due to their unique social
organization characterized by a large, cohesive group living in a small and restricted area of the
North Bay. Thus, both potential inter- and intraspecific competition can be acting to restrict the
expansion of the population niche in the North Bay, limiting opportunities for individual
specialization. The Guiana dolphin population from the Babitonga Bay also has a narrow niche,
but mostly comprised of specialist individuals, likely promoted by the lower interspecific
competition with a sympatric franciscana dolphin population due to differences in use of core
areas and main prey items preferences. These variations in niche metrics suggest that although
Guiana dolphin can be considered generalist at the population level, variability in resource use
at the individual level may result from different ecological contexts in terms of presence of
heterospecifics, populational and individuals’ spatial patterns and resource availability.
Understanding the different foraging strategies exhibited by the Guiana dolphin along its
distribution is relevant in the context of the anthropogenic pressures that threaten their

persistence.

KEYWORDS: Niche width; intraspecific variation; stable isotopes; foraging ecology;

competition
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INTRODUCTION

Natural populations can be composed of ecologically heterogeneous individuals that adopt
different foraging strategies and feed on different prey types (Bolnick et al. 2002; Bearhop et
al. 2004). While variation between sexes (Elorriaga-Verplancken et al. 2013), ages (e.g., Polis
1984), and discrete polymorphisms (Skulason and Smith 1995) has long been recognized,
individual diet specialization is defined as organisms that have narrower dietary niches than
their population’s irrespective of age, sex, or morphology (Bolnick et al. 2003), as a result of
multiple ecological drivers acting individually or in concert (Aratjo et al. 2011; Costa-Pereira
et al. 2018). Although individual diet specialization has received attention for its consequences
on population dynamics, species interactions and coexistence (Bolnick et al. 2011), many
fundamental questions remain unclear, such as how populational and ecological traits can direct
or indirectly influence the degree of individual diet specialization.

It has been suggested that the niche width of a population and the degree of individual
diet specialization reflect a balance between intra and interspecific competition (Bolnick et al.
2003; Araujo et al. 2011). The niche variation hypothesis (NVH), for example, predicts that a
release from or reduction in interspecific competition results in an expansion of population
niche width (Van Valen 1965). Subsequent theoretical work suggested that the total niche width
(TNW) of populations can expand in two ways (Roughgarden 1972). The first way is via
minimization in resource use overlap among conspecifics which reduces individual niche width
relative to TNW. In a second way, all individuals become more generalist and use the full set
of resources available. Interspecific competition constrains population niche width such that
conspecifics forage on similar prey types, dampening the degree of individual diet
specialization (Bolnick et al. 2003). In contrast, intraspecific competition frequently decreases
individual niche width, and enhance prevalence of individual diet specialization (Svanback and
Bolnick 2005).

Inter and intraspecific interactions can also affect ecological opportunity (i.e., resource
availability). In this sense, the optimal foraging theory (OFT) posits that individuals will select
their prey sources aiming to maximize their rate of energy intake, allowing dietary niches to
diverge. As the abundance of preferred prey decreases (e.g., increased competition), individuals
may choose to explore other available resources, widening their total niche and leading to an
increase in individual diet specialization (Stephens and Krebs 1986; Bolnick et al. 2010). Thus,
factors that regulate intra- and interspecific competition such as population density, social

organization (e.g., group size and cohesion), spatial patterns (e.g., high or low individual spatial
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overlap), and resource availability can have a strong influence on the niche width of a
population and the degree of individual diet specialization (Krause and Ruxton 2002, Sheppard
et al. 2018).

The Guiana dolphin, Sotalia guianensis, provides a good model to evaluate the
implications of individual-level variation in population niche width and individual dietary
specialization. This species is distributed in shallow areas of estuaries and coastal waters along
the western Atlantic Ocean (Borobia et al. 1991), in discrete populations of mostly resident
individuals that occupy similar habitats in allopatry, or in sympatry with other species (Flores
and Bazzalo 2004; Hardt et al. 2010). Although multiple dolphin species occur along the
tropical Brazilian coast, they are mostly observed using areas distant from coast and river
mouths, while the Guiana dolphin is the only species using coastal waters near and within the
Caravelas River Estuary (Rossi-Santos et al. 2006). Farther south along the subtropical
Brazilian coast, however, the Guiana dolphin population in Norte Bay occurs with the
franciscana dolphin (Pontoporia blainvillei) and the Labhille's bottlenose dolphin (Tursiops
truncatus gephyreus), while in the Babitonga Bay the Guiana dolphin population only co-occurs
with the franciscana dolphin (Cremer and Simdes-Lopes 2005). These different co-occurrence
patterns with other dolphin species in distinct habitats can change the potential inter and intra-
competition pressures which, in turn, can influence their total trophic niche width and levels of
individual diet specialization.

Stomach content analysis revealed that these populations are opportunistic and
generalist foragers at the population level with a diet consisting mostly of demersal fish species
and cephalopods (Daura-Jorge et al. 2011; Cremer et al. 2012; Rodrigues et al. 2020). Recent
studies have also explored the trophic interactions between Guiana dolphin and other sympatric
species, showing an overlap in diet between Norte and Babitonga Bay populations with the
Lahille’s bottlenose (Teixeira et al. 2020) and franciscana dolphin (Hardt et al. 2013),
respectively. Despite these advances, no study has evaluated individual-level dietary variation
within and across Guiana dolphin populations likely because longitudinal foraging records
required for this evaluation are particularly challenging to obtain for large mobile predators
living in marine environments.

Stable isotope analysis has become a reliable tool to construct ecological records at the
individual level that reflect a combination of foraging and movement information (e.g.,
Rossman et al. 2015; Yurkowski et al. 2016). In general, variation in carbon isotope (5'°C)
values among consumers reflect the sources of primary production (e.g., phytoplankton vs

macroalgae) in the habitats where they forage (e.g., oceanic vs nearshore), whereas nitrogen
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isotope (8'°N) values are commonly used as proxies for consumer trophic position (DeNiro and
Epstein 1978, 1981; Newsome et al. 2010). Furthermore, the isotopic composition of
metabolically inert but continuously growing tissues (e.g., baleen plates and tooth dentin)
provides a sequential archive of ecological information over different timescales (Walker and
Macko 1999) that can be used to measure a population’s total niche width (TNW), as well as
the within- and between individual components of the niche (WIC and BIC respectively) (e.g.,
Newsome et al. 2009). When other confounding factors that influence consumer isotope values
can be constrained (e.g., resident populations), such as movement across baseline isotopic
gradients (Graham et al. 2010; Troina et al. 2020), this approach can be used to evaluate the
relative prevalence of specialist vs. generalist foraging strategies that is reflected in the degree
of individual diet specialization in a population (Newsome et al. 2009; Vander Zanden et al.
2013).

Despite the growing interest in the study of individual specialization, few studies have
focused on the relationship between individual specialization, spatial behavior, and population
traits such as social organization, home range and population density. Here we generated a §'*C
and 8'°N dataset from serially sampled teeth to quantify individual- and population-level niche
components among three Guiana dolphin populations living in different ecological contexts, in
terms of presence of other species, individuals’ spatial patterns (e.g., high or low spatial overlap
within conspecifics) and resource availability that likely vary along the Brazilian coast and
across the habitats where these populations occur. Our aim was to investigate whether total
niche width and degree of individual specialization of these populations can be an outcome of
the ecological contexts in which they are inserted in. If so, we expect that changes in these
populational traits—home-range, group size, social organization, population density—mirror

the variation in total niche width and degree of individual specialization.

MATERIAL AND METHODS

Sample site and collection

Teeth were collected from stranded carcasses found along the Caravelas River Estuary (n = 9)
in the eastern Brazilian coast, the Babitonga (n =11) and Norte Bay (n = 16), in the southern
Brazilian coast (Fig. 1a). The specimens are archived in the scientific collections of the Instituto
Baleia Jubarte (IBJ), the Acervo Bioldgico Iperoba, from the Universidade da Regido de
Joinville (Univille), and the Aquatic Mammals Laboratory (LAMAQ) from the Universidade
Federal de Santa Catarina (UFSC), Brazil.
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The Caravelas River Estuary (17°30'S, 39°30'W) is adjacent to the Abrolhos bank, an
extension of the continental shelf influenced by a large estuarine-mangrove complex (Herz
1991). The Caravelas River Estuary system is the second largest mangrove forest of Brazil’s
northeast region, with an area of approximately 66 km? (Herz 1991). This region is
characterized by a great diversity of habitats such as open waters protected by the Abrolhos
coral reef, mangrove forests with channels, sandy beaches, and banks of shallow waters (Rossi-
Santos et al. 2007). The Guiana dolphin population from the Caravelas River is composed of
~57-124 resident and transient individuals (Rossi-Santos et al. 2007; Cantor et al. 2008) in small
groups (3-4 individuals) using a large home-range within the river and adjacent coastal areas
(Rossi-Santos et al. 2006, 2007).

The Babitonga and Norte Bay are both located in Southern Brazil. The Babitonga Bay
(26°28°S, 48°50°W) comprises 160 km? characterized by islands, mangroves, rocky shores, and
muddy-sand beaches. The Guiana dolphin population from the Babitonga bay is estimated at
~208 individuals (Cremer et al. 2011) organized in small groups (5-6 individuals) that use
mainly the innermost area of the bay (Cremer et al. 2011, 2018). The Norte Bay (27°30°S,
48°32°W) is located between the Santa Catarina island and the mainland, and encompasses a
protected area of approximately 250 km? delimited by rocky shores, sandy beaches, and
mangrove forests with oceanographic features greatly influenced by the adjacent open
seawaters (Cerutti 1996). The Guiana dolphin population from the Norte Bay has ~130
individuals (L. Wedekin, unpublished data) that overlap their home range in a small and

restricted area (Flores and Bazzalo 2004).

