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 RESUMO 

Oceanos tropicais são ambientes tipicamente oligotróficos, com recursos distribuídos de 

forma irregular no espaço e no tempo. Essa irregularidade na disponibilidade de presas faz 

com que adaptações em estratégias de forrageio e partição de nicho sejam essenciais para a 

sobrevivência de predadores, como as aves marinhas. Esse grupo tende a se reproduzir em 

colônias multiespecíficas e utiliza recursos no entorno da colônia, especialmente durante o 

período reprodutivo. A reprodução representa um momento intensa exploração de recursos 

para suprir demandas energéticas dos pais e do filhote. Assim, um comportamento de 

forrageio plástico permite que as aves marinhas se adaptem a variações espaço-temporais 

tanto em nível intra quanto interespecífico. Nesse contexto, o presente trabalho procurou 

caracterizar as estratégias de forrageio de aves marinhas do gênero Sula no arquipélago de 

Fernando de Noronha em níveis intra e interespecífico, utilizando dados de rastreamento 

remoto e isótopos estáveis de carbono (δ13C) e nitrogênio (δ15N) obtidos entre 2015 e 2022. 

Para o atobá-mascarado (Sula dactylatra, MB) foi observado um padrão interanual da área 

de forrageio a leste do arquipélago, potencialmente associado à interação de correntes com 

a topografia local, que gera um fluxo de correntes ascendentes nessa região. Entretanto, em 

2022 a área de forrageio foi reduzida e concentrada próxima ao arquipélago em relação aos 

anos anteriores. Além disso, não houve sobreposição de nicho isotópico desse ano com os 

demais e a proporção de contribuição de presas para a dieta se alterou. Essa variação 

interanual pode ser consequência de fatores oceanográficos locais ou também de distribuição 

de predadores pelágicos com os quais aves marinhas se associam durante o forrageio. Esses 

resultados demonstram a plasticidade trófica de MB ao adaptar suas áreas de forrageio frente 

a variações interanuais em um ambiente tropical, evidenciando o potencial dessas aves como 

monitoras de variações de distribuição e composição de peixes epipelágicos. Posteriormente, 

foram testadas variações no nicho isotópico entre MB e o atobá-de-pé-vermelho (Sula sula, 

RFB) entre períodos reprodutivo e não-reprodutivo. Os valores de δ13C e δ15N de MB 

significativamente diferentes, sendo maiores para MB em relação a RFB, resultando em uma 

marcada partição de nicho entre as espécies ao longo de seus ciclos reprodutivo anuais. 

Adicionalmente, RFB variou amplitude de seu nicho de acordo com os períodos 

reprodutivos e não-reprodutivos de MB, que representam períodos de maior e menor 

intensidade de uso de recursos, respectivamente. Por fim, foram testadas variações sexuais 

nas estratégias de forrageio de MB tanto no período reprodutivo como não-reprodutivo, mas 

estas foram pouco significativas. A constante partição de nicho entre períodos e anos entre 

as espécies aparenta ter um papel essencial para a sua coexistência no arquipélago, além de 

sugerir que RFB ajusta seu período reprodutivo de acordo com o período não-reprodutivo 

de MB, quando a competição potencial por recursos é menos intensa. Mesmo sendo 

consideradas oásis em um ambiente oligotrófico, ilhas oceânicas impõem condições 

limitantes para espécies que dependem dos mesmos recursos e, portanto, são ótimos locais 

para ilustrar a partição de nicho entre espécies simpátricas. Isso revela informações sobre 

como essas espécies interagem no espaço e no tempo e como esses processos influenciam 

na manutenção da biodiversidade em regiões marinhas tropicais. 

 

Palavras-chave: biologging, isótopos estáveis, oceanos tropicais, partição de nicho, 

relaxamento ecológico. 
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ABSTRACT 

Tropical oceans are typically oligotrophic environments, with resources patchily distributed 

in space and time. This irregularity of prey availability makes adaptations in foraging 

strategies and niche partitioning essential for the survival of predators such as seabirds. This 

group tends to breed in multi-species colonies and exploit resources around the colony, 

especially during the breeding season. Breeding is a period of intense exploitation of 

resources to supply the energy requirements of parents and offspring. Thus, plastic foraging 

behavior allows seabirds to adapt to spatio-temporal variation at intra- and interspecific 

levels. In this context, this study aimed to characterize the foraging strategies of seabirds of 

the genus Sula in the Fernando de Noronha archipelago in intra- and interspecific levels, 

using biologging data and stable isotopes of carbon (δ13C) and nitrogen (δ15N) obtained 

between 2015 and 2022. For the masked booby (Sula dactylatra, MB), an inter-annual 

pattern of foraging areas was observed to the east of the archipelago, potentially associated 

with the interaction of currents with the topography, which generate a flow of ascending 

currents in this region. However, in 2022 the foraging area was reduced and concentrated 

close to the archipelago compared to previous years. Additionally, there was no isotopic 

niche overlap between that year and the others, and the proportion of prey contribution to 

the diet changed. This inter-annual variation may result from local oceanographic factors or 

the distribution of pelagic predators with which seabirds associate when foraging. These 

results demonstrate the trophic plasticity of MBs in adapting their foraging ranges to inter-

annual variations in a tropical environment, highlighting their potential as monitors of 

variation in the distribution and composition of epipelagic fish. Subsequently, isotopic niche 

variations were tested between MB and red-footed booby (Sula sula, RFB) during breeding 

and non-breeding periods. The δ13C and δ15N values of MB were significantly different, 

being higher for MB compared to RFB, resulting in marked niche partitioning between the 

species throughout their annual breeding cycles. Furthermore, RFB varied the amplitude of 

its niche according to the breeding and non-breeding periods of MB, which represent periods 

of higher and lower intensity of resource use, respectively. Finally, sexual variations in the 

foraging strategies of MB were tested in both breeding and non-breeding periods but these 

were not significant. The consistent niche partitioning between periods and years among 

species appears to play an essential role in their coexistence in the archipelago, as well as 

suggesting that RFB adapts its reproductive period to the non-breeding period of MB, when 

potential resources competition is less intense. Although they are considered oases in an 

oligotrophic environment, oceanic islands impose limiting conditions on species that depend 

on the same resources and therefore, are ideal sites for illustrating niche partitioning among 

sympatric species. This revels information on how these species interact in space and time, 

and how these processes influence the maintenance of biodiversity in tropical marine 

regions. 
 

Keywords: biologging, ecological release, niche partitioning, stable isotopes, tropical 

oceans. 
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1. INTRODUÇÃO GERAL 

 

  Oceanos tropicais são tipicamente oligotróficos e apresentam uma distribuição de 

recursos distribuídos de forma efêmera e irregular, podendo ainda ser influenciados pela 

sazonalidade, processos oceanográficos e fenômenos climáticos (Longhurst & Pauly 1987). 

A combinação desses fatores pode influenciar todos os níveis de teias tróficas marinhas, 

fazendo com que adaptações nas estratégias de forrageio e partição de recursos sejam 

essenciais para a sobrevivência de predadores (Montevecchi et al. 2009, Jessopp et al. 2020, 

Watanuki et al. 2022). Nesse sentido, observar as estratégias de forrageio desses organismos, 

ou seja, o conjunto de comportamentos, processos e adaptações que utilizam para localizar, 

selecionar e obter recursos alimentares (Stephens et al. 2007, Vogel et al. 2017), pode ser 

uma ferramenta para compreender a distribuição diferencial desses recursos no tempo e no 

espaço. Além disso, essas estratégias também permitem investigar como os recursos são 

partilhados entre predadores em ambientes oligotróficos, como oceanos tropicais (Tompkins 

et al. 2017, Cerveira et al. 2020, Fayet et al. 2023).  

 Aves marinhas são predadores que dependem inteiramente dos oceanos ao menos 

em uma parte de suas vidas (Votier & Sherley 2017) e que se reproduzem em colônias 

multiespecíficas (Schreiber & Burger 2001). Durante a reprodução, especialmente durante 

o período de cuidado com o filhote, aves marinhas utilizam recursos no entorno da colônia, 

retornando ao ninho periodicamente entre viagens de forrageio (i.e., central-place foragers) 

(Schreiber & Burger 2001). Além disso, esse período demanda uma intensa exploração de 

recursos por parte das aves para provisionamento próprio e do filhote (Jessopp et al. 2020, 

Piña-Ortiz et al. 2024) e, desta forma, aves marinhas podem exibir estratégias de forrageio 

flexíveis, adaptando-se às variações espaço-temporais na disponibilidade de recursos para 

suprir esses requerimentos (Sommerfeld et al. 2015, Castillo-Guerrero et al. 2016, Piña-Ortiz 

et al. 2024). Nesse sentido, essa plasticidade de estratégias de forrageio contribui para que 
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aves marinhas sejam consideradas bons organismos-modelo para estudos em oceanos 

tropicais, pois podem atuar como sentinelas de variações na disponibilidade de recursos no 

espaço e no tempo (Cairns 1987, Cherel & Weimerskirch 1999, Garthe et al. 2011).  

A reprodução colonial também é um fator que potencialmente influencia no 

comportamento de forrageio, especialmente frente à coexistência de espécies com 

requerimentos ecológicos similares. Nesse sentido, a partição de nicho é uma alternativa à 

dependência por recursos semelhantes, de modo que haja o ajuste de uma ou mais dimensões 

dos nichos n-dimensionais das espécies (Hutchinson 1957, Schoener 1974). Em aves 

marinhas, diferentes estratégias foram desenvolvidas a fim de evitar a competição de 

recursos, como a segregação de áreas de forrageio e profundidade de mergulho, e no 

consumo de diferentes tipos de presas (Kappes et al. 2011, Barger et al. 2016, Almeida et al. 

2021, Fayet et al. 2023). Além disso, fatores morfológicos como massa e tamanho corporal 

podem potencialmente contribuir para o desenvolvimento dessas estratégis distintas, tanto 

em nível inter como intraespecífico (Lewis et al. 2005, Catry et al. 2009, Mancini & Bugoni 

2014).  Complementarmente, a partição de nicho também pode variar de forma temporal, de 

modo que as espécies adaptem suas estratégias de forrageio de acordo com períodos de maior 

e menor intensidade do uso de recursos, relacionando-se com o conceito de relaxamento 

ecológico (Herrmann et al. 2021).  Por exemplo, ao contrário do período reprodutivo, quando 

as aves necessitam suprir as suas demandas energéticas e as filhote, o período não-

reprodutivo permite um comportamento de forrageio mais disperso e um uso de recursos 

menos intenso (Lisnizer & Yorio 2019, Mills et al. 2021, Roy et al. 2021). Dessa forma, para 

espécies que permanecem na colônia durante todo seu ciclo anual, alternar seus períodos 

reprodutivos pode ser uma alternativa para evitar a competição em períodos de maior 

estresse e promover sua coexistência.  

O gênero Sula (Suliformes: Sulidae) engloba seis espécies, as quais apresentam 
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distribuição tropical e temperada em todas as bacias oceânicas e que comumente formam 

colônias multiespecíficas (Nelson 1978). No arquipélago de Fernando de Noronha, o atobá-

mascarado Sula dactylatra Lesson, 1831 e o atobá-de-pé-vermelho Sula sula (Linnaeus, 

1766), ocorrem simpatricamente com outras nove espécies de aves marinhas (Mancini et al. 

2016) e se reproduzem o ano todo, embora atobá-mascarado apresente picos reprodutivos 

entre fevereiro e maio e o atobá-de-pé-vermelho entre julho e outubro (Serafini et al. 2024). 

Atobás-mascarados são maiores em tamanho e massa corporal em relação aos atobás-de-pé-

vermelho (Nelson 1978, Young et al. 2010) e ambas as espécies apresentam dimorfismo 

sexual reverso, com fêmeas maiores que os machos (Nelson 1978, Lewis et al. 2005). Em 

relação às estratégias de forrageio, estudos com essas espécies relatam que atobás-

mascarados tendem a forragear mais próximos à colônia e tem peixes-voadores 

(Exocoetidae) como sua principal presa, enquanto atobás-de-pé-vermelho tendem a 

forragear em ambientes mais distantes da colônia e se alimentar de uma maior proporção de 

lulas (Young et al. 2010, Kappes et al. 2011, Almeida et al. 2021). Em Fernando de Noronha, 

peixes-voadores demonstram ser importantes fontes alimentares para aves marinhas 

(Mancini et al. 2014, Santos et al. 2019, Jacoby et al. 2023). Entretanto, essas espécies, assim 

como zooplâncton e outros peixes, podem apresentar uma distribuição espacial irregular no 

entorno do arquipélago, resultado das ressurgências de correntes à leste (Salvetat et al. 2022). 

Nesse contexto, a coexistência de atobás que dependem de recursos similares que estão 

distribuídos de forma irregular no entorno do arquipélago, permitem estudos acerca 

variações temporais na disponibilidade de recursos e também de interações tróficas durante 

períodos de alta demanda energética. 

Estudos focados na distribuição espacial do forrageio e no uso de recursos estão 

tipicamente conectados e fornecem informações sobre diferentes e complementares 

dimensões do nicho ecológico (Garvey & Whiles 2016). A análise de isótopos estáveis é 
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uma técnica amplamente utilizada em estudos com aves marinhas, pois permite a inferência 

de relações tróficas intra e interespecíficas no espaço e no tempo (Dalerum & Angerbjörn 

2005, Fry 2006). Em estudos ecológicos marinhos, razões isotópicas de carbono (δ13C) são 

utilizadas para identificar a origem costeira ou pelágica de presas ingeridas (Cherel & 

Hobson 2007, Mancini & Bugoni 2014), enquanto razões isotópicas de nitrogênio (δ15N) 

atuam como marcadores de posição trófica (Hobson et al. 1994, Fry 2006). Dessa forma, ao 

utilizar valores de δ13C e δ15N como coordenadas bidimensionais, o espaço-δ resultante 

representa o nicho isotópico, um proxy para nicho trófico (Newsome et al. 2007, Jackson et 

al. 2011). De forma complementar, técnicas de rastreamento remoto (i.e., biologging) 

permitem a observação remota de movimento, permitindo a identificação de diferentes 

comportamentos através de análise de trajetórias (Patterson et al. 2009). Além disso, a 

associação de diferentes dispositivos (e.g., receptores de sinal de GPS, sensores de pressão) 

podem contribuir para refinar a interpretação de estratégias de uso do espaço (Wilmers et al. 

2015, Roy et al. 2022), e por isso tem sido aplicada amplamente em estudos com aves 

marinhas (Austin et al. 2021, Fromant et al. 2022, Fayet et al. 2023). Portanto, a associação 

de técnicas de rastreamento remoto e isótopos estáveis promovem informações tanto de 

estratégias de forrageio de organismos, como também permitem identificar suas variações 

intra e interespecíficas no espaço e no tempo. 

Nesse contexto, o presente trabalho procurou caracterizar as estratégias de forrageio 

no tempo e no espaço de aves marinhas do gênero Sula no arquipélago de Fernando de 

Noronha em nível intra e interespecífico utilizando dados de rastreamento remoto e isótopos 

estáveis obtidos sistematicamente entre 2015 e 2022. Primeiramente, os dados obtidos das 

duas técnicas foram utilizados para testar diferenças interanuais no uso do espaço e de 

recursos alimentares por S. dactylatra durante seu período reprodutivo. Nesse contexto, 

considerando fatores oceanográficos que promovem a concentração de presas potenciais à 
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leste do arquipélago, não são esperadas variações interanuais significativas nas estratégias 

de forrageio da espécie. Além disso, dados de isótopos estáveis também foram utilizados 

para testar diferenças na dieta entre S. dactylatra e S. sula durante seus períodos reprodutivo 

e não-reprodutivo sendo esperada uma segregação de nicho trófico entre as duas espécies, 

considerando suas características morfológicas e comportamentais. 

2. ESTRUTURA DA DISSERTAÇÃO 

 A presente dissertação está organizada em dois capítulos. O capítulo 1 aborda 

variações interanuais nas estratégias de forrageio de S. dactylatra em período reprodutivo, 

relacionando-as com processos oceanográficos no entorno da colônia. O capítulo 2 retrata 

variações interespecíficas nas estratégias de forrageio de S. dactylatra e S. sula durante o 

período reprodutivo e não-reprodutivo de cada uma das espécies. Parte dos dados foi 

fornecida pelo Institut de recherche pour le développement, e parte foi obtida após receber 

a Autorização SISBIO 64234, e parecer favorável da CEUA/UFRGS nº 37905, ambos 

documentos incluídos como anexos nesta dissertação. Adicionalmente, as amostras obtidas 

e utilizadas foram cadastradas no Sistema Nacional de Gestão do Patrimônio Genético e do 

Conhecimento Tradicional Associado (comprovante de cadastro anexo). 
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3. CAPÍTULO 1 - Flexible foraging strategies of a tropical seabird in the western 

Atlantic Ocean 

Manuscrito formatado para submissão ao periódico Marine Ecology Progress Series  

Normas aos autores: https://www.int-res.com/journals/guidelines-for-authors/guidelines-

authors/ 
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ABSTRACT: Tropical oceans are typically oligotrophic but they can feature productive 16 

environments, such as islands, which can promote high prey availability and, 17 

consequently, influence predators' foraging strategies in time and space. This study 18 

investigates interannual and sex-specific variations in the foraging ecology of the masked 19 

booby (Sula dactylatra) in the Fernando de Noronha Archipelago (FdN), western tropical 20 

Atlantic Ocean. During four breeding seasons, blood from birds and muscle samples from 21 

regurgitated prey were collected for stable isotope analysis of carbon (δ13C) and nitrogen 22 

(δ15N). Simultaneously, birds were tracked with GPS devices, and their dives, both 23 

recorded and predicted by a U-shaped deep neural network, were used to estimate 24 

foraging areas. Significant variations in δ13C and δ15N values occurred over the four years, 25 

and all isotopic niches overlapped, except from 2022. Stable isotope variations between 26 

sexes were occasional, with overlapping niches across all years. Mixing models estimated 27 

H. affinis as the main prey source from 2017 to 2019, shifting to P. gibbifrons and C. 28 

cyanopterus in 2022. Tracking data revealed that foraging areas were located eastward of 29 

the archipelago in all years, potentially driven by the Island Mass Effect on prey 30 

distribution. Foraging areas were closer to the archipelago in 2022, with shorter duration 31 

and length of foraging trips. These findings showcase potential predictability in foraging 32 

areas, but also their interannual variability, suggesting shifts in prey availability and 33 

distribution around FdN. This highlights the ecological plasticity of masked boobies in 34 

tropical environments and their potential as monitors of fish community dynamics. 35 

KEY WORDS: biologging, deep learning, Island Mass Effect, stable isotopes, Sula 36 

dactylatra, trophic ecology, tropical oceans  37 
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1. INTRODUCTION 38 

Oligotrophic tropical oceans exhibit unpredictable and patchy resources and can 39 

be influenced, even to a lesser extent than temperate and polar oceans, by seasonality, 40 

oceanographic dynamics, and climate oscillations (Longhurst & Pauly 1987). These 41 

factors pose challenges to the different levels of the trophic web, such as top predators, 42 

which need to locate food efficiently and adapt to potential variations in its availability 43 

(Link 2004, Watanuki et al. 2022), including those associated with present and future 44 

climate change scenarios (Kwiatkowski et al. 2017, McDuie et al. 2018). 45 

Notwithstanding, productive environments in tropical oceans, such as islands, seamounts, 46 

and upwellings, can provide areas of high food resource availability (Zavalaga et al. 2010, 47 

Wilkinson et al. 2020), such as small pelagic fish, which plays a critical ecosystemic role 48 

in the energy transfer between basal and top trophic levels (Cairns 1987, Montevecchi & 49 

Myers 1996). Therefore, the distribution and availability of mid-level prey directly 50 

influence the foraging of top predators, such as large fish, marine mammals, and seabirds, 51 

which can potentially act as indicators of prey distribution in time and space (Link 2004, 52 

Staniland et al. 2006, Spitz et al. 2011, Cherel 2020). 53 

The western tropical Atlantic Ocean features topographic characteristics that 54 

create biomass and productivity hotspots, a process known as the Island Mass Effect 55 

(Doty & Oguri 1956, Gove et al. 2016). The interaction of the South Equatorial Current 56 

(SEAc), the South Equatorial Undercurrent (SEUC), and the Equatorial Undercurrent 57 

(EUC) with the archipelagos of São Pedro and São Paulo, Fernando de Noronha, and 58 

Rocas Atoll generates eddies and turbulence (Araujo & Cintra 2009). These 59 

hydrodynamic processes typically contribute to making these areas highly biodiverse and 60 

productive (Araujo & Cintra 2009, Tchamabi et al. 2017). Fernando de Noronha exhibits 61 

complex trophic webs in different water column strata (Eduardo et al. 2023), and 62 
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organisms such as fish and zooplankton are irregularly distributed around the archipelago, 63 

as a result of ascending waters eastward (Costa da Silva et al. 2021, Salvetat et al. 2022). 64 

Flying fish (Exocoetidae) are important food resources for top predators around Fernando 65 

de Noronha, such as yellowfin tuna (Thunnus albacares), dolphinfish (Coryphaena 66 

hippurus) (Martins et al. 2021), and seabirds like tropicbirds (Phaethon spp.) and boobies 67 

(Sula spp.) (Mancini et al. 2013, Santos et al. 2019, Jacoby et al. 2023). However, little 68 

is known about the availability and distribution of these epipelagic fish in the archipelago, 69 

and they may be associated with small and medium-scale oceanographic processes, as 70 

well as their possible temporal and spatial variations.  71 

Seabirds typically nest on coastal and oceanic islands and exploit resources around 72 

their colonies during the breeding season, acting as central place foragers (Schreiber & 73 

Burger 2002). Thus, seabirds can exhibit flexible foraging strategies that allow them to 74 

explore a wide range of prey, and adapt to spatiotemporal variations in their foraging 75 

areas (Sommerfeld et al. 2015, Castillo-Guerrero et al. 2016, Cerveira et al. 2020). 76 

Boobies (Suliformes: Sulidae) are seabirds distributed in subtropical and tropical regions, 77 

have reverse sexual dimorphism (i.e., females are larger and heavier than males), and 78 

their diet is based primarily on flying fish and squid (Nelson 1978). Boobies demonstrate 79 

flexible foraging behaviors in response to spatial and temporal variations in prey 80 

availability and distribution around their colonies, which can be investigated through their 81 

movements (Weimerskirch et al. 2008, Sommerfeld et al. 2015, Soanes et al. 2021) and 82 

diet (Castillo-Guerrero et al. 2016, Donahue et al. 2020). Consequently, booby foraging 83 

strategies are potentially shaped by the conditions around their colonies (Jacoby et al. 84 

2023), unraveling local trophic relationships and their potential variations in space and 85 

time. 86 

Studies focusing on foraging distribution and food resource use are typically 87 
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interconnected and provide information on complementary dimensions of the ecological 88 

niche (Garvey & Whiles 2016). Biologging techniques enable remote observation of 89 

animal movements, allowing the identification of different behaviors through trajectory 90 

analysis (Patterson et al. 2009). Consequently, this information allows the 91 

characterization of space use strategies (Wilmers et al. 2015, Roy et al. 2022), which has 92 

been widely employed in seabird studies (Machovsky-Capuska et al. 2016, Austin et al. 93 

2021). Complementarily, stable isotope analysis allows the inference of trophic 94 

interactions through isotopic ratios. In ecological studies, the carbon isotopic ratio (δ13C) 95 

is used as an indicator of foraging habitat, such as inshore/offshore areas (Cherel & 96 

Hobson 2007), while the nitrogen isotopic ratio (δ15N) provides information about the 97 

trophic level of predators (Fry 2006). Thus, δ13C and δ15N are considered two dimensions 98 

of the ecological niche – or isotopic niche (Newsome et al. 2007, Jackson et al. 2011) – 99 

and allow for testing spatiotemporal intraspecific variations in food resources (Dalerum 100 

& Angerbjörn 2005), as well as proportions of prey assimilated from distinct biological 101 

tissues (Parnell et al. 2013). Therefore, combining biologging and stable isotopes can 102 

provide complementary information on foraging strategies and their variations through 103 

time and space, shedding light on the ability to adapt to environmental conditions around 104 

colonies. 105 

Fernando de Noronha is the archipelago with the greatest number of breeding 106 

seabird species in Brazil. Currently, only the white-tailed tropicbird Phaethon lepturus 107 

(Campos et al. 2018, Santos et al. 2019) and the masked booby Sula dactylatra have been 108 

tracked during the non-breeding (Roy et al. 2021) and breeding (Roy et al. 2022) seasons. 109 

In this context, the present study aims to characterize interannual variations in the 110 

foraging strategies of masked boobies around Fernando de Noronha, in the western 111 

tropical Atlantic Ocean, by combining movement and diet patterns during the breeding 112 
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period. For this, we collected biologging data obtained during foraging trips around the 113 

colony, stable isotopes of carbon and nitrogen from birds and their prey over four 114 

breeding seasons. Given the scenario of increased food availability around Fernando de 115 

Noronha due to small and medium-scale oceanographic processes resulting from the 116 

interaction of ocean currents with the bottom topography, we expect that masked boobies 117 

do not present interannual variations in foraging strategies, as the spatial distribution of 118 

prey becomes more predictable under such conditions.  119 

2. MATERIALS & METHODS 120 

2.1 Study area 121 

 The study was carried out on Meio Island (3°49'11.6" S; 32°23'35.362" W), a 122 

secondary islet belonging to the Fernando de Noronha Archipelago, located 360 km off 123 

the Brazilian coast (Fig. 1). The archipelago experiences two well-defined seasons, a 124 

rainy season from March to July and a dry season from August to January (Serafini et al. 125 

2010), but these do not imply significant environmental variations in the surrounding 126 

surface waters (Salvetat et al. 2022). Meio Island covers approximately 0.16 km2, most 127 

of which is covered by herbaceous vegetation and exposed soil, where masked colonies 128 

occur (Gaiotto et al. 2022). The breeding population size in Meio Island was estimated at 129 

181, 388, and 162 breeding pairs respectively in 2017, 2018, and 2019 based on ground 130 

counts of incubating individuals and emancipated chicks. Between 2017 and 2018, black 131 

rats (Rattus rattus) were eradicated from the island in order to favor the reproductive 132 

success of boobies as predation on eggs and chicks was common.   133 
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2.2 Sampling methods 134 

Sampling was carried out in 2017, 2018, 2019, and 2022 during the chick-rearing 135 

period (March–April) of masked boobies (Serafini et al. 2024). Breeding individuals who 136 

brooded chicks at an early stage of development were captured manually or with a nylon 137 

snare on the end of a fishing rod. Females and males were identified through vocalization 138 

(Nelson 1978). A GPS tracking device (igotU GT-120, Mobile Action, Taiwan; or Axy-139 

Trek Marine, TechnoSmart, Italy) was attached to the central tail feathers of each 140 

individual using TESA® tape, without exceeding 3% of the bird body mass (Phillips et al. 141 

2003). Loggers were set to record a position every 10–15 s. The IgotU model devices 142 

only provided position information, while the Axy-Trek devices also featured pressure 143 

sensors. From these, the pressure was measured for 55 individuals, enabling the 144 

identification of diving bouts. After two to three days, birds were recaptured for logger 145 

retrieval and biological sampling. Blood samples (0.3 mL) were collected from the 146 

metatarsal vein using sterile syringes/needles and stored in microtubes. During bird 147 

handling, spontaneous regurgitations of undigested material were collected, stored in 148 

plastic bags, and frozen at -20 ℃. Subsequently, prey items were identified at the lowest 149 

possible taxonomic level, measured using a stop ruler, and muscle samples were collected 150 

and stored in microtubes with 70% ethanol. 151 

2.3 Stable isotope analysis 152 

Prey samples were washed in a Soxhlet extractor for a 6 h cycle using a 2:1 153 

chloroform:methanol solution as a solvent to remove lipids (Logan et al. 2008, Nunes et 154 

al. 2018). Lipids from blood samples were not extracted as they were present in low 155 

concentrations (Bearhop et al. 2002). Subsequently, all muscle and blood samples were 156 

lyophilized, grounded, and homogenized, and subsamples of ~0.7 mg were placed in tin 157 
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capsules for stable isotope analysis (SIA) of carbon (δ13C) and nitrogen (δ15N) using an 158 

isotope ratio mass spectrometer at the Pôle Spectrométrie Océan of the Institut 159 

Universitaire Européen de la Mer (PSO-IUEM, France), and the Centro Integrado de 160 

Análises of the Universidade Federal do Rio Grande (CIA-FURG, Brazil). Differences 161 

between sample and standard ratios (Vienna Pee Dee Belemnite for δ13C; atmospheric air 162 

for δ15N) are expressed in δ notation in parts per thousand (‰). The accuracy of the 163 

measurements was checked by repeated analyses of internal samples of acetanilide at the 164 

PSO-IUEM and glutamic acid and caffeine at the CIA-FURG. 165 

The mean and standard deviation of isotopic values between years were calculated 166 

using the FSA package (Ogle et al. 2023) in the R software (R Core Team 2024). 167 

Subsequently, univariate differences between sexes and years were tested using the 168 

Kruskal-Wallis test and the Mann-Whitney U test as a post-hoc test, using False 169 

Discovery Rate for p-value adjustment (Benjamini & Hochberg 1995). Considering the 170 

reversed sexual size dimorphism of the species, the same tests were conducted between 171 

sexes in each year and for each sex throughout the years. Additionally, the isotopic niches 172 

of females and males per year were estimated using a Bayesian approach implemented in 173 

the SIBER package (Jackson et al. 2011). Finally, the contribution of each prey species 174 

to the diet of females and males was estimated with Bayesian mixing models in the simmr 175 

package (Govan & Parnell 2023). The discriminant factors used in the mixing models 176 

were -0.18 ± 0.1‰ for δ13C and 1.72 ± 0.1‰ for δ15N, estimated for the Atlantic puffin 177 

Fratercula arctica (Jenkins et al. 2020). The prey species used in the models were 178 

Cheilopogon cyanopterus, Hirundichthys affinis, Oxyporhamphus micropterus, 179 

Prognichthys gibbifrons, and Exocoetus volitans and were chosen based on the main 180 

species of fish found in regurgitates from handled masked boobies, collected in all 181 

sampled years (author’s unpubl. data). The latter species was separated into intermediate 182 
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(int, 100–150 mm) and large (lg, >150 mm) size classes due to the potential importance 183 

of this species for the diet (Nunes et al. 2018), and the differentiation of isotopic values 184 

between size classes (Govan & Parnell 2023). 185 

2.4 Biologging analysis 186 

Bird trajectories were split into distinct central-place foraging trips. Dive 187 

occurrences were detected from pressure sensors, specifically in situations where the 188 

estimated depth was below 1 m, given natural variations of the equipment records and 189 

atmospheric pressure. The trajectories of individuals who did not have pressure sensors 190 

were segmented for the identification of dive bouts using a dedicated U-shaped deep 191 

neural network (Roy et al. 2022). This model allows to infer the diving behavior of 192 

seabirds solely based on the geometry of their flight paths. It was properly trained and 193 

validated leading to above 91% predictive accuracy on test trajectories of datasets that 194 

were not used in the training or validation process. Finally, the observed and predicted 195 

dive occurrences were used to estimate potential foraging areas using Kernel Density 196 

Estimation (KDE). We evaluated the similarity between pairs of these foraging maps 197 

using two metrics: the root mean squared error (RMSE) (Wilson 2011) as well as the 198 

Bhattacharyya coefficient (BC) (Winner et al. 2018).  199 

Additionally, for complete trips (i.e., first and last points recorded at the colony) 200 

of males and females, the following metrics were calculated: total distance traveled (Dtot, 201 

km), maximum distance from the colony (Dmax, km), trip duration (Tdur, min), proportion 202 

of time (min) diving (Pdiv, %), and straightness index SI, ratio ranging from 0 to 1. The 203 

straightness index of a central-place foraging trajectory was defined as two times the 204 

quotient between the Dmax and Dtot (Benhamou 2004). For each metric, univariate 205 

differences between sexes per year were tested using the Mann-Whitney U test, with False 206 

Discovery Rate used for p-value adjustment (Benjamini & Hochberg 1995). Additionally, 207 
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to analyze pairwise differences of each metric between years, a t-test was carried out 208 

considering data from males and females together. 209 

3. RESULTS 210 

3.1 Stable isotopes 211 

Ninety-seven blood samples from masked boobies were analyzed, 43 from 212 

females and 54 from males (Table 1). The mean and standard deviation for δ13C ranged 213 

from -17.62 ± 0.04‰ (2022) to -16.58 ± 0.10‰ (2017) for females, and from -17.66 ± 214 

0.11‰ (2022) to -16.61 ± 0.08‰ (2017) for males. For δ15N, values varied from 10.50 ± 215 

0.24‰ (2017) to 11.02 ± 0.18‰ (2022) for females, and from 10.34 ± 0.18‰ (2017) to 216 

10.80 ± 0.09‰ (2019) for males (Table 1). Additionally, a total of 61 prey samples were 217 

analyzed (Table 2). The δ13C values varied from -17.81 ± 0.26‰ (C. cyanopterus) to -218 

17.09 ± 0.40‰ (E. volitans int), and δ15N values ranged from 7.66 ± 1.44‰ (O. 219 

micropterus) to 10.29 ± 0.02‰ (P. gibbifrons) (Table 2). 220 

Considering all samples, significant differences were found between years for 221 

δ13C (Kruskall-Wallis, chi-squared = 78.64, p < 0.01) and δ15N (Kruskall-Wallis, chi-222 

squared = 42.11, p < 0.01). Paired differences were significant between all years (p < 223 

0.01), except between 2017 and 2019 for δ13C (Mann-Whitney, p = 0.09), and between 224 

2019 and 2022 for δ15N (Mann-Whitney, p = 0.61). Regarding intersexual variations per 225 

year, no significant differences were identified for δ13C (p > 0.05), and for δ15N there 226 

were significant differences in 2017 (chi-squared = 4.43, p < 0.05), 2018 (chi-squared = 227 

11.454, p < 0.01) and 2022 (chi-squared = 8.5283, p < 0.01) (Fig. 2). Additionally, paired 228 

differences for females were significant between all years for δ13C (p < 0.01), except 229 

between 2017 vs. 2019 (p = 0.6), and for δ15N were significant only between 2017 vs. 230 

2019, 2017 vs. 2022, and 2018 vs. 2022 (p < 0.01). Paired differences for males were 231 
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significant between all years for δ13C (p < 0.01) and for δ15N (p ≤ 0.05), except between 232 

2019 vs. 2022 (p = 0.44). The only year with no isotopic niche overlap with previous 233 

years for both sexes was 2022 (Fig. 3a). Moreover, a partial overlap between males and 234 

females was observed in all years (Fig. 3b, Table S1), with males having a narrower niche 235 

than females. However, this pattern was reversed in 2022 when males presented a wider 236 

niche compared to females and also with male niches from previous years (Fig. 3b, Table 237 

S1).  238 

Mixing models demonstrated annual variations in the contribution of each prey to 239 

the diet of males and females. In 2017, 2018, and 2019, H. affinis was the most important 240 

prey source for both sexes (from 21.5% to 42.9%). In 2022, its contribution decreased to 241 

16.9% for females and 15.4% for males (Table 3, Fig. 4), and there was an increase in 242 

importance for P. gibbifrons and C. cyanopterus, representing the two prey items with 243 

the highest contributions to the diet of both sexes (up to 27.0% for P. gibbifrons and up 244 

to 20.4% for C. cyanopterus) (Table 3, Fig. 4). 245 

3.2 Foraging areas 246 

In total, 88 birds were tracked, 42 females and 46 males, and 235 complete 247 

foraging trips were recorded, 116 from females and 119 from males (Table 4). The mean 248 

Dtot (in km) ranged from 104.2 ± 46.8 (2022) to 170.4 ± 119.5 (2018) for females and 249 

from 101.3 ± 50.2 (2022) to 198.0 ± 147.2 (2019) for males. The Dmax (in km) had the 250 

lowest averages in 2022 for females and males (38.8 ± 18.4 and 37.3 ± 19.4, respectively) 251 

and the highest in 2018 for females (65.9 ± 51.6) and in 2019 for males (59.8 ± 39.9). Tdur 252 

(in min) means ranged from 241.9 ± 121.4 (2022) to 512.6 ± 439.3 (2019) for females 253 

and 242.4 ± 131.9 (2022) to 594.8 ± 693.2 (2018) for males. The Pdiv varied from 0.010% 254 

(2019) to 0.015% (2017) for females and from 0.013% (2019) to 0.020% (2018) for males 255 

(Table 4). The values of Dtot, Dmax, and Tdur were significantly lower in 2022 compared 256 
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with previous years for males and females together (t-test, p < 0.01) (Fig. 5). The Pdiv 257 

differed significantly between 2017 vs. 2019, 2018 vs. 2019, and 2019 vs. 2022 (t-test, p 258 

< 0.05). Additionally, the SI index only differed significantly between 2022 vs. 2018 and 259 

2022 vs. 2019 (Fig. 5). Differences between males and females were not significant for 260 

any of the analyzed trip metrics (Mann-Whitney, p > 0.05) (Fig. 6). Regarding foraging 261 

areas, it was observed that boobies mostly explored regions eastward of Meio Island in 262 

all years (Fig. 7). However, variations in the size and extent of foraging areas were 263 

especially relevant in 2022, when the birds foraged nearer the colony (Fig. 7). For both 264 

males and females, the smallest overlaps (i.e., the highest dissimilarities) in foraging areas 265 

were observed between 2022 vs. 2019, followed by 2022 vs. 2018, considering the 266 

Bhattacharyya coefficient, and between 2022 and the remaining years when considering 267 

the root mean square deviation (Fig. 8). 268 

4. DISCUSSION 269 

This study revealed interannual consistency in the location of foraging areas of 270 

masked boobies breeding at Fernando de Noronha. Nevertheless, we found interannual 271 

variation in their foraging strategies, especially in 2022, when the foraging areas were 272 

situated nearer to the colony with an associated change in diet composition. This suggests 273 

that the foraging strategies of masked boobies may be shaped by the species-specific prey 274 

availability around the colony. Additionally, intersexual differences in foraging strategies 275 

were not substantial, with low spatial and isotopic niche segregation, even though females 276 

showed higher nitrogen values than males. 277 

The interannual stability of foraging areas east of Fernando de Noronha may be 278 

linked with the spatial distribution of prey, which could be related to the oceanographic 279 

dynamics around the archipelago. The Island Mass Effect predicts that primary 280 

productivity is concentrated leeward, due to windward disturbances (Doty & Oguri 1956). 281 
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This phenomenon occurs in Fernando de Noronha, where the ocean circulation interacts 282 

with the island topography on the east side, ascending vertically, resulting in higher 283 

primary productivity and zooplankton concentration to the west (Tchamabi et al. 2017, 284 

Salvetat et al. 2022). However, the flow of particles and zooplankton generated by 285 

upwellings to the east (i.e., leeward) is an essential energy source for planktivorous fish, 286 

leading to increased secondary production eastward (Salvetat et al. 2022). Thus, the Island 287 

Mass Effect can promote a certain predictability of areas with abundant resources, which 288 

can lead to a fidelity of foraging sites over the years. This pattern is not expected as a rule 289 

for tropical seabirds (Weimerskirch 2007), although it has also been identified in Peruvian 290 

boobies S. variegata in the highly productive Humboldt Current System along the 291 

Peruvian coast (Zavalaga et al. 2010), and in masked boobies in Pedro Bank, Jamaica, 292 

associated with a local bathymetric feature (Wilkinson et al. 2020). Additionally, the 293 

stability of the foraging area between years may also result from the stable distribution of 294 

epipelagic fish assemblages and large pelagic predators, such as tunas and sharks 295 

(Salvetat et al. 2022). Most tropical birds associate with these subsurface predators, which 296 

concentrate the fish at the sea surface from below making it available for seabirds 297 

(Balance & Pitman 1999, Miller et al. 2018). Thus, masked boobies would benefit from 298 

the predictability of areas with abundant prey, promoted by subsurface pelagic predators. 299 

Finally, both of these potential explanations could also give an advantage to these 300 

seabirds, which are known to use social information to locate their prey (Thiebault et al. 301 

2014, Boyd et al. 2016). 302 

Interannual variations in foraging strategies can be associated with the plastic 303 

behavior of boobies, which can reflect the changes in prey composition and distribution 304 

around the colony. Seabirds with flexible foraging behavior can adapt to shifts in prey 305 

availability (Montevecchi et al. 2009, Garthe et al. 2011), and during the chick-rearing 306 
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period they face higher time and distance constraints on their foraging trips due to the 307 

demand from nest attendance (Weimerskirch et al. 1997). In 2022, the isotopic niche of 308 

masked boobies did not overlap with those from previous years, and simultaneously, 309 

foraging areas were concentrated nearer the colony. This coincided with an increase in 310 

the proportion of P. gibbifrons and C. cyanopterus in the diet and a consequent decrease 311 

in the importance of H. affinis importance. Additionally, the time spent foraging, total 312 

and maximal distances of foraging trips, were significantly lower in 2022 compared with 313 

previous years, and the overlap between foraging areas observed in 2022 and in the 314 

remaining years was the lowest. Such variations may indicate that prey patches were 315 

nearer the archipelago in 2022 and exhibited variations in the occurrence of Exocoetidae 316 

species. This could be driven by changes in the ocean currents intensities that interact 317 

with the archipelago (Costa da Silva et al. 2021), which may potentially affect the 318 

complex trophic web associated with the ascending waters (Salvetat et al. 2022, Eduardo 319 

et al. 2022) and therefore, prey distribution and availability. However, the spatial 320 

distribution of flying fish schools is very difficult to predict (Oxenford et al. 1995), 321 

especially on the small spatial and temporal scales, limiting potential explanations related 322 

to oceanographic conditions. Alternatively, flying fishes are also pursued by pelagic 323 

predators such as sharks and tunas, with which seabirds associate to catch their prey 324 

(Balance & Pitman 1999, Weimerskirch et al. 2008). Thus, masked boobies could have 325 

explored areas with more accessible or abundant prey, leading to a reduction in foraging 326 

costs during the chick-rearing period, as observed in the masked booby in Australia 327 

(Sommerfeld et al. 2015) and other booby species in Peru (Zavalaga et al. 2007, 2010). 328 

Therefore, the availability of prey near the colony in 2022 could have triggered the switch 329 

to prey that could be captured during shorter trips, requiring less time and energy. 330 

Understanding seabird foraging strategies requires studies at the intraspecific 331 
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level, as responses to variations in environmental conditions can be sex-specific (Gissi et 332 

al. 2023). In Fernando de Noronha we found weak sexual segregation in isotopic niches 333 

and foraging areas as found for other species elsewhere (Young et al. 2010, Kappes et al. 334 

2011, Mancini et al. 2013, Oppel et al. 2015, Poli et al. 2017, Soanes et al. 2021). This 335 

may be associated with the high availability of food resources around the archipelago. 336 

Although located in the typically oligotrophic tropical ocean, the colony surroundings are 337 

influenced by oceanographic processes which increase local productivity (Campelo et al. 338 

2019) and thus can contribute to reducing sexual competition (Zavalaga et al. 2010). 339 

Additionally, the surrounding waters provide abundant resources for large pelagic 340 

predators including ten other breeding seabird species (Mancini et al. 2016), and the year-341 

round presence of masked boobies in the colony (Roy et al. 2021). Despite being weak, 342 

the significant difference in nitrogen values between sexes may be related to factors not 343 

mutually exclusive, such as the larger body size and mass of females, that may allow 344 

exploring larger prey and higher trophic levels (Bearhop et al. 2006), but also to 345 

physiological peculiarities of females, considering specific demands of egg laying and 346 

chick rearing during the breeding period (Castillo-Guerrero et al. 2016, Lerma et al. 347 

2020). Therefore, such findings suggest that a tropical archipelago with high food 348 

resource availability can contribute to reducing sexual competition, as predicted by 349 

fundamental theories of ecological niche and competitive exclusion (Hutchinson 1957). 350 

The use of complementary techniques such as stable isotope analysis and 351 

biologging provides more reliable information concerning foraging strategies. However, 352 

the interpretations need caution considering the inherent limitations of the methods and 353 

also small sample sizes. Stable isotopes in marine environments are influenced by 354 

variations in baselines over time and space (Graham et al. 2010, Magozzi et al. 2017). In 355 

this sense, temporal variations in ocean circulation around the Fernando de Noronha 356 
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Archipelago can influence oceanographic parameters such as temperature (Costa da Silva 357 

et al. 2021), and productivity, which could potentially influence isotopic baselines 358 

(Graham et al. 2010). Also, the use of similar prey (i.e., flying fish), which share similar 359 

feeding habits (Collette et al. 2019), and variable sample sizes in the mixing models may 360 

bias the proportion of contribution to diet between years. However, with the integration 361 

of tracking data, it was possible to observe interannual differences in bird movements 362 

similar to those observed in isotopic data, such as the differences observed in 2022 363 

compared to previous years. Therefore, the complementarity of the techniques used was 364 

essential for identifying patterns and temporal variations in the foraging strategies of the 365 

birds, reducing potential misinterpretations of the results.  366 

In the present study, we identified an interannual persistence of areas with 367 

resource availability in a tropical archipelago through the foraging strategies of a seabird. 368 

Meanwhile, the interannual approach was also a key to identify temporal variations in the 369 

extent of foraging areas and species consumed. These findings reinforce the role of 370 

seabirds as important indicators of variations in the spatiotemporal distribution of the 371 

epipelagic fish community composition around colonies, as they respond to such 372 

variations through trophic plasticity. Furthermore, it is important to highlight the 373 

combination of complementary techniques, such as biologging and deep learning tools, 374 

which allow the identification of movement patterns in time and space, and stable 375 

isotopes, which provide information about ecological niches and prey assimilation. 376 

Islands surrounded by tropical oceans are considered oases in an oligotrophic 377 

environment (Gove et al. 2016) but may undergo changes in oceanographic conditions 378 

and, consequently, in the surrounding resources (Poli et al. 2017, McDuie et al. 2018). 379 

Local conditions around colonies are known to influence genetic structure in seabirds 380 

through differentiation by local adaptation (Nunes & Bugoni 2018, Muraro et al. 2024). 381 
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Thus, physical-chemical alterations in the ocean promoted by climate changes could 382 

influence prey distribution and composition, leading to potential changes in the observed 383 

seabird foraging strategies. In current and future scenarios associated with the impacts of 384 

climate change, using organisms that predominantly depend on a specific resource as 385 

samplers of a known marine region can provide rapid insights into the consequences of 386 

environmental changes through interannual sampling.  387 
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TABLES 630 

Table 1. Mean ± standard deviation (SD), minimum and maximum values of carbon (δ13C) and nitrogen (δ15N) isotopic values from blood samples 631 

of females and males of masked boobies (Sula dactylatra) from Fernando de Noronha Archipelago, tropical western Atlantic Ocean, during 632 

breeding season through sampling years 633 

  634 

 

 

Female  Male 

 δ13C (‰)  δ15N (‰)   δ13C (‰)  δ15N (‰) 

n Mean ± SD Min Max  Mean ± SD Min Max  n Mean ± SD Min Max  Mean ± SD Min Max 

2017 9 -16.58±0.10 -16.80 -16.43  10.50±0.24 10.05 10.84  21 -16.61±0.08 -16.73 -16.44  10.34±0.18 10.07 10.89 

2018 21 -16.92± 0.16 -17.18 -16.55  10.71±0.26 10.28 11.40  13 -17.01±0.14 -17.30 -16.79  10.42±0.10 10.25 10.55 

2019 7 -16.62±0.09 -16.75 -16.53  10.96±0.38 10.58 11.72  5 -16.72±0.06 -16.79 -16.64  10.80±0.09 10.72 10.96 

2022 6 -17.62±0.04 -17.67 -17.55  11.02±0.18 10.81 11.28  15 -17.66±0.11 -17.91 -17.52  10.74±0.14 10.44 11.01 



 

 

42 

 

Table 2. Mean ± standard deviation (SD), minimum and maximum values of carbon (δ13C) and nitrogen (δ15N) isotopic values from muscle samples 635 

of regurgitated prey of masked boobies (Sula dactylatra) from Fernando de Noronha archipelago. int: intermediate size (100–150 mm); lg: large 636 

size (> 150 mm) 637 

  Length (mm)  δ13C (‰)  δ15N (‰) 

Prey species n Mean  Mean ± SD Min Max  Mean ± SD Min Max 

Cheilopogon cyanopterus 4 250.0  -17.81 ± 0.26 -18.11 -17.57  9.75 ± 1.55 7.66 11.06 

Exocoetus volitans (int) 5 129.0  -17.09 ± 0.40 -17.78 -16.76  8.45 ± 2.11 5.94 10.55 

Exocoetus volitans (lg) 20 170.1  -17.29 ± 0.43 -18.29 -16.84  9.55 ± 1.02 5.90 10.48 

Hirundichthys affinis 24 194.2  -17.13 ± 0.30 -17.60 -16.69  9.00 ± 0.83 7.90 10.90 

Oxyporhamphus micropterus 6 132.5  -17.30 ± 0.49 -17.83 -16.63  7.66 ± 1.44 5.28 9.34 

Prognichthys gibbifrons 2 212.5  -17.46 ± 0.21 -17.61 -17.32  10.29 ± 0.02 10.27 10.31 

  638 
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Table 3. Prey species proportions (%) of contribution to the diet of females and males of masked booby (Sula dactylatra) from Fernando de 639 

Noronha Archipelago during the breeding season estimated from mixing models of stable isotopes of carbon (δ13C) and nitrogen (δ15N), separated 640 

by sampling years. int: intermediate size (100–150 mm); lg: large size (>150 mm) 641 

  642  Females  Males 

Prey species 2017 2018 2019 2022  2017 2018 2019 2022 

Cheilopogon cyanopterus 10.2 5.8 12.2 17.2  5.9 6.4 13.2 20.4 

Exocoetus volitans (int) 13.9 9.9 13.0 10.7  10.3 12.6 14.7 9.1 

Exocoetus volitans (lg) 15.6 15.0 18.6 15.5  12.1 13.0 17.8 12.4 

Hirundichthys affinis 28.3 42.9 23.0 16.9  38.8 39.8 21.5 15.4 

Oxyporhamphus micropterus 19.5 13.8 13.6 12.7  24.1 19.3 15.6 18.5 

Prognichthys gibbifrons 12.5 12.6 19.6 27.0  7.8 9.0 17.2 24.3 
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Table 4. Trip metrics (mean ± standard deviation) of females and males of masked booby (Sula dactylatra) tracked in the Fernando de Noronha 643 

Archipelago during the breeding season by year and the number of trips for each sex and year. Nb: total number of birds tracked; Nt: total number 644 

of complete trips recorded; Dtot: total distance traveled (km); Dmax: maximum distance from the colony (km); Tdur: trip duration (min); Pdiv: 645 

proportion of time diving (%); SI: straightness index 646 

  647 

 

FEMALES  MALES 

Nb Nt Dtot Dmax Tdur Pdiv SI  Nb Nt Dtot Dmax Tdur Pdiv SI 

2017 10 20 154.3±78.9 61.3±31.1 335.0±239.2 0.015 0.8±0.1  18 29 163.7±100.1 56.5±35.4 437.4±428.9 0.016 0.7±0.2 

2018 10 22 170.4±119.5 65.9±51.6 386.9±332.5 0.014 0.6±0.2  5 7 165.9±75.7 50.1±25.0 594.8±693.2 0.020 0.5±0.1 

2019 7 24 162.2±95.6 60.2±49.5 512.6±439.3 0.010 0.7±0.2  5 18 198.0±147.2 59.8±39.9 585.1±723.1 0.013 0.6±0.2 

2022 15 50 104.2±46.8 38.8±18.4 241.9±121.4 0.013 0.8±0.1  18 65 101.3±50.2 37.3±19.4 242.4±131.9 0.015 0.7±0.1 
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FIGURES 648 

 649 

Fig. 1. Meio Island, Fernando de Noronha Archipelago, tropical Atlantic Ocean, where is 650 

located the main colony of masked booby (Sula dactylatra) sampled and tracked from 651 

2017 to 2022 652 
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 653 

Fig. 2. Variations in δ13C and δ15N values in whole blood of males and females masked 654 

booby (Sula dactylatra) breeding in the Fernando de Noronha Archipelago, Brazil, from 655 

2017 to 2022. *Significative differences between sexes  656 
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 657 

Fig. 3. (a) Bayesian ellipses of δ13C and δ15N values from whole blood samples of females 658 

and males of masked booby (Sula dactylatra) during breeding seasons in the Fernando de 659 

Noronha Archipelago; (b) Bayesian ellipses of δ13C and δ15N of males and females in 660 

each sampling year 661 
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 662 

Fig. 4. Sankey diagram showing proportions of prey contribution estimated by stable isotopes mixing models (Cheilopogon cyanopterus, Exocoetus 663 

volitans, Hirundichthys affinis, Oxyporhampus micropterus, Prognichthys gibbifrons) for male and female of masked booby (Sula dactylatra) 664 

during breeding seasons (March–April) in the Fernando de Noronha Archipelago. int = intermediate size (100–150 mm); lg = large size (> 150 665 

mm)  666 



 

 

49 

 

 

Fig. 5. Trip total distance traveled (Dtot, km), trip maximal distance from the colony (Dmax, 

km), trip duration (Tdur, min), proportion of time diving (Pdiv, %) and straightness index (SI) 

of the foraging trips of masked boobies (Sula dactylatra) during the breeding seasons in the 

Fernando de Noronha Archipelago by year. *Significative differences between linked years; 

***Significative differences between the year below and all the linked years   
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Fig. 6. Trip total distance traveled (Dtot, km), trip maximal distance from colony (Dmax, km), 

trip duration (Tdur, min), proportion of time diving (Pdiv, %) and straightness index (SI) of 

the foraging trips of male and female masked boobies (Sula dactylatra) during breeding 

seasons in the Fernando de Noronha Archipelago in 2017, 2018, 2019 and 2022. No 

statistical difference was observed between the sexes for any metric in any year  
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Fig. 7. Foraging distributions obtained by Kernel Density Estimation using 25%, 50%, 75%, 

and 90% contours of the kernel utilization distribution based on observed and predicted dives 

of males (M; blue) and females (F; orange) of masked booby (Sula dactylatra) during 

breeding seasons in the Fernando de Noronha Archipelago in 2017, 2018, 2019 and 2022. n 

= number of foraging trips   
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Fig. 8. Interannual pairwise overlaps in foraging areas of masked boobies (Sula dactylatra) 

around Fernando de Noronha Archipelago based on the Bhattacharyya coefficient (left) and 

the Root Mean Squared Error (right). Males are represented above the diagonal (bluish 

tones), while females are below the diagonal (orange tones) 
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SUPPLEMENTARY MATERIAL 

 

Table S1. Standard area and overlap of Bayesian ellipses of δ13C and δ15N from whole blood 

samples of breeding masked booby Sula dactylatra in the Fernando de Noronha Archipelago 

by year. Ellipse areas represent 95% of the data. 

Year 
 

Area 
Overlap area Overlap proportion (%) 

Female Male 

2017 0.41 0.27 0.21 30.88 

2018 0.76 0.27 0.21 20.39 

2019 0.59 0.13 0.12 16.67 

2022 0.15 0.31 0.09 19.57 
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4. CAPÍTULO 2 - Breaking the bread on a tropical island: trophic niche partitioning 

of sympatric seabirds during breeding and non-breeding seasons 

 

Manuscrito formatado para submissão ao periódico Oecologia  
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ABSTRACT 16 

The coexistence of seabirds with similar ecological requirements is challenging, especially 17 

during the breeding season when energy demands for chick rearing are high. In contrast, 18 

there are no nesting constrains during the non-breeding period, resulting in less intensive 19 

resource exploitation. Here, we aimed to test trophic niche differences between masked 20 

boobies (Sula dactylatra, MB) and red-footed boobies (S. sula, RFB) during their breeding 21 

and non-breeding seasons, which occur chronologically alternately in the Fernando de 22 

Noronha archipelago. We used stable isotope data of carbon (δ13C) and nitrogen (δ15N) from 23 

blood samples collected between 2015 and 2022. Most of δ13C and δ15N values were 24 

significantly lower for RFB than for MB, while MB exhibited larger isotopic niches 25 

throughout all sampled periods. In September, during MB non-breeding and RFB breeding 26 

season, the isotopic niche of both species was larger than in April, during the MB breeding 27 

and RFB non-breeding seasons. Additionally, the overlap between the two species remained 28 

low regardless of the period. The results reveal a marked niche partitioning between two 29 

sympatric seabird species in a tropical Atlantic colony, which may be influenced by the 30 

competitive advantages of MB, such as its larger body size and weight. Furthermore, RFB 31 

may adjusts not only its foraging strategies but also its breeding strategies based on the 32 

variation in the intensity of resource exploitation by MB during its annual reproductive 33 

cycle. Therefore, this study emphasizes that trophic niche partitioning plays an important 34 

role in enabling species coexistence and also may influence breeding phenology of seabirds. 35 

KEY WORDS: breeding phenology, coexistence, ecological release, Sulidae, stable 36 

isotopes.  37 
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1. Introduction 38 

The coexistence of species with similar ecological requirements represents a 39 

challenge to individual survival and population persistence, given the overlap in the use of 40 

limiting resources, leading to competition at intra- and interspecific levels (Gause 1932; 41 

Hardin 1960). Therefore, niche partitioning is an alternative strategy to dependence on 42 

similar resources, as it consists of adjusting one or more dimensions of the n-dimensional 43 

niche in order to avoid competition and allow coexistence (Hutchinson 1957; Schoener 44 

1974). In this context, top predators such as seabirds are ideal models for niche partitioning 45 

studies, as they share similar life histories, breed in multispecies colonies, use available 46 

resources around the colony for their own feeding and offspring provisioning, and can occur 47 

in sympatry during both breeding and non-breeding periods (Petalas et al. 2024). 48 

Breeding represents a stressful period, as the need to provide sustenance for both 49 

parents and the offspring requires high energy expenditure and consequently, intense 50 

exploitation of resources (Barger et al. 2016; Fromant et al. 2022). Overall, seabirds are 51 

central-place foragers during the breeding period, which means that they return to the nest 52 

periodically between foraging trips (Schreiber and Burger 2001). This implies an 53 

exploitation of the resources available around the colony by one or more species, especially 54 

during chick-rearing, so that the offspring are constantly fed with lower energy costs for the 55 

parents (Jessopp et al. 2020). Additionally, birds may also be more selective regarding the 56 

types of prey, directing efforts toward capturing resources that best fit chick requirements 57 

(González-Medina et al. 2017; Piña-Ortiz et al. 2024). On the other hand, birds may explore 58 

resources in broader areas and/or a greater prey diversity during the non-breeding period, as 59 

they do not have the commitment of caring for the chick (Lisnizer and Yorio 2019; Mills et 60 

al. 2021; Roy et al. 2021), which may be crucial for developing adequate body conditions 61 

for the next breeding season (Desprez et al. 2018; Hovinen et al. 2019). Thus, the breeding 62 
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and non-breeding periods are stages of the avian life cycle that require distinct strategies and 63 

promote different patterns of behavior. However, the presence of a competing species, 64 

whether permanent or temporary in both periods, increases competitive pressures and 65 

requires adjustments of foraging strategies to enable niche partitioning (Young et al. 2010a; 66 

Almeida et al. 2021). 67 

Niche partitioning is an essential process to reduce competition and allow for the 68 

coexistence of seabirds (Ashmole and Ashmole 1967; Jessopp et al. 2020). The different 69 

strategies developed to avoid competition may be related to foraging behavior, through 70 

which species can explore distinct areas at different distances from the colony, which may 71 

also result in the consumption of different prey (Barger et al. 2016; Fromant et al. 2022; 72 

Fayet et al. 2023). Additionally, foraging or diving at different depths in the water column 73 

can also contribute to the variation in captured prey (Kappes et al. 2011; Petalas et al. 2021). 74 

In these cases, morphological factors such as body size and mass may play an important role, 75 

as they influence flight capability, prey capture strategy, diving depth, and sizes of consumed 76 

prey (Lewis et al. 2005; Catry et al. 2009; Mancini and Bugoni 2014). Finally, interspecific 77 

variations in breeding phenology may be alternatives to allow coexistence, so that each 78 

species goes through the breeding stress at different times. 79 

Temporal variations in resource use can also contribute to niche partitioning, 80 

especially in non-migratory species. The more intensive use of resources by one species 81 

during the breeding period may contribute to increased competition with other resident 82 

species (Young et al. 2010a; Mancini et al. 2014) or seasonal species in the colonies 83 

(Almeida et al. 2021; Carreiro et al. 2022). In this context, year-round coexistence may 84 

contribute to the development of different foraging and breeding strategies, allowing species 85 

to exploit resources simultaneously (Soanes et al. 2021; Lerma et al. 2024). This balance 86 

between more and less intense exploitation during breeding and non-breeding periods can 87 
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illustrate the concept of ecological release, which involves altering the ecological niche 88 

according to more or less intense interspecific interactions (Herrmann et al. 2021). This 89 

concept could be illustrated through inverse periods of reproduction, where the species in 90 

breeding activity may exhibit a narrower niche, associated with the exploitation of resources 91 

near the colony and more energetically demanding. Simultaneously, the species in the non-92 

breeding period may present broader niches, as they can exploit resources more widely and 93 

diversely. Such strategies can be crucial for promoting and maintaining local biodiversity, 94 

especially in environments of low food resource availability. 95 

Competition for resources and niche partitioning can be intensified in locations with 96 

scarce resources, such as tropical oceans. In these regions, resource availability is ephemeral 97 

and patchily distributed (Longhurst and Pauly 1987), making foraging sites for seabirds less 98 

predictable (Weimerskirch et al. 2006). Boobies (Aves: Suliformes: Sulidae: Sula spp.) are 99 

seabirds that occur in tropical and subtropical environments and commonly form 100 

multispecies colonies (Nelson 1978). For example, masked boobies (Sula dactylatra, 101 

hereafter MB) have larger body size and mass than red-footed boobies (S. sula, hereafter 102 

RFB) (Nelson 1978; Young et al. 2010b), and both species exhibit reverse sexual 103 

dimorphism, i.e., females larger and heavier than males (Nelson 1978; Lewis et al. 2005). 104 

Previous studies in the Pacific and Indian Oceans comprising both species demonstrated 105 

differences in foraging strategies: MB usually forage closer to the colony and their diet 106 

mainly consists of flying fish, while RFB tends to forage in more oceanic environments and 107 

feed on a higher proportion of squid (Young et al. 2010b; Kappes et al. 2011; Almeida et al. 108 

2021). In the Fernando de Noronha archipelago, located in the tropical Atlantic Ocean, both 109 

species occur in sympatry along with nine other breeding seabird species (Mancini et al. 110 

2016), remaining in the archipelago year-round and using the colonies as roosting sites 111 

during non-breeding periods. MB has peaks in nesting activity between February and May, 112 
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while RFB breeds mainly from July to October (Serafini et al. 2024), and thus such variations 113 

in breeding peaks suggest the need to develop local adaptation strategies to partition 114 

resources and allow the coexistence of both species. 115 

Stable isotope analysis (SIA) is a widely used technique for studying seabird trophic 116 

ecology as it allows the investigation of potential differences in foraging strategies between 117 

species and between periods of the annual life cycle (Petalas et al. 2024). For example, 118 

carbon isotopic ratios (δ13C) inform spatial aspects of the diet, such as the relationship 119 

between the use of inshore or offshore areas (Hobson et al. 1994; Cherel and Hobson 2007). 120 

Additionally, nitrogen isotopic ratios (δ15N) are markers of trophic position, shedding light 121 

on prey-predator relationships (Hobson et al. 1994; Fry 2006). Thus, by using isotopic values 122 

as two-dimensional coordinates, the δ-space represents the isotopic niche, which is 123 

considered a proxy for trophic niche (Newsome et al. 2007; Jackson et al. 2011). Isotopic 124 

measurements can be obtained from different tissues, which have different turnover rates 125 

(Vander Zanden et al. 2015). In the case of seabirds, blood represents a turnover of 12-15 126 

days (Hobson and Clark 1993), providing a suitable temporal window for inter-seasonal 127 

studies (Dalerum and Angerbjörn 2005). Therefore, SIA is a tool that allows testing intra- 128 

and interspecific niche partitioning in the use of food resources in space and time (Cherel et 129 

al. 2008; Young et al. 2010a; Almeida et al. 2021).  130 

In this context, we aimed to test differences in the trophic niche of two sympatric 131 

booby species in the Fernando de Noronha archipelago between the breeding and non-132 

breeding periods of both species using an isotopic dataset systematically obtained from 2015 133 

to 2022 for approximately 210 individuals. Given the coexistence of the two species in the 134 

archipelago and prior knowledge of morphological and behavioral characteristics of each 135 

species, we expected to (i) observe higher δ15N in MB than RFB and (ii) identify niche 136 

segregation between the two species during all sampled periods. However, during the 137 
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breeding period of each species, (iii) we expect the niches to be narrower compared to the 138 

non-breeding period, representing differences in the set of prey exploited in each period and 139 

illustrating the concept of ecological release. 140 

2. Materials and methods 141 

2.1 Study area 142 

 The birds were sampled on Ilha do Meio (3°49'11.6" S; 32°23'35.362" W), one of 143 

the 21 islets that comprise the Fernando de Noronha archipelago, located in the Western 144 

Atlantic Ocean, 360 km off the coast of Brazil (Fig. 1). The archipelago has a tropical 145 

climate, with an average temperature of 25°C and interannual variation in rainfall, with the 146 

rainy season from March to July and the dry season from August to January (Castro 2009). 147 

Despite this, the seasonal variation in sea surface temperature (SST) is small, with higher 148 

values from March to May (28°C) and lower values from August to November (~26.5°C) 149 

(Tchamabi et al. 2017). Fernando de Noronha is influenced by the central branch of the 150 

South Equatorial Current (cSEC) in the surface layer, and the South Equatorial Undercurrent 151 

(SEUC) in the lower layer (Costa da Silva et al. 2021) so that the waters surrounding the 152 

archipelago are considered oligotrophic (Farias et al. 2022). Meio Island covers around 153 

160.000 m², most of which is covered in herbaceous vegetation and exposed soil, where 154 

colonies of masked and brown boobies occur. In addition, the northwest of the island has 155 

tree and shrub vegetation, where the red-footed booby colony is located (Gaiotto et al. 2022). 156 

Ilha do Meio has undergone a process of rat control between 2017 and 2018, as it had a high 157 

density of rats (Rattus rattus), which preyed on eggs and chicks, damaging reproduction.  158 
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2.2 Sampling methods 159 

Sampling was carried out in April and September from 2015 to 2022, during the 160 

chick-rearing periods of the MB and RFB, respectively (Serafini et al. 2024). Blood samples 161 

from both species were collected during the fieldwork expeditions. For MB, samples during 162 

its breeding peak were collected in April 2017, 2018, 2019, and 2022, and non-breeding 163 

samples in September 2015, 2016, and 2018. For RFB, samples during its breeding peak 164 

were collected in September 2015, 2016, and 2018, and non-breeding samples in April 2019 165 

and 2022. For this, individuals were captured manually or with a fishing pole, and 0.3ml of 166 

blood was collected from the metatarsal vein using sterile syringes/needles, which were then 167 

stored in microtubes. Individuals were banded or marked with crayons before being released 168 

to prevent resampling. Field procedures were authorized by SISBIO 64234 and approved by 169 

the Ethics Committee of Federal University of Rio Grande do Sul under number 37905. 170 

2.3 Stable isotope analysis 171 

In the laboratory, blood samples were lyophilized, ground, and homogenized, and 172 

subsamples of ~0.7 mg were placed in tin capsules for stable isotope analysis (SIA) of carbon 173 

(δ13C) and nitrogen (δ15N) using an isotope ratio mass spectrometer at the Pôle Spectrométrie 174 

Océan of the Institut Universitaire Européen de la Mer (PSO-IUEM, France), and the 175 

Centro Integrado de Análises of the Universidade Federal do Rio Grande (CIA-FURG, 176 

Brazil). Procedures to remove lipids from the samples were not carried out due to their 177 

expected low concentration in the seabird blood (Bearhop et al. 2002). Differences between 178 

sample and standard ratios (Vienna Pee Dee Belemnite for δ13C; atmospheric air for δ15N) 179 

are expressed in δ notation in parts per thousand (‰). The accuracy of the measurements 180 

was checked by repeated analyses of internal samples of acetanilide at the PSO-IUEM, and 181 

glutamic acid and caffeine at the CIA-FURG. 182 
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2.4 Data analysis 183 

To assess interspecific variations between MB and RFB, metrics of δ13C and δ15N 184 

(mean, standard deviation, minimum, maximum) were calculated for each expedition 185 

(month/year), considering only those when data from both species were collected. Thus, data 186 

from MB expeditions in April 2017 and 2018, when RFB were not sampled, were excluded 187 

from interspecific analysis. Additionally, univariate differences between the isotopic values 188 

of the two species in each expedition were tested using the Kruskal-Wallis test and the Mann-189 

Whitney U test as a post-hoc using the False Discovery Rate for P-value adjustment 190 

(Benjamini and Hochberg 1995). Subsequently, the isotopic niches in each expedition were 191 

estimated in the R environment through a Bayesian approach implemented in the SIBER 192 

package (Jackson et al. 2011), considering 95% of the data. The same metrics and tests were 193 

applied to assess differences in isotopic values between breeding and non-breeding periods 194 

of MB, considering potential sex differences as well. Hence, seven samples with unidentified 195 

sexes were removed from the analysis. Additionally, isotopic niche from Bayesian ellipses 196 

was also estimated for each sampling event considering both periods. 197 

3. Results 198 

3.1 Interspecific comparisons of trophic niche 199 

A total of 148 samples were obtained, with 80 from MB (33 from the breeding period 200 

and 47 from the non-breeding period) and 68 from RFB (58 from the breeding period and 201 

ten from the non-breeding period) (Table 1). For δ13C, the means ranged from -18.28 ± 202 

0.47‰ for RFB in September 2015 to -16.66 ± 0.09‰ for MB in April 2019. Additionally, 203 

for δ15N, the means ranged from 10.28 ± 0.19‰ for RFB in April 2022 to 11.51 ± 0.21‰ 204 

for MB in September 2015 (Table 1). The δ13C and δ15N values of RFB were significantly 205 

lower than those of MB in all expeditions (P<0.01), except for September 2015 (P=0.03) 206 
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(Fig. 2, Table S1). Additionally, MB exhibited larger isotopic niches than RFB in all 207 

sampling events, except for September 2016 (Table 2). Finally, overlap between the two 208 

species was less than 13% in all expeditions, with the highest overlaps observed in 209 

September (9.13 to 12.78%) and the lowest in April (1.89 to 3.02%) (Table 2). 210 

3.2  Intraspecific variations in masked boobies 211 

A total of 137 blood samples from MB were analyzed, with 97 during the breeding 212 

period (43 females and 54 males) and 40 during the non-breeding period (19 females and 21 213 

males) (Table 3). During the breeding period, the δ13C means ranged from -17.66 ± 0.11‰ 214 

in April 2022 (males) to -16.58 ± 0.1‰ in April 2017 (females), and for δ15N, it ranged from 215 

10.34 ± 0.18‰ in April 2017 (males) to 11.56 ± 0.33‰ (females) in September 2015 (Table 216 

3). In general, δ13C values were significantly higher in breeding periods compared to non-217 

breeding periods (P<0.01), and the opposite was observed for δ15N values, which were 218 

significantly higher in the non-breeding period compared to the breeding period (P<0.01). 219 

Significant differences in δ13C were found between most periods (P<0.01), except between 220 

September 2015 and April 2022, between September 2016 and April and September 2018, 221 

between April 2017 and 2019, and between April and September 2018 (Fig. 4). For δ15N, 222 

the differences were significant between all expeditions, except between September 2015 223 

and 2016 and between April 2019 and 2022 (P>0.01) (Fig. 4). Between sexes, the differences 224 

were significant only in September 2016 for δ13C, and in April 2017, 2018, 2022, and 225 

September 2018 for δ15N (Fig. 4). The isotopic niches in the non-breeding period are located 226 

above the niches of the breeding period in δ-space, indicating higher δ15N values. 227 

Furthermore, there is a partial overlap of isotopic niche between the periods, especially 228 

between September 2015 and the other non-breeding periods and breeding periods of 2018, 229 
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2019, and 2020. The non-breeding periods of 2016 and 2018 partially overlap only with the 230 

breeding periods of 2018 and 2019 (Fig. 5). 231 

4. Discussion 232 

In this study, we demonstrated niche partitioning strategies between two sympatric 233 

seabird species coexisting in a colony in the tropical Atlantic Ocean, as well as evidenced 234 

seasonal variations in foraging strategies between breeding and non-breeding periods. MB 235 

had higher δ15N values than RFB and higher δ13C values as expected given differences in 236 

body size and mass. Both species showed low niche overlap regardless of the sampling 237 

event, indicating that trophic niche partitioning plays an important role in enabling species 238 

coexistence throughout the year. This may result from distinct foraging strategies, including 239 

spatial distribution and diet. However, this partitioning may also be influenced by the 240 

competitive advantages of MB, due to its body and population size in Fernando de Noronha. 241 

In this sense, it is possible that MB varies the intensity of resource exploitation according to 242 

its breeding cycle and that RFB adapts its foraging and breeding strategies based on MB. 243 

Additionally, MB shows marked variation between breeding and non-breeding periods, with 244 

few subtle intersexual differences. Thus, this study highlighted a strong niche partitioning 245 

between sympatric species in a tropical environment and how interspecific interactions may 246 

influence changes in ecological niche and breeding behavior, illustrating the concept of 247 

ecological release. 248 

The isotopic niches of RFB and MB showed low overlap across all compared periods, 249 

which can be potentially associated with morphological characteristics and colony size, 250 

which affect physiological differences and may also confer advantages in resource 251 

competition. MB, which are larger and can be up to twice as heavy as RFB, presented higher 252 

δ15N values than RFB, which is the smallest species in the Sula genus (Nelson 1978; Young 253 

et al. 2010b). This characteristic results not only in higher energy requirements for MB but 254 
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also in advantages in acquiring higher range of prey species and sizes in greater depths, and 255 

therefore, contribute to it higher δ15N values (Kappes et al. 2011; Mancini et al. 2014, Lerma 256 

et al. 2024). In this sense, the morphological advantages of MB may contribute to restricting 257 

the prey consumed by RFB through intensive resource exploitation, especially during 258 

breeding periods. Additionally, colony size may also influence diet. In Palmyra Atoll, where 259 

the RFB colony is significantly larger than that of MB (1000-2500 breeding pairs and 10-50 260 

pairs, respectively), RFB predominantly feed on flying fish, and no significant differences 261 

in nitrogen were observed between the species (Young et al. 2010b). However, the opposite 262 

scenario occurs on Tromelin Island and Clarion Island, where MB population is smaller than 263 

RFB and squid represents more than half of the biomass consumed by RFB (Kappes et al. 264 

2011) or are more present in RFB diet than in MB (Lerma et al. 2024). In Fernando de 265 

Noronha, the populations of the two species are relatively similar in size, with MB having 266 

400 individuals and RFB having 730 individuals (Mancini et al. 2016). Therefore, it is 267 

possible that the population size of MB may contribute to intensifying its competitive 268 

advantages over smaller species, such as RFB (Mendez et al. 2017). 269 

The low isotopic niche overlap between species can also be associated with different 270 

strategies in the use of space. Carbon values for RFB were significantly lower than those for 271 

MB in all periods, suggesting a more oceanic distribution for RFB in Fernando de Noronha, 272 

as regions farther from the archipelago tend to have more depleted carbon values (Cherel 273 

and Hobson 2007; Mancini and Bugoni 2014). The use of distant areas from the colony for 274 

foraging in RFB, compared to other Sulidae, was also observed in other colonies during both 275 

breeding and non-breeding periods, such as in Palmyra Atoll (Young et al. 2010b), Cayman 276 

Islands (Austin et al. 2021), and Raso Islet (Almeida et al. 2021). Additionally, the 277 

significantly higher nitrogen values for MB may be associated with differences in diet or 278 

trophic levels of consumed prey (Cherel and Hobson 2007). In some colonies, RFB are 279 
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associated with a higher consumption of squid, a less energetic than fish (Clarke and Prince 280 

1980), compared to the diet of other species of boobies, which mainly feed on flying fish 281 

(Kappes et al. 2011; Austin et al. 2021; Lerma et al. 2024), although this is not a consistent 282 

pattern (Harrison et al. 1983; Weimerskirch et al. 2006). However, with the methodology 283 

applied in this study, it is not possible to assert that RFB feeds more on flying fish or squid 284 

in Fernando de Noronha, although the significantly lower nitrogen values compared to MB 285 

may suggest a diet consisting of smaller prey or lower trophic levels in RFB (Romanuk et 286 

al. 2011).  287 

The potential competitive advantages of MB over RFB can also be perceived by 288 

observing the variation in the width of their isotopic niches in each period of their annual 289 

cycles. For resident species and central-place foragers, it is expected that there will be greater 290 

restrictions on prey diversity and size, as well as a reduction in foraging areas, during the 291 

chick-rearing period, resulting in narrower niches (Cherel et al. 2007; 2008). The opposite 292 

pattern is expected during the non-breeding period when parental restrictions are relieved, 293 

and birds can diversify their diet and forage in areas farther from the colony (Lisnizer and 294 

Yorio 2019; Roy et al. 2021). Indeed, this can be subtly observed for MB, considering the 295 

larger isotopic niche area observed in September compared to April, corroborating a 296 

previous study indicating a more oceanic behavior of MB during the non-breeding period in 297 

Fernando de Noronha (Roy et al. 2021). However, RFB deviates from the expected pattern, 298 

as its niche area is larger during its breeding period in September than during the non-299 

breeding period in April. This pattern of RFB may be related to the concept of ecological 300 

release (Herrmann et al. 2021) since RFB's niche would be altered according to the greater 301 

and lesser intensity of resource exploitation by MB in its breeding and non-breeding periods, 302 

respectively. These findings suggest that in September, RFB could exploit optimal resources 303 

because MB is in the non-breeding period, and so RFB would adjust its breeding activity to 304 
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this period. A similar situation occurs in Cabo Verde, where the seasonal presence of RFB 305 

in brown booby (S. leucogaster) colonies, which breeds year-round, potentially contributes 306 

to increased sexual segregation, reducing foraging areas (Almeida et al. 2021), as well as 307 

variations in the diet of brown boobies (Carreiro et al. 2022). In addition, the brown boobies 308 

that breed on Ilha do Meio have their reproductive period between November and January, 309 

and their reproductive period does not coincide with MB and RFB (authors’ pers. obs.). 310 

Thus, competitive advantages of MB associated with periods of greater or lesser intensity of 311 

resource use would potentially influence the niche width of RFB, and the opposite is not 312 

observed, reinforcing a dominant position of MB in resource use in the archipelago (Kappes 313 

et al. 2011). 314 

The stable isotope analysis provides important insights into niche partitioning among 315 

species as well as seasonal variations in spatial and dietary levels. However, its 316 

interpretations are limited and dependent on multiple factors, such as variations in baselines 317 

over time and space that influence isotopic values in marine environments (Mancini and 318 

Bugoni 2014; Magozzi et al. 2017). Specifically, Fernando de Noronha is directly influenced 319 

by the central arm of the South Equatorial Current (cSEC), which can show seasonal 320 

variations in intensity (Costa da Silva et al. 2021), and consequently may influence the 321 

spatial distribution of nutrients, productivity, and biomass in its surroundings, which 322 

influence the trophic web at different levels (Salvetat et al. 2022; Eduardo et al. 2023). Thus, 323 

such dynamics could indeed influence isotopic baselines inter- and intra-annually, 324 

potentially contributing to increased significant differences between isotopic values 325 

seasonally (Eduardo et al. 2023). However, considering other studies that used SIA in the 326 

archipelago, no isotopic variations were observed between seasons in the same year for MB 327 

(Mancini et al. 2014), as observed in this study in 2018, nor between seasons and years in 328 

subsurface predators (Martins et al. 2021). This suggests that isotopic differences between 329 
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breeding periods may be more associated with temporal variations in food availability 330 

around Fernando de Noronha than baseline fluctuations. Another potential factor that may 331 

influence the interpretations of isotopic niches is the low sample size, especially for RFB 332 

during the non-breeding period, which may statistically influence the results, leading to 333 

narrower isotopic niches. However, even with a low sample size, it was possible to identify 334 

a similar pattern of low overlap between species niches between non-consecutive years 335 

(2019 and 2022), which contributes to the reliability of the results obtained. Additionally, 336 

the use of blood samples during the non-breeding period provides greater reliability of 337 

isotopic values than feathers, previously used in studies with boobies (Young et al. 2010a; 338 

2010b; Pontón-Cevallos et al. 2017), since these species may not exhibit a marked molting 339 

pattern (Nelson 1978). 340 

The present study demonstrates the outcome of a local adaptation process to allow 341 

the coexistence of two species with similar ecological requirements. The intense pressures 342 

potentially exerted by MB during its breeding period may have contributed to other species, 343 

such as RFB, adapting to adjust the timing of their breeding activity to periods with lower 344 

competitive pressures, illustrating the concept of ecological release. Thus, this represents a 345 

potential plasticity not only of foraging but also of breeding strategies (e.g. breeding 346 

phenology) in response to competition for resources, suggesting a connection between them 347 

(Soanes et al. 2021). However, MB and RFB are just two of the 11 species that breed in the 348 

archipelago (Mancini et al. 2016), and thus, it would be interesting to explore resource 349 

partitioning at an assembly level of seabirds in order to understand how these species interact 350 

in space and time, shedding light on processes promoting and maintaining biodiversity in 351 

oligotrophic regions. 352 
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TABLES 

Table 1. Mean ± standard deviation (SD) of carbon (δ13C) and nitrogen (δ15N) isotopic ratios from blood samples of masked booby Sula dactylatra 

and red-footed booby S. sula from Fernando de Noronha archipelago separated by sampling event (month/year). Se= season, Br = breeding, Nbr = 

non-breeding. 

Month 

/year 

masked booby  red-footed booby 

  δ13C δ15N    δ13C δ15N 

Se n Mean ± SD Min | Max Mean ± SD Min | Max  Se n Mean ± SD Min | Max Mean ± SD Min | Max 

Set/2015 NBr 10 -17.72±0.75 -19.14 | -16.72 11.51±0.21 11.16 | 11.90  Br 12 -18.28±0.47 -19.43 | -17.81 10.95±0.18 10.64 | 11.26 

Set/2016 NBr 22 -17.03±0.13 -17.31 | -16.78  11.44±0.2 11.09 | 11.77  Br 29 -17.39±0.18 -18.11 | -17.10 10.97±0.2 10.57 | 11.37 

Set/2018 NBr 15 -17.0±0.15 -17.29 | -16.74 11.24±0.21 10.75 | 11.48  Br 17 -17.45±0.16 -17.74 | -17.12 10.56±0.19 10.3 | 10.96 

Apr/2019 Br 12 -16.66±0.09 -16.79 | -16.53   10.89±0.3 10.58 | 11.72  NBr 4 -16.98±0.06 -17.01 | -16.89 10.37±0.07 10.29 | 10.46 

Apr/2022 Br 21 -17.65±0.10 -17.91 | 17.52 10.82±0.2 10.44 | 11.28  NBr 6 -17.92±0.03 -17.96 | -17.89 10.28±0.19 10.05 | 10.60 
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Table 2. Standard area and overlap of Bayesian ellipses of δ13C and δ15N from whole 

blood samples of masked booby Sula dactylatra and red-footed booby S. sula during 

sampling events (month/year) in the Fernando de Noronha archipelago. Ellipse areas 

represent 95% of the data. 

Month/Year 
 

Area 
Overlap area Overlap proportion (%) 

masked red-footed 

Sep/2015 3.13 1.74 0.58 11.99 

Sep/2016 0.48 0.53 0.13 12.78 

Sep/2018 0.52 0.46 0.09 9.13 

Apr/2019 0.44 0.11 0.02 3.02 

Apr/2022 0.36 0.12 0.01 1.89 
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Table 3. Mean ± standard deviation (SD) of isotopic ratios of carbon (δ13C) and nitrogen (δ15N) from blood samples of females and males of 

masked booby Sula dactylatra from Fernando de Noronha archipelago separated by sampling event (month/year). Br = breeding, Nbr = non-

breeding. 

Sampling event/ 

Season 

female  male 

 δ13C (‰) δ15N (‰)   δ13C (‰) δ15N (‰) 

n Mean ± SD Min Max Mean ± SD Min Max  n Mean ± SD Min Max Mean ± SD Min Max 

Set/2015 Nbr 4 -17.34±0.44 -17.69 -16.72 11.56±0.33 11.16 11.9  3 -17.53±0.51 -18.12 -17.19 11.44±0.03 11.41 11.46 

Set/2016 Nbr 11 -16.96±0.1 -17.09 -16.78 11.4±0.21 11.09 11.72  10 -17.10±0.11 -17.31 -16.98 11.49±0.19 11.24 11.77 

Apr/2017 Br 9 -16.58±0.1 -16.80 -16.43 10.50±0.24 10.05 10.84  21 -16.61±0.08 -16.73 -16.44 10.34±0.18 10.07 10.89 

Apr/2018 Br 21 -16.92± 0.16 -17.18 -16.55 10.71±0.26 10.28 11.40  13 -17.01±0.14 -17.30 -16.79 10.42±0.10 10.25 10.55 

Set/2018 NBr 4 -16.93±0.16 -17.13 -16.44 11.43±0.04 11.36 11.48  8 -17.07±0.14 -17.29 -16.86 11.14±0.2 10.75 11.40 

Apr/2019 Br 7 -16.62±0.09 -16.75 -16.53 10.96±0.38 10.58 11.72  5 -16.72±0.06 -16.79 -16.64 10.80±0.10 10.72 10.96 

Apr/2022 Br 6 -17.62±0.04 -17.67 -17.55 11.02±0.18 10.81 11.28  15 -17.66±0.11 -17.91 -17.52 10.74±0.14 10.44 11.01 
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FIGURES 

Fig. 1. Ilha do Meio, at the Fernando de Noronha archipelago, where is located the 

colonies of masked booby Sula dactylatra and red-footed booby S. sula. 

Fig. 2. Variations in δ13C and δ15N values of masked booby Sula dactylatra and red-

footed booby S. sula during sampling events (month/year) in the Fernando de Noronha 

archipelago. April (Apr) is the breeding season for the masked booby and non-breeding 

season of red-footed booby, and the opposite occurs in September (Sep). 

Fig. 3. Bayesian ellipses of δ13C and δ15N from whole blood samples of masked booby 

Sula dactylatra and red-footed booby S. sula during sampling events (month/year) in the 

Fernando de Noronha archipelago. April is breeding season for the masked booby and 

non-breeding season of red-footed booby, and the reverse pattern occurs in September. 

The ellipses represent 95% of the data. 

Fig. 4. Variations in δ13C and δ15N values for males and females of masked booby Sula 

dactylatra breeding in the Fernando de Noronha archipelago in each expedition. Sep = 

September, non-breeding season; Apr = April, breeding season. 

Fig. 5. Bayesian ellipses of δ13C and δ15N from whole blood samples of masked booby 

Sula dactylatra during breeding and non-breeding seasons in the Fernando de Noronha 

archipelago in each sampling years. 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Supplementary Material 

 

Table S1. Results from Kruskal-Wallis test (X²) and post-hoc Mann-Whitney U test (P) 

of carbon (δ13C) and nitrogen (δ15N) isotopic ratios from blood samples between masked 

Sula dactylatra and red-footed boobies S. sula from Fernando de Noronha archipelago in 

each sampling event (month/year).  

 

 

 

Month/year 
δ13C δ15N 

X2 P X2 P 

Sep/2015 4.73 0.02 15.14 <0.01 

Sep/2016 33.78 <0.01 30.41 <0.01 

Sep/2018 21.10 <0.01 22.46 <0.01 

Apr/2019 8.52 <0.01 8.48 <0.01 

Apr/2022 12.25 <0.01 12.66 <0.01 
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5. CONSIDERAÇÕES FINAIS 

No presente estudo, foram caracterizadas as estratégias de forrageio do atobá-

mascarado (S. dactylatra) e do atobá-de-pé-vermelho (S. sula) no arquipélago de Fernando 

de Noronha através de dados de rastreamento remoto e isótopos estáveis. O conjunto de 

dados utilizou informações de cerca de 210 indivíduos amostrados durante sete expedições 

realizadas entre 2015 e 2022, englobando períodos reprodutivos e não-reprodutivos das 

espécies. A partir dos resultados obtidos, foi possível observar padrões nas áreas de forrageio 

exploradas e variações interanuais, além de investigar a partição de nicho intra e 

interespecífica de períodos reprodutivos e não-reprodutivos.  

A abordagem interanual de informações de forrageio de S. dactylatra foi essencial 

para identificar os padrões de forrageio à leste do arquipélago, o que foi relacionado com a 

dinâmica oceanográfica da região, cujas correntes ascendentes promovem áreas com 

recursos alimentares abundantes. Entretanto, também foi possível observar uma variação 

interanual na proximidade das áreas de forrageio e na dieta, indicando potenciais variações 

na distribuição e composição da comunidade de peixes epipelágicos no entorno do 

arquipélago. Dessa forma, o uso de dados de organismos que dependem de um recurso 

específico, contemplando variação interanual, permite obter respostas rápidas de 

consequências de alterações ambientais em pequena e grande escalas, considerando cenários 

atuais e futuros de mudanças climáticas.  

Adicionalmente, através da obtenção de informações a respeito de estratégias de 

forrageio durante o período não-reprodutivo, também foi possível caracterizar a partição de 

nicho das duas espécies. Esse resultado indica que esse processo tem um importante papel 

para a coexistência de S. dactylatra e S. sula durante o ciclo reprodutivo de cada espécie e 

ao longo dos anos. Além disso, a combinação de informações de períodos reprodutivo e não-

reprodutivo possibilitaram identificar uma potencial influência dominante de S. dactylatra 
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sobre S. sula. Nesse sentido, considerando também o menor tamanho e massa corporal, S. 

sula aparenta variar seu nicho de acordo com a intensidade de exploração de recursos de seu 

conspecífico entre períodos reprodutivo e não-reprodutivo, ilustrando o conceito de 

relaxamento ecológico. 

Por fim, o presente estudo evidenciou o potencial de aves marinhas como sentinelas 

de ambientes marinhos, indicando potenciais variações na distribuição e composição de suas 

presas através de suas estratégias de forrageio. Dessa forma, mesmo sendo consideradas 

oásis em um ambiente oligotrófico, ilhas oceânicas tropicais impõem condições limitantes 

para espécies que dependem dos mesmos recursos. Portanto, são importantes locais para 

ilustrar a partição de nicho entre espécies simpátricas, de modo a trazer luz sobre como essas 

espécies interagem no espaço e no tempo e como esses processos influenciam na 

manutenção da biodiversidade em ambientes marinhos. 
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