
Justus Liebig University Giessen

The Breeding Ecology of the Red-Billed Tropicbird (Phaethon

aethereus) within a Productivity Gradient: Evaluating the

Impact of Local Conditions on Body Size and Foraging

Ecology

Alberto Piña Ortiz
Dissertation presented for the degree of

Doctor rerum naturalium

Faculty 08 Biology and Chemistry
Giessen | June 2024





JUSTUS LIEBIG UNIVERSITY GIESSEN

The Breeding Ecology of the Red-Billed Tropicbird (Phaethon

aethereus) within a Productivity Gradient: Evaluating the Impact of

Local Conditions on Body Size and Foraging Ecology

SUPERVISORS / BETREUER

Prof. Dr. Petra Quillfeldt

Justus Liebig University Giessen | Germany

DEAN / DEKAN

Prof. Dr. Holger Zorn

FB08 - Biologie und Chemie Justus Liebig University Giessen | Germany

REVIEWERS / GUTACHTER

Prof. Dr. Emily Poppenborg Martin

Justus Liebig University Giessen | Germany

Prof. Dr. Nikola-Michael Prpic-Schäper

Justus Liebig University Giessen | Germany

Prof. Dr. Simon Thorn

Philipps Universität Marburg | Germany

Giessen | 2024





DECLARATION / SELBSTSTÄNDIGKEITSERKLÄRUNG

I declare that I have completed this dissertation single-handedly without the unauthorized help of a second party

and only with the assistance acknowledged therein. I have appropriately acknowledged and cited all text

passages that are derived verbatim from or are based on the content of published work of others, and all

information relating to verbal communications. I consent to the use of anti-plagiarism software to check my

thesis. I have abided by the principles of good scientific conduct laid down in the charter of the Justus Liebig

University Giessen „Satzung der Justus-Liebig-Universität Gießen zur Sicherung guter wissenschaftlicher

Praxis“ in carrying out the investigations described in the dissertation.

____________________

Alberto Piña Ortiz





CONTENTS

ABSTRACT ..................................................................................................................................................- 1 -

ZUSAMMENFASSUNG............................................................................................................................. - 3 -

SYNTHESIS ................................................................................................................................................. - 5 -

1| General Introduction ......................................................................................................................... - 5 -

Environment and its relation to the biology of wildlife ................................................................ - 5 -

Seabirds and the marine environment ........................................................................................... - 6 -

The family Phaethontidae (Tropicbirds) ..................................................................................... - 14 -

The study species: The Red-billed Tropicbird (Phaethon aethereus) ........................................ - 15 -

Study area and general fieldwork procedure ...............................................................................- 17 -

2| Objectives and Structure of the Thesis ........................................................................................... - 20 -

Specific objectives .......................................................................................................................- 21 -

3| Chapter Outline ............................................................................................................................... - 23 -

4| General Conclusions and Future Outlook .......................................................................................- 26 -

General conclusions .................................................................................................................... - 26 -

Future Outlook .............................................................................................................................- 31 -

5| References ....................................................................................................................................... - 33 -

CHAPTERS ................................................................................................................................................ - 41 -

Chapter I .............................................................................................................................................. - 42 -

Chapter II .............................................................................................................................................- 57 -

Chapter III ........................................................................................................................................... - 76 -

Appendix I .................................................................................................................................................. - 93 -

SUPPLEMENTARY MATERIAL .....................................................................................................- 94 -

CURRICULUM VITAE .............................................................................. ¡Error! Marcador no definido.

ACKNOWLEDGEMENTS ................................................................................................................ - 98 -

Appendix II ............................................................................................................................................... - 100 -

Appendix III ..............................................................................................................................................- 102 -

Appendix IV ..............................................................................................................................................- 114 -





Abstract

- 1 -

ABSTRACT

The environment plays a central role in shaping the biology of marine life at different scales and ecosystems.