Sample preparation

In specimens with more than one tooth available (7 =29), we used the method for age estimation
in tooth dentin to guide the milling process through the Growth Layer Groups (GLGs; Perrin
and Myrick 1980). The method included the longitudinal section of the tooth to obtain the
central portion. We then fixed this thick section in 10% formalin, decalcified in a commercial
mixture of acids (RDO®) for 7-17h, and cut in 25 pm-thin sections using a freezing microtome.
After thin sectioning, we stained the sections in Mayer’s hematoxylin, "blued" in ammonia, and
mounted on microscope slides with 100% glycerin (Hohn et al. 1989). We restricted our
samples to mature individuals only, considering mature males >6 years and/or with a body
length greater than or equal to 170 cm, and females >5 years and/or with body length greater

than or equal to 164 cm (Ramos et al. 2000; Rosas & Monteiro-Filho 2003).
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To obtain individual dentine GLG samples from each tooth, we used a water-cooled
diamond-bladed saw (Buehler IsoMet®) to cut Guiana dolphin teeth in two longitudinal
sections. To optimize the identification of the growth layers, we polished the longitudinal
sections with successive sheets of sandpaper with decreasing grit sizes (340, 500, 600, 1200
and 12000). The inner surface of each tooth was immersed in 25% formic acid for 1-1.5h, rinsed
with deionized water and air-dried for 24h (Newsome et al. 2006). We assume that such
treatment did not influence the isotopic values because the surface portion of the tooth
represents only a small fraction of the total sample. We mounted the polished tooth on glass
slide, and subsampled ~1 mg of raw bulk dentin using a computer-guided micromill
(Merchantek®) fitted with a 300 pm-diameter carbide drill bit at a depth of 250 pm. We milled
five tracks from each tooth and due to the small size of Guiana dolphin teeth, tracks reflecting
older portions of an individual lifetime (closer to the pulp cavity) contained more GLGs than
tracks near the neonate line. We collected a total of 180 dentin powder samples (~1mg each)
placed directly into tin capsules for stable isotope analysis.

Despite the high precision in microsampling provided by the micromill system, the tooth
size, and the conical arrangement of the dentin layers in Guiana dolphin constrain the collection
of adequate amounts of sample from each GLG for the demineralization process. As
decalcification may not be required to measure bulk isotope values in dentin from modern
odontocetes, likely due to the low concentration of lipids and carbonates, and the similarity in
8'3C values of dentin protein and carbonate (Brault et al. 2014), here we chose to avoid sample
loss associated with the demineralization process by using raw dentin samples.

We determined §'°C and 8'°N values using a Costech 4010 Elemental Analyzer
(Valencia, CA, USA) coupled to a Thermo Scientific Delta V Plus (Bremen, Germany) isotope
ratio mass spectrometer at the University of New Mexico Center for Stable Isotopes
(Albuquerque, NM). Results are expressed in parts per thousand (%) and delta notation ()
using the equation: Osample= [Rsample / Rstandarda — 1] * 1000, where Rsample and Rstandard are the
3C/12C or ''N/MN ratios of the sample and standard, respectively (Peterson and Fry 1987). The
standards are Vienna Pee Dee Belemnite limestone (VPDB) for §'3C and atmospheric N? for
8'N. The analytical precision based on the standard deviation of the standard laboratory
replicas (Acetanilide) was < 0.1 %o for both 8'*C and §'°N. The C:N ratios of each sample were

in the expected range (2.8-3.5) for pure protein (Ambrose 1990).

Data analysis
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As our samples were restricted to the last two decades, we did not apply the Suess effect
correction of 0.02% in 3'3C values and excluded from the analysis the §'°C and 5'°N values of
the first GLG that can be associated with mother-to-offspring transfer of nutrients during
lactation and weaning. We first investigated the 8'°C and 8'°N values variation among
populations by adjusting Gaussian generalized linear mixed model (GLMM) with log link
function to model GLG isotopic values as a function of populations. Additionally, we included
sex as a covariate and individuals as a random effect. Given that our data exploration suggested
a lack of interaction between sex and population, we did not include interactive terms between
these two factors to avoid overparameterization of the models. The model selection procedure
was based on Akaike’s information criterion (AIC) and Akaike weight (Burnham and Anderson
2002), using the R package ‘MuMIn’ (Barton 2019). We checked for scaled residuals using
DHARMa package (Hartig 2018). The threshold significance level in all statistical tests was
95% (p < 0.05).

We measured the degree of individual specialization of each population following the
Roughgarden’s (1979) framework, which partitioned the total niche width of a population
(TNW) in two components: the within-individual component (WIC) that reflects the average of
individual niches width, and the between-individual component (BIC) that represents the
variance among individuals’ niche. We estimated BIC as the total standard deviation in §'*C
and 8'°N values of sampled individuals (Bolnick et al. 2003), and WIC as the mean standard
deviation in 8!°C and §'°N values obtained along the longitudinal growth layers within
individuals. Therefore, we used the mean variability within individuals (WIC) as a measure of
temporal consistency and the degree of individual specialization as the percent of within-
individual component of total niche width (WIC/TNW), where low values (close to zero)
indicate higher specialization and high values (close to 1) indicate lower individual
specialization (Bolnick et al. 2003).

We evaluated the differences in TNW, WIC, BIC and WIC/TNW among populations
with a Monte-Carlo permutation procedure using the R package ‘RInSp’ (Zaccarelli et al.
2013). To obtain p-values for WIC/TNW within each population against a null model (a
population composed of generalist individuals that sample randomly from the population’s
TNW), we used a nonparametric Monte Carlo procedure of 10000 replicates (Bolnick et al.

2002).

RESULTS
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We found no influence of the variable sex for both mean tooth GLG §'3C (df = 33, t-value =
0.557, p=10.58) and 8'°N values (df = 33, t-value = -1.028, p = 0.31). The GLMMs also showed
significantly lower §'3C values in Norte Bay compared to Caravelas River (estimate=0.06775,
se: 0.01325, z-value: 5.11, p <0.001) and Babitonga Bay (estimate=0.078880, se: 0.012147, z-
value: 6.49, p<0.001), whereas 8'°N values are significantly higher in Babitonga
(estimate=0.28213, se: 0.02291, z-value: 12.32, p<0.001) and Norte Bay (estimate=0.30046,
se: 0.02170, z-value: 13.85, p<0.001) compared to Caravelas River population. The GLG §'*C
values ranged from -15.4%o to -13.2%0 (mean = SD: -14.0 + 0.5%o) for the Norte Bay population;
from -14.2%o to -12.3%0 (mean + SD: -13.1 £ 0.4%0) for the Caravelas River population, and
from -13.8%0 to -12.0%0 (mean = SD: -12.9 £+ 0.4%o) for the Babitonga Bay population (Fig.
1b). The GLG 8'°N values ranged from 9.4%o to 14.5%0 (mean = SD: 11.6 £+ 1.2%o) for the
Caravelas River population, from 13.8%o to 16.6%o0 (mean + SD: 15.5 + 0.7%o) for the Babitonga
Bay population, and from 14.5%o to 16.8%o for the Norte Bay population (mean + SD: 15.8 +
0.5%o) (Fig. 1c).

CR BB NB CR BB NB
Population Population

Figure 1. a) Geographical location of the Caravelas River (red), Babitonga (yellow) and Norte Bay along the
Brazilian coast b) Violin plots of the GLG §'*C mean values and ¢) GLG 8'°N mean values for the Guiana dolphin,
Sotalia guianensis populations from the Caravelas River (CR), Babitonga (BB) and Norte Bay (NB). Points
indicate mean values of 6'*C and 8'°N values and the lines indicate standard deviation.
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TNW, WIC, BIC and the WIC/TNW values of Guiana dolphin populations from the
Caravelas River, Babitonga and Norte Bay are reported in Table 1 and Fig. (b) and (c). The
WIC for §'°C values was similar among all Guiana dolphin populations, while the WIC for
8'N values was higher for the Caravelas River and Norte Bay populations. The BIC for §'°C
values was similar among all populations, while the BIC for §'°N values was significantly
higher for the Caravelas River population. TNW for §'°C values was similar among all
populations, while the TNW for §'°N values significantly varied among populations, with the
highest mean value for the Caravelas River and the lowest mean value for the Babitonga Bay.
Although the three Guiana dolphin populations showed similar values of WIC/TNW for §'3C,
the Monte Carlo resampling procedure used to evaluate the individual specialization relative to
a null model (population of generalist individuals) revealed lower WIC/TNW for 8!°N values
for the Caravelas River and Babitonga Bay (p <0.01) compared to the Norte Bay population (p
= 0.18), suggesting that the Norte Bay population is comprised of more generalist individuals
while Caravelas and Babitonga Bay populations are comprised of more specialist individuals

(Fig. 2b).
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Figure 2 a) 8!*C and 3"°N values in sequential growth layer groups within tooth dentin in Guiana dolphin
populations of Caravelas River (CR), Babitonga Bay (BB) and Norte Bay (NB) and b) Within individual
variation (WIC) and degree of individual specialization (WIC/TNW) for '°C and 8'°N values of Guiana
dolphin populations from CR, BB and NB. WIC/TNW range from 0 (all individuals are specialists) to 1 (all

individuals are generalists)
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Table 1. Within individual component (WIC), between individual component (BIC), total isotopic niche width (TNW) and individual specialization index (WIC/TNW) for §'3C
and 5'°N values of Guiana dolphin, Sotalia guianensis populations from the Caravelas River (CR), Babitonga (BB) and Norte Bay (NB) in %o.

WIC BIC TNW WIC/TNW
Population
613C 615N 513C 515N 813C 515N 813C 815N
CR 0.076 0.254 0.162 1.266 0.239 1.521 0.320 0.167
BB 0.069 0.100 0.128 0.384 0.198 0.485 0.349 0.207

NB 0.072 0.223 0.204 0.098 0.276 0.321 0.261 0.693
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DISCUSSION

We found similar TNW, WIC, BIC, and WIC/TNW values for 3!°C across the three
Guiana dolphin populations, suggesting no differences in foraging areas in terms of source of
primary production among individuals. However, we found differences in TNW, WIC, BIC,
and WIC/TNW values for 8'°N across populations, suggesting variability in resource use among
individuals and different levels of individual diet specialization. Although Guiana dolphin is a
species typically considered to be a dietary generalist and opportunistic, our results indicate that
variability at the individual level may arise as an outcome from different ecological contexts in
which these populations are exposed.

Both niche components (WIC and BIC) can contribute to the population-level patterns.
Our results indicate that Guiana dolphin population from the Caravelas has the broadest TNW,
largely driven by variation among individuals (higher BIC value). This population also has the
lowest WIC/TNW for 8'°N values of the three populations. The combination of a low
WIC/TNW ratio and a high TNW values suggest a generalist population comprised of more
specialized individuals. This result is supported by the niche variation hypothesis (Van Valen
1965), where the release from interspecific competition promotes the niche expansion via
greater inter- individual variation. As no other dolphin species occurs within the Caravelas
River Estuary — the Guiana dolphin has the opportunity to forage upon more prey types and
functional groups by increasing their niche size and interindividual variation. In addition, the
Guiana dolphin from Caravelas is known to use a wide variety of habitats in adjacent coastal
areas (Rossi-Santos et al. 2007), foraging as solitary individuals or in small groups (Rossi-
Santos et al. 2010) and likely structuring its population with both resident and transient
individuals (Rossi-Santos et al. 2007; Cantor et al. 2012). Therefore, the ecological opportunity
for this population to broaden their diet and expand their niche through specialized individuals
1s likely promoted by a lower interspecific competition (due to the absence of other sympatric
dolphin species), combined with the avoidance of intraspecific competition (i.e., small foraging
groups within a small population structured in resident and transient individuals) within a
patchy and dynamic environment.

The Guiana dolphin population from the Norte Bay, on the other hand, has the narrowest
populational niche (lowest TNW for §!°N values), comprised of generalist individuals (lowest
BIC and highest WIC/TNW for 8!°N values). This population resides in the southern limit of
the species distribution in one of the areas with the highest abundance of fish species along the

Brazilian coast (Ribeiro et al. 2014), mainly due to the high primary productivity promoted by
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the influenced by the Subtropical Convergence between the Brazil and Malvinas/Falkland
currents (Ciotti et al. 1995). However, in a fine scale, this population do not use the most
productive areas within the Norte Bay (e.g., near mangroves or the mouths of estuaries)
(Wedekin et al. 2007), restricting their spatial distribution to the western margin of the bay
(Flores and Fontoura 2006; Wedekin et al. 2007). This reduced home range imposes limits
regarding foraging options, forcing individuals to prey on the same prey sources within this
restricted area and behave more opportunistic in response to the random fluctuation of resource
availability within their habitat.

The reduced home range of Guiana dolphins in Norte Bay can be a reaction to the co-
occurrence with the bottlenose dolphins in the area. The presence of bottlenose dolphins is also
one of the explanations to the distinctive social organization of this Guiana dolphin population,
characterized by a large, stable and cohesive social group. An aggressive interaction between
the Guiana and the bottlenose dolphins was previously reported in the area (Wedekin et al.
2007), and recent evidence from isotope-based analyses show that these populations have
similar foraging areas and prey preferences, leading to a high isotopic niche overlap caused by
shared consumption of demersal mullet species (Teixeira et al. 2020). Therefore, the generalist
and opportunistic feeding strategies observed in Guiana dolphin individuals from Norte Bay
may reflect not only the potential interspecific competition (high niche overlap) with the
bottlenose dolphin, but also the effects of the extensive individual home range overlap
generated by their cohesive social organization in a large group within a limited area — which
could be a defensive behavior motivated by the presence of bottlenose dolphins, or by
ecological stressful conditions (see Lesica and Allendori 1995) imposed by the environmental
conditions of the southern limit of their distribution.

Like the Norte Bay, the Guiana dolphin population from the Babitonga Bay also has a
narrow niche (intermediate TNW value for §'°N values) but is mostly comprised of specialist
individuals (low WIC/TNW for §!°N values) highly consistent in resource use through time
(lowest WIC for §'°N values). Although the Guiana dolphin population from Babitonga Bay
also feeds in adjacent areas of the Bay, individuals use predominantly the innermost area of the
Bay likely due to a higher ichthyofaunal abundance (Cremer 2018). Despite its direct sympatry
with the franciscana dolphin, both populations use distinct core areas (Cremer et al. 2018) and
vary in main prey items preferences (Cremer et al. 2012; Hardt et al. 2013). These differences
in habitat use and dietary preferences with the frasciscana dolphin leads to less potential
interspecific competition. In addition, this Guiana dolphin population is socially organized in

small groups foraging within a complex habitat. This behavioral trait combined with the
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individual diet specialization may reflect a strategy to reduce intraspecific competition and to
release from interspecific competition with the sympatric frasciscana dolphin population.

Our study provides novel insight into the ecological context under which individual
dietary specialization manifests in Guiana dolphin populations. Previous studies have pictured
Guiana dolphins as generalist foragers (Daura-Jorge et al. 2011; Cremer et al. 2012; Rodrigues
et al. 2020), but the evidence comes mostly from conventional methods (e.g., stomach content
analysis) that represent the immediate prey consumption. Our findings improve our
understanding of the complex foraging strategies of a cryptic coastal species and suggests that
the total niche width and degree of diet individual specialization of Guiana dolphin populations
can be an outcome of independently or integrated ecological drivers such as resource
availability, inter- and intraspecific competition (i.e., consumers density) and individual spatial
home range. Nevertheless, a note of caution is necessary since our study did not evaluated the
isotopic composition nor the diversity and abundance of prey sources within these different
areas. Given that ecological opportunity is also considered an important ecological driver of
individual specialization, future studies should further explore resource availability (e.g.,
information on spatial or temporal variation in prey community composition and abundance) to
disentangle the individual specialization in Guiana dolphin populations. Such studies are
needed to identify additional mechanisms that promote and maintain individual specialization

that can be particularly important for species coexistence and population viability.
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Table S1 5'3C values from milled tracks (1 to 5) in each Guiana dolphin (Sotalia guianensis) tooth dentin. Tracks
reflecting older portions (3 to 5) of an individual lifetime (closer to the pulp cavity) contained more GLGs than

tracks near the neonate line (1 to 2).

613C values

ID Year Location Age 1 2 3 4 5

179 2013 CR - -13.4 -13.8 -13.9 -13.7 -13.5
506 2017 CR 10 -13.2 -14.1 -12.9 -12.6 -12.8
122 2010 CR 16 -12.2 -12.3 -12.4 -12.6 -12.6
120 2010 CR 21 -12.6 -13.3 -13.2 -13.1 -12.8
312 2014 CR 6 -12.4 -13.0 -13.6 -13.7 -13.1
311 2014 CR 23 -12.9 -12.9 -12.7 -12.8 -12.7
313 2014 CR 10 -13.8 -13.8 -13.6 -13.7 -13.6
476 2016 CR 31 -12.7 -12.9 -12.7 -12.7 -13.2
503 2017 CR 12 -13.1 -13.4 -13.3 -13.1 -14.2
868 2016 BB 7 -15.3 -13.0 -13.3 -13.2 -12.7
898 2016 BB 12 -13.2 -13.3 -13.1 -13.2 -13.2
161 2007 BB - -12.3 -12.7 -13.3 -13.2 -13.1
1138 2017 BB 25 -12.7 -12.0 -12.7 -13.0 -12.4
1136 2017 BB 25 -12.5 -12.3 -12.4 -12.3 -12.9
220 2008 BB - -12.1 -12.3 -12.4 -12.6 -12.3
55 2006 BB - -12.5 -12.6 -12.9 -13.5 -12.5
415 2013 BB - -12.8 -12.9 -12.6 -13.2 -12.8
33 2005 BB - -12.7 -12.6 -12.7 -12.4 -12.5
212 2008 BB - -12.9 -13.3 -13.9 -13.1 -13.0
681 2015 BB - -13.6 -13.9 -13.3 -13.5 -13.1
1104 1991 NB 10 -13.9 -14.4 -14.6 -14.7 -14.5
1180 1994 NB 23 -13.6 -13.2 -13.4 -13.6 -13.4
1218 1995 NB 23 -13.7 -13.6 -14.2 -14.9 -14.0
1108 1992 NB 11 -13.0 -13.4 -13.6 -13.4 -13.4
1373 2009 NB 7 -12.9 -13.5 -13.3 -13.6 -13.7
1354 2007 NB 10 -13.0 -14.1 -14.0 -13.6 -13.6
1410 2013 NB 22 -13.2 -13.9 -13.5 -14.3 -14.3



1352
1329
1377
1336
1208
1436
1289
1291
1203

2007
2005
2010
2006
1995
2015
2001
2001
1995

NB
NB
NB
NB
NB
NB
NB
NB
NB

13

21
7
19
30
19

-14.9
-15.1
-13.3
-14.1
-13.8
-14.3
-14.0
-14.9
-14.3

-14.9
-14.9
-13.8
-14.6
-14.5
-13.6
-14.0
-13.6
-15.2

-14.4
-14.0
-14.3
-14.4
-13.6
-13.8
-14.1
-13.7
-15.4

-14.5
-14.2
-13.6
-14.2
-13.8
-14.0
-14.8
-13.6
-14.7
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-14.3
-14.1
-13.5
-14.4
144
-13.9
-13.6
-13.8
-15.1

Table S2 5"°N values from milled tracks (1 to 5) from each Guiana dolphin (Sofalia guianensis) tooth dentin.
Tracks reflecting older portions (3 to 5) of an individual lifetime (closer to the pulp cavity) contained more GLGs

than tracks near the neonate line (1 to 2).

15N values

ID Year Location Age 1 2 3 4 5

179 2013 CR - 12.5 11.0 11.3 11.5 11.7
506 2017 CR 10 11.1 9.5 10.3 10.6 11.2
122 2010 CR 16 12.3 10.7 10.6 11.1 11.6
120 2010 CR 21 11.2 9.4 94 10.2 10.4
312 2014 CR 6 14.2 11.9 11.6 12.4 12.5
311 2014 CR 23 13.5 11.6 12.0 12.8 13.0
313 2014 CR 10 11.0 9.8 11.1 11.5 11.4
476 2016 CR 31 13.2 12.7 14.3 14.5 14.0
503 2017 CR 12 13.3 11.6 11.9 12.3 12.4
868 2016 BB 7 14.5 14.7 15.0 15.7 16.2
898 2016 BB 12 15.6 13.8 13.8 14.2 14.7
161 2007 BB - 16.8 15.9 16.2 16.4 16.5
1138 2017 BB 25 14.9 15.0 15.0 15.4 15.2
1136 2017 BB 25 15.2 15.0 15.8 15.8 15.1
220 2008 BB - 16.6 15.2 15.6 16.1 16.0
55 2006 BB - 15.6 15.0 14.4 14.7 14.9
415 2013 BB - 17.0 16.4 16.6 16.5 16.1



33
212
681
1104
1180
1218
1108
1373
1354
1410
1352
1329
1377
1336
1208
1436
1289
1291
1203

2005
2008
2015
1991
1994
1995
1992
2009
2007
2013
2007
2005
2010
2006
1995
2015
2001
2001
1995

BB
BB
BB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB

10
23
23
11

10
22
13

21

19
30
19

15.7
16.4
16.4
16.1
16.0
16.6
17.0
16.6
18.2
16.5
16.6
15.1
18.4
17.8
14.9
14.4
14.1
13.7
16.1

15.2
16.1
15.5
15.5
15.1
15.6
15.6
15.1
16.7
15.9
15.1
14.5
16.0
15.7
14.5
15.2
15.1
14.7
15.5

15.7
15.8
14.8
15.6
15.1
15.4
16.0
15.3
15.6
16.3
15.3
15.5
15.7
16.3
15.5
14.8
14.6
15.2
16.1

16.1
15.8
15.3
16.1
15.6
14.5
16.3
15.8
16.1
16.6
15.7
15.9
16.2
15.8
15.8
15.4
15.7
16.1
16.7
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15.9
16.0
15.5
16.4
15.9
16.2
16.6
15.8
16.3
15.9
16.6
16.4
16.4
16.5
16.2
16.2
16.3
16.2
16.8
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5 CONCLUSAO GERAL

A andlise de isotopos estaveis vem sendo cada vez mais reconhecida como uma
importante ferramenta para estudos troficos de diferentes organismos marinhos, incluindo
pequenos cetaceos. Porém, ¢ importante reconhecermos que sua aplicabilidade estd vinculada
a diferentes fatores tais como a escolha de tecidos bioldgicos e, consequentemente, a variagao
temporal na integragao da informagao sobre o uso de recursos pelos individuos amostrados. Por
meio do conhecimento empirico, somado a uma extensa revisao bibliografica, gerei um
protocolo acessivel para pesquisadores sobre a sele¢do, coleta, preservacdo e preparo dos
tecidos de cetdceos comumente utilizados para a andlise de is6topos estaveis. Além disso,
demonstrei como cada uma destas etapas pode influenciar nos dados isotopicos € como estes
efeitos podem ser minimizados através de corre¢des matematicas. Reuni estas informagdes em
um roteiro simples, porém detalhado— que envolve desde o delineamento do estudo (e.g.,
escolha do tecido e individuos, escolha do laboratério para analise, envio de material bioldgico)
até¢ as ferramentas disponiveis para conduzir andlises e interpretar os dados gerados— que
podera orientar futuras pesquisas e facilitar a padronizagdo destes procedimentos em diferentes
laboratorios de pesquisa, viabilizando comparagdes entre espécies de cetaceos.

O Capitulo 2 possibilitou uma avaliagdo mais detalhada sobre a ecologia e as
interacdes troficas entre espécies de cetaceos simpatricos na regido de Santa Catarina. Ao
avaliar as composicdes de 6'°C e §'°N em amostras de colageno dsseo de boto-cinza, toninha e
do ecétipo costeiro do boto-da-tainha, demonstrei que a toninha apresenta valores maiores de
8'°N em relaciio as espécies de delfinideos (boto-cinza e ecétipo costeiro do boto-da-tainha),
refletindo em uma posigao trofica superior e baixa sobreposi¢ao de nicho isotopico com estas
espécies. Em contrapartida, o boto-cinza e o boto-da-tainha apresentaram valores similares de
313C e 8N, refletindo em alta sobreposicio isotopica entre si. Este resultado corroborou nossa
hipotese inicial, de que o grau de sobreposicao entre as espécies de delfinideos seria maior em
relacdo a toninha. Para compreender melhor estes resultados, gerei modelos de mistura
isotopicas adaptando fatores de discriminacdo trdéfica ja existentes na literatura, além da
composicao isotdpica das principais presas e para cada espécie. Tais modelos demonstraram
que a variagdo nos niveis troficos e a baixa sobreposi¢ao entre a toninha e delfinideos
provavelmente refletem o consumo de presas provenientes de diferentes tipos de habitat
(pelagico vs. demersal), uma vez que a toninha se alimenta principalmente de presas pelagicas
(e.g., anchovas), enquanto o boto-cinza e o ecoOtipo costeiro do golfinho-nariz-de garrafa

consomem principalmente presas demersais da familia Mugilidae (e.g., parati e tainha). Esta
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diferenga no consumo de presas pode estar relacionada a distribui¢do destas espécies na regido.
A utilizagdo de 4guas menos costeiras e de maior profundidade pela toninha pode favorecer a
selecao de presas pelagicas proximas a superficie da agua, enquanto a utilizagdo de aguas
costeiras mais rasas pelas espécies de delfinideos pode, por sua vez, favorecer a selecdao de
presas demersais proximas ao fundo.

Embora os valores de 8'3C entre o boto-cinza e o ecotipo costeiro do boto-da-tainha
sugiram similaridade nas areas de forrageio, estas espécies apresentam uma segregagao no uso
do habitat dentro da regido da Baia Norte, em que o boto-cinza restringe-se a se¢ao oeste da
baia norte de Santa Catarina e o boto-da-tainha ocorre principalmente na se¢ao leste da baia
(Flores & Fontoura 2006; Wedekin et al. 2007), provavelmente reduzindo a competi¢do por
interferéncia ou exploracdo de recursos (Wedekin et al. 2004). O interessante ¢ que estas
espécies apresentaram padrdes opostos em relacdo aos valores de §'°C ao longo do tempo, €
tais variagdes temporais podem refletir mudangas na disponibilidade de presas na regido. O
aumento nos valores de §'*C observados no boto-cinza, por exemplo, s3o consistentes com uma
recente mudanca no uso do habitat desta populagao, provavelmente devido a alteragdes locais
na abundancia de presas (Wedekin et al. 2007). Porém, ndo podemos descartar a possibilidade
de variagio temporal nos valores de §'°C das presas, o que pode ter contribuido para a variacio
temporal observada na composicao isotopica do boto-cinza.

Algumas das espécies de presas que contribuem significativamente para a dieta destas
espécies simpatricas (e.g., M. atricauda, M. furnieri e M. liza) vem sofrendo uma queda
acentuada na biomassa e abundancia devido a crescente atividade pesqueira na regido. A alta
contribui¢do da tainha na dieta do ecotipo costeiro do boto-da-tainha, por exemplo, sugere uma
competi¢dao de recursos com a atividade pesqueira. Tal competi¢do pode, em teoria, alterar a
composicao da dieta do boto-da-tainha e, consequentemente, influenciar sua coexisténcia com
as demais espécies de cetdceos simpatricos na regido. Considerando o atual cendrio de
sobreexplotacdo da tainha e outras presas consumidas pela toninha, boto-cinza e boto-da-tainha,
estes resultados sugerem que potenciais mudangas na abundancia dessas fontes de presas podem
influenciar no uso de recursos e selecdo de habitat entre essas espécies e devem ser monitadas
e consideradas em planos de gestdo e manejo da regido.

No terceiro capitulo, o perfil cronoldgico de §'°C e §!°N amostrados da dentina ao
longo das camadas de crescimento de individuos de boto-cinza demonstrou variacdes na largura
total do nicho populacional e no grau de especializa¢do individual em diferentes populagdes ao
longo da costa brasileira (Caravelas, Babitonga e Baia Norte), corroborando nossa hipdtese

inicial. Os valores das métricas de nicho trofico (TNW, WIC, BIC e WIC/TNW) para os valores
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de 8'°N demonstraram que a populac¢io de Caravelas possui o nicho populacional mais amplo
em relacdo as outras espécies e ¢ composta por individuos especialistas, e tal expansao de nicho
pode estar relacionada a liberagdo competitiva. Assim, este resultado da suporte a hipotese da
variacao de nicho (Van Valen 1965), a qual prediz que populagdes mais generalistas (isto &,
com nicho populacional mais amplo) sdo mais varidveis em termos de utiliza¢do de recursos
alimentares e apresentam maior grau de variacdo interindividual ou especializagao individual.
Ja a populagdo da Baia Norte possui o nicho mais estreito comparado as outras populacoes e €
composta por individuos generalistas. Este resultado pode estar associado a coexisténcia e a
alta sobreposicdo de nicho isotépico com o ecotipo costeiro do boto-da-tainha, ambas
associadas a alta sobreposicdo de area de vida entre individuos da populagdo de boto-cinza
devido a sua organizagdo social caracterizada por um grande e coeso grupo em uma area
pequena e restrita da Baia Norte. Assim, tanto a potencial competi¢ao inter- ¢ intraespecifica
potencialmente restringem a expansao do nicho populacional na Baia Norte, limitando
oportunidades de especializagdo individual. Assim como a populagdo da Baia Norte, a
populacdo de botos-cinza da Baia da Babitonga apresentou um nicho populacional estreito,
porém composta por individuos especialistas, provavelmente devido a menor competi¢ao
interespecifica com a toninha associada as diferencas no uso de habitat e no consumo das
principais presas. Tais diferengas sugerem que, embora o boto-cinza possa ser considerado uma
espécie generalista e oportunista em nivel populacional, variagdes em nivel individual podem
surgir como resultado de diferentes contextos ecologicos aos quais essas populacdes estdo
expostas (e.g., area de vida individual e populacional, tamanho de grupo, densidade
populacional).

Os resultados obtidos no Capitulo 3 fornecem uma nova visao do contexto ecoldgico
sob o qual a especializag@o alimentar individual pode se manifestar em diferentes populacdes
de boto-cinza. Estudos prévios baseados em dados provenientes de contetidos estomacais
descreveram os habitos alimentares destas populagdes de boto-cinza e sugerem uma dieta
generalista e oportunista (Daura-Jorge et al. 2011; Cremer et al. 2012; Rodrigues et al. 2020).
Assim, os resultados deste estudo auxiliam na compreensdo das estratégias de alimentagdo
realizadas pelo boto-cinza, e demonstram que tanto a amplitude do nicho total da populacao
quanto o grau de especializag¢do individual da dieta podem ser um resultado de diferentes fatores
ecologicos agindo de maneira independente ou integrada, tais como a disponibilidade de
recursos, competicdo intraespecifica e area de uso espacial individual. Porém, a interpretagdo
destes dados também exige certa cautela, uma vez neste estudo ndo avaliei a composi¢ao

isotopica, diversidade e abundancia de fontes de presas nessas diferentes areas de estudo. Dado
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que a oportunidade ecoldgica também ¢ um importante fator a ser considerado quando falamos
sobre mecanismos que atuam na especializacdo individual, estudos futuros devem explorar a
disponibilidade de recursos, considerando a varia¢ao espacial ou temporal na composicao e
abundancia da comunidade de presas nestas regides. Tais estudos sao necessarios para
identificar mecanismos adicionais que promovem e mantém a especializacdo individual, e que
podem ser particularmente importante para a coexisténcia de espécies e viabilidade

populacionais.
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