Factors such as wind, temperature, salinity, pH levels, topography and nutrient availability affect the behaviour,

distribution and adaptation of marine organisms, influencing their physiology, behavioural patterns and life-

history strategies. Therefore, this thesis investigates how local environmental conditions (e.g. air temperature,

sea surface temperature, chlorophyll-a, bathymetry) affect the body size and foraging ecology (behaviour and

diet) of the Red-billed Tropicbird (Phaethon aethereus) along a productivity gradient in the Mexican Pacific, in

order to understand how the environment influences the biology of this seabird and how it adjusts its phenotype,

behaviour and diet in response to local conditions. The body size variation and sexual size dimorphism (SSD) in

colonies of red-billed tropicbirds along a productivity gradient in the Mexican Pacific are evaluated (Chapter 1).

The species shows phenotypic plasticity with an increase in body size from south to north (1-9%), correlated

with environmental productivity. SSD is only present in two northern colonies, where males are larger than

females. The SSD detected in colonies with larger body sizes, together with high chlorophyll-a values and low

sea surface temperature values, suggests that environment-mediated body size variation is a crucial factor in SSD.

Tracking data combined with stable isotope values (δ15N and δ13C), and observations of parental nest presence,

meal size and chick feeding events, show that breeding adults employ a bimodal foraging strategy as soon as the

chick hatches, and that the parental duties of offspring care and provisioning are clearly linked to the foraging

behaviour of the species during this stage (Chapter 2). A comparative assessment of the feeding ecology of the

species, through analysis of faecal (DNA metabarcoding) and blood (stable isotopes) samples, between sites

located in systems of contrasting productivity, revealed that the species exhibits trophic plasticity based mainly

on the consumption of mesopelagic and epipelagic offshore fish (Chapter 3). Furthermore, variation in diet

between sites is influenced by the abundance and composition of prey present in each system, and fluctuations

throughout the breeding season are linked to prey availability due to changes in local oceanographic conditions,

as well as to the energetic demands that adults must satisfy according to their breeding stage. Overall, this

research highlights the phenotypic and trophic plasticity of red-billed tropicbirds, as well as their foraging

behaviour. These aspects are influenced by environmental factors, demonstrating that this interaction is

fundamental to the species' ecology. The findings contribute to a better understanding of the species' ecology,

specifically its foraging behaviour, feeding habits, and evolution. The information from this dissertation is

expected to be useful for developing current or future marine management plans that promote sustainable use of

marine resources, while considering habitat protection and the conservation of biological components.
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ZUSAMMENFASSUNG

Umweltgegebenheiten spielen auf verschiedenen Ebenen eine zentrale Rolle für die Ausprägung biologischer

Eigenschaften mariner Lebewesen in diversen Ökosystemen. Umweltfaktoren wie Wind, Temperatur, Salzgehalt,

pH-Wert, Topografie und Nährstoffverfügbarkeit wirken sich auf das Verhalten, die räumliche Verteilung und

die Adaptionsmechanismen von Meeresorganismen aus und beeinflussen ihre Physiologie, ihre

Verhaltenaweisen und ihre life-history Strategien. In der vorliegenden Doktorarbeit wird daher untersucht, wie

sich lokale Umweltbedingungen (z.B. Lufttemperatur, Meeresoberflächentemperatur, Chlorophyll-a,

Bathymetrie) auf die Körpergröße und die Nahrungsökologie (Nahrungssuchverhalten und

Nahrungszusammensetzung) von Rotschnabel-Tropikvögeln (Phaethon aethereus) in einem

Produktivitätsgradienten im mexikanischen Pazifik auswirken, um zu verstehen, wie die Umwelt die Biologie

dieses Seevogels beeinflusst und wie er seinen Phänotyp, sein Verhalten und seine Ernährung als Reaktion auf

lokale Umweltbedingungen anpasst. Die Variation der Körpergröße und der Sexualdimorphismus in der

Körpergröße (SSD) in Kolonien von Rotschnabel-Tropikvögeln entlang eines Produktivitätsgradienten im

mexikanischen Pazifik werden bewertet (Kapitel 1). Die untersuchte Art zeigt phänotypische Plastizität mit einer

Zunahme der Körpergröße von Süden nach Norden (1-9 %), die mit der Umweltproduktivität korreliert. SSD ist

nur in zwei nördlichen Kolonien vorhanden, wobei die Männchen größer sind als die Weibchen. Die in Kolonien

mit höheren Körpergrößen festgestellte SSD in Verbindung mit hohen Chlorophyll-a-Werten und niedrigen

Werten der Meeresoberflächentemperatur deutet darauf hin, dass die durch die Umwelt vermittelte Variation der

Körpergröße ein maßgebender Faktor für SSD ist. Telemetriedaten in Verbindung mit stabilen Isotopenwerten

(δ15N und δ13C) sowie Beobachtungen der elterlichen Nestpräsenz, der Größe der Mahlzeiten und der

Fütterungshäufigkeit der Küken zeigen, dass brütende Adulte eine bimodale Futterstrategie anwenden, sobald

die Küken geschlüpft sind, und dass die elterlichen Aufgaben der Nachkommenbetreuung und -versorgung

eindeutig mit dem Ernährungsverhalten der Art in dieser Brutphase verbunden sind (Kapitel 2). Eine

vergleichende Bewertung der Ernährungsökologie der Art durch Analyse von Kot- (DNA-Metabarcoding) und

Blutproben (stabile Isotope) zwischen Brutstandorten mit unterschiedlicher Produktivität ergab, dass die Art eine

trophische Plastizität aufweist, die hauptsächlich durch den Verzehr von meso- und epipelagischen

Hochseefischen bedingt ist (Kapitel 3). Die Schwankungen während der Brutsaison hängen mit der

Verfügbarkeit der Beutetiere aufgrund von Veränderungen der lokalen ozeanografischen Bedingungen sowie mit

den energetischen Anforderungen der Elterntiere zusammen, die die brütenden Individuen je nach ihrem

Brutphase erfüllen müssen. Zusammenfassend unterstreichen diese Untersuchungen die phänotypische und



trophische Plastizität von Rotschnabel-Tropikvögeln sowie ihr Verhalten bei der Nahrungssuche. Diese Aspekte

werden durch Umweltfaktoren beeinflusst, was zeigt, dass diese Interaktion für die Ökologie der Art von

grundlegender Bedeutung ist. Die Ergebnisse tragen zu einem besseren Verständnis der Ökologie dieser

Seevogelart bei, insbesondere ihres Nahrungssuchverhaltens, ihr Ernährungsökologie und ihrer Evolution. Die

Informationen aus dieser Dissertation können für die Entwicklung aktueller oder künftiger Mangementpläne, die

den Schutz mariner Lebensräume und den Erhalt der damit verbundenen biologischen Komponenten

berücksichtigen und somit eine nachhaltige Nutzung mariner Ressorcen fördern, nützlich sein.
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SYNTHESIS

1| General Introduction

Environment and its relation to the biology of wildlife

Firstly, I found it necessary to introduce the term biodiversity, which refers to all the variety and variability of

life that exists on earth, including variation at the genetic, species, and ecosystem levels (Walker 1992; Harper

and Hawksworth 1994; Benn 2010). The environment naturally has a close relationship with all the species that

exist on the planet (biodiversity), and with the biology of these species. Basically, species within the ecosystem

context depend on interactions with other organisms and the environment in which these exist (Vegiopoulos

2019). Biodiversity is the outcome of macro- and micro-evolutionary processes over millions of years that

enable species to survive and adapt to the diverse environmental conditions Earth has experienced and continues

to undergo (Harper and Hawksworth 1994).

Now, in the context of the ocean, biotic and abiotic factors act as the major drivers of marine wildlife biology,

shaping the structure and function in marine ecosystems (e.g., coral reefs, estuaries, open ocean), and influencing

the behaviour, distribution, and adaptation of marine organisms across spatial and temporal scales (Elliot and

Whitfield 2011; Costello and Chaudhary 2017; Wagner et al. 2020). The environment influences marine wildlife

to adapt and evolve in response to changing conditions (Bindoff et al. 2019). Factors such as temperature,

salinity, pH levels, and nutrient availability dictate the suitability of habitats for different species. Adapting to

these conditions ensures survival and successful reproduction within specific ecological niches (Palumbi and

Palumbi 2014; Morrissey et al. 2018; Howell 2023). These environmental factors directly affect the physiology,

behaviour, and life history strategies of marine wildlife. For instance, changes in water temperature can impact

metabolic rates, breeding cycles, and migration patterns of marine organisms (see Boyd 2004; Weimerskirch

2007; Andrews and Ernstipp 2016). Variations in ocean currents, tides, and wave action also influence feeding

behaviours, foraging ranges, and habitat selection (e.g., Gaspar et al. 2006; Yoda et al. 2014). The range of

marine ecosystems present unique environmental conditions and resources that determine the distribution and

abundance of species. For instance, coastal zones, coral reefs, estuaries, and polar regions offer distinct

environments, all of which provide unique assemblages for marine life. Environmental changes affect marine

ecosystems at various time scales (e.g., seasonal or annual) determining the biological cycles and migratory

patterns of marine fauna. In addition, long-term trends such as climate change and human activities are altering

the marine environment at an unprecedented rate (Orgeret et al. 2022). These changes lead to shifts in species



distributions, phenology and ecosystem dynamics over time, impacting on the resilience and adaptability of

marine species.

Seabirds and the marine environment

The seabirds, which include albatrosses, petrels, penguins, gulls and others, have a fundamental role in the

dynamics of the marine ecosystem. These birds have evolved several physiological adaptations, such as salt

glands, and unique feeding strategies that have enabled them to live at sea (Schreiber and Burger 2001; Hamer et

al. 2001). Their wide diversity and ability to thrive at sea make seabirds key indicators of ocean health and its

dynamics.

Marine and coastal ecosystem changes are particularly noticeable in seabirds. Their foraging patterns and

distribution are closely tied to the availability and abundance of prey species, making them sensitive to variations

in ocean conditions, such as temperature, currents, and prey availability (Shealer 2001; Hamer et al. 2001).

Seabirds also play a role in nutrient cycling in the environment, as they are considered to be fertilisers of coastal

areas by transferring marine nutrients to terrestrial ecosystems through their guano (Zmudczyńska-Skarbek and

Balazy 2017; Schnug et al. 2018). This process has a cascading effect on local flora and fauna, influencing the

overall biodiversity of these ecosystems (Schnug et al. 2018; Signa et al. 2021). Monitoring seabird populations

provides scientists with insights into the health of marine ecosystems and helps identify potential threats, such as

overfishing or changes in climate (Boersma et al. 2001; Montevecchi 2001).

Furthermore, the conservation of seabirds is crucial for maintaining the balance of marine food webs. As both

predators and scavengers, they regulate prey populations and contribute to the overall stability of marine

ecosystems. Human activities, including pollution, habitat destruction, and climate change, pose significant

threats to seabird populations, highlighting the importance of conservation efforts to protect these birds and the

marine environments they inhabit (Boersma et al. 2001; Burger and Gochfeld 2004).

Research on seabird ecology for marine environmental conservation and management

Research on seabird ecology is of great importance for the conservation and management of marine resources

(Ronconi et al. 2023; Young and VanderWerf 2023). Due to their high sensitivity, seabirds are often excellent

indicators of ocean health and dynamics, providing relevant information about the conditions of the marine

environments in which they inhabit (Parsons et al. 2008). Aspects such as feeding, distribution, and population

trends are closely related to prey availability, ocean conditions, and environmental variations (Young and
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Ballance 2023). Constant monitoring of seabirds serves as an early warning system, helping to detect early

changes and disturbances in marine ecosystems (Diamond and Devlin 2003).

The use of seabirds as ecological indicators provides insights into the dynamics of climatic and/or oceanic

processes (e.g., ENSO phenomenon, oceanic currents), especially when such research is focused at the species

level with a wide distribution, providing the opportunity to assess morphological, physiological, genetic, and

behavioural aspects across multiple colonies (Yamamoto et al. 2016; Nunes and Bugoni 2018; Petalas et al.

2021). For instance, seabirds exhibit a broad range of body sizes, ranging from smaller species, such as storm

petrels, to larger ones, like albatrosses (Brooke 2001). However, assessing the body size variation within a single

species could enable to explore the ecological implications of size differences (Blackburn et al. 1999). Variations

in body size could influence several aspects in the ecology of the species, as foraging ranges, energy

requirements and breeding strategies. Therefore, the assessment of intra-specific body size variation can provide

information on how species adapt to local environmental conditions, contributing to a more accurate

understanding of their ecological roles (e.g., Yamamoto et al. 2016; Nunes et al. 2017).

Moreover, seabirds display a diverse range of foraging behaviours, including plunge-diving, surface-feeding, and

other specialized techniques (Shealer 2002). Then, the evaluation of the foraging behaviour on a species-specific

basis enhances our understanding of the foraging strategies employed by each colony or even by indivuduals

therein (Mott et al. 2016; Horswill et al. 2023). Furthermore, due to their ecological diversity, seabirds exhibit

species-specific dietary preferences. Diet ranges from fish to squid and other invertebrates, highlighting the

adaptability of each species to the distinct prey resources available in their respective foraging areas (Shealer

2002; Barrett et al. 2007). Diet determination by species can provide information on the composition and

utilisation of items in marine food webs. Intra- and inter-population analysis of the long-term diet of a species

can be a turning point to elucidate whether alterations in diet composition are occurring, serving as an accurate

bioindicator of changes in oceanic conditions (Iverson et al. 2007; Jacoby et al. 2023; Querejeta et al. 2023). In

this respect, the evaluation of the food composition of seabird species is fundamental to understanding the

dynamics of marine ecosystems and the ecological functions of seabirds in the ocean. Accordingly, on this

research I aimed to address certain aspects of Red-billed Tropicbird breeding ecology related to body size,

foraging behaviour and diet, and how these are adjusted based on local environmental conditions in different

colonies along the Mexican Pacific.



Evolutionary ecology - Patterns of geographic variation in body size as adaptations to local environmental

gradients

Phenotypic plasticity can be defined as the ability of a genotype to generate different phenotypes depending on

specific environmental conditions (Pigliucci 2001; West-Eberhard 2003; deWitt and Scheiner 2004; Moczek et

al. 2011; Fig. 1). Essentially, this term encompasses all types of phenotypic variation induced by the

environment, which can influence morphological, physiological and behavioural aspects of the phenotype of an

organism, as well as its life history (Sommer et al. 2020). Seabirds have a number of attributes for life in the

ocean, such as highly developed flight skills, physiological adaptations and opportunistic feeding strategies that

have allowed them to be widely distributed and inhabit different regions throughout the sea (Goldstein 2001;

Shealer 2001; Paiva et al. 2010; Elliott et al. 2013; Putman et al. 2020; Wynn et al. 2020; Sutton et al. 2023).

This wide distribution has allowed several species to inhabit regions with different climates (e.g., tropical-

temperate or temperate-polar), so that populations have made a number of adaptations based on the climate they

inhabit (Friesen et al. 2007; Nunes and Bugoni 2018). For example, intraspecific variations in body size or

physical traits have been observed in seabirds distributed along geographic gradients (Moen 1991; Barrett et al.

1997; Wojczulanis-Jakubas et al. 2011; Jakubas et al. 2014; Yamamoto et al. 2016). These geographic variations

in body size have been attributed to abiotic (e.g., sea surface temperature, air temperature, latitude, longitude,

and wind speed) and biotic (e.g., competition, predation, genetic differentiation, sexual selection, and prey

availability) factors. However, research on the influence of abiotic factors has received the most attention

(Jakubas et al. 2014; Bandeira et al. 2016; Seeholzer and Brumfeld 2017).

Under this approach, research on intraspecific geographic variation in seabirds with temperate or polar

distribution has indicated that variations in body size are mainly attributed to environmental temperature (Moen

1991; Barrett et al. 1997; Wojczulanis-Jakubas et al. 2011; Jakubas et al. 2014; Yamamoto et al. 2016). These

results are in agreement with the rules of Bergmann and James, based on the heat conservation hypothesis, which

assumes that the heat loss of an endothermic organism is proportional to its surface area:volume ratio (Bergmann

1847; Blackburn et al. 1999). Consequently, species distributed along a latitudinal gradient are expected to

exhibit a cline in body size, with small and large sizes in warmer and colder areas, respectively (Bergmann 1847;

Blackburn et al. 1999). However, this pattern does not fully align with that found in seabirds with tropical

distributions, as no direct relationship has been found between body size and air temperature in these areas (Le

Corre and Jouventin 1999; Nunes et al. 2017). Therefore, it has been established that, for species whose

populations are distributed over large tropical and subtropical areas, not only temperature plays a central role in
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body size variations, but also other environmental (e.g. chlorophyll-a and wind speed), genetic (e.g. population

structure) and/or ecological (e.g. foraging behaviour) factors have a significant influence on this phenomenon

(Jakubas et al. 2014; Yamamoto et al. 2016; Nunes et al. 2017).

Figure 1. A graphical illustration of phenotypic plasticity. This particular case shows the variation of body size
and culmen length in the Red-billed Tropicbird across its distribution range in the Mexican Pacific. Six breeding
sites with local environmental parameters and a productivity gradient. SNJ = San Jorge, SPM = San Pedro Mártir,

FSI = Farallón de Sam Ignacio, ISA = Isabel, PBL = Peña Blanca, MEP = Morros El Potosí.

Movement Ecology - Foraging behaviour of a central-place forager

Movement ecology is an interdisciplinary field that focuses on the study of animal movement habits and their

ecological implications. It covers a wide range of species, from insects over birds and mammals, and aims to

understand the mechanisms that regulate their movements (González-Solís and Shaffer 2009; McGlynn 2012;

Courbin et al. 2022; Reyna-Hurtado et al. 2023). Charles Sutherland Elton, a pioneer of Animal Ecology,

highlighted the differential features of animal systems, emphasising their inherent mobility (Elton 1933). This

perspective gave rise to Movement Ecology, which relates individual behaviour to spatial processes at various

ecological levels, from populations to communities. This is why recent efforts to consolidate movement studies

are united under the framework of Movement Ecology, providing conceptual unity to the field (Börger 2016).

Research within Movement Ecology covers a wide range of issues, exemplifying its broad applications. In

particular, research on the effects of the environment on the movement decisions of wildlife stands out,

especially in the current scenario of global change (Allen and Singh 2016). For instance, the response of

migratory birds to extreme weather events sheds light on how animals adapt to environmental fluctuations

(Senner et al. 2015). In diving seabirds, it has been shown that behavioural flexibility may not be sufficient when



constraints on movement capacity interact with changing environmental conditions (Orben et al. 2015). Foraging

movements of surface-diving seabirds show the importance of oceanographic processes in determining prey

accessibility, with implications for marine reserve design (Boyd et al. 2015).

Central-place foragers, as seabirds, represent an opportunity to elucidate the mechanisms by which these animals

navigate and exploit their environment from a central location (Bell 1990). Hence, in seabirds, movement

ecology can approach the study of the interaction between ecological functions and the dynamic of foraging

strategies during the breeding season (González-Solís and Shaffer 2009). Breeding seabirds must cope with the

demands of their parental duties, as well as the constraints of central-place foraging in the marine environment

(Young and Ballance 2023). Studying the dynamics of their movements provides insight into how they optimise

resource acquisition, select feeding habitats and adapt to spatio-temporal fluctuations in prey availability

(Chimienti et al. 2017). Parental duties play a key role in shaping foraging behaviour in breeding seabirds (e.g.,

Wojczulanis-Jakubas et al. 2018; Piña-Ortiz et al. 2024: Fig. 2). The foraging behaviour of adults can be

distinguished as the breeding season progresses. For instance, during courtship, foraging may be influenced by

the need to exhibit fitness, which contributes to mate attraction. Once eggs have been laid, adults requires

energy-efficient foraging to sustain long periods in the nest. As chicks hatch and progress through their growth,

foraging dynamics in adults seabirds undergo significant adjustments. To meet the growing nutritional needs of

chicks, parents may modify their foraging behaviour, including the selection of prey that offer greater nutritional

value or are more energy efficient to capture, while still meeting their own nutritional requirements (Lerma et al.

2022; Phillips et al. 2023b; Piña-Ortiz et al. 2024).

Understanding the foraging behaviour of central-place seabirds requires a integrated research approach. Tools

such as GPS tracking and direct observation provide direct information on movement patterns and behaviours.

These technologies deliver an immediate and qualitative insight into the daily activities of seabirds (Browning et

al. 2018; Bernard et al. 2021). In addition, the use of molecular tools and stable isotope analysis deepens our

understanding of foraging ecology, revealing details about trophic levels, prey preferences and dietary variation

(Deagle et al. 2007; Inger and Bearhop 2008; Carreiro et al. 2020; Ceia et al. 2022). While GPS tracking and

direct observation capture immediate behaviours, stable isotopes provide a detailed understanding of the

underlying ecological dynamics. This combined approach ensures a comprehensive exploration of how seabirds

forage across their marine environment, make foraging decisions and also contribute to the ecosystem (e.g.,

Votier et al. 2010; Mendes et al. 2018).
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Investigating the movement ecology and foraging behaviour of breeding seabirds holds profound significance for

marine ecology, conservation efforts and resource management. These studies contribute crucial insights into the

health and dynamics of marine ecosystems, serving as indicators of environmental marine conditions (Dunphy et

al. 2020). Understanding how seabirds navigate, optimize resource acquisition, and adapt to varying conditions

during the breeding season, researchers gain valuable information about the availability and distribution of

marine resources (Weimerskirch et al. 1994). This knowledge is crucial in shaping effective conservation

strategies for marine species and in managing marine resources sustainably. Moreover, breeding seabirds play a

vital role in regulating local marine populations by controlling prey abundance, thereby influencing the overall

balance within ecosystems (Elliott et al. 2008; de la Cruz et al. 2022; Montevecchi 2023). Conservation

initiatives driven by insights from movement ecology studies not only protect biodiversity but also help secure

fisheries, ensuring a sustainable supply of marine resources for human populations (Lescroël et al. 2016).

Ultimately, the investigation of movement ecology in breeding seabirds contributes to a comprehensive

understanding of marine ecosystems, fostering their resilience and benefiting both wildlife and human

communities.

Figure 2. Graphical representation of the foraging strategies adopted by The Red-billed Tropicbird (Phaethon
aethereus) during its breeding season. This case, the species initially undertakes long foraging trips - Unimodal
foraging strategy - at the start of the breeding season. However, once the chick hatches, parents adopt a bimodal
foraging strategy, alternating between short trips for chick provisioning and long trips for self-supply. This

suggests that the bimodal foraging strategy is linked to parental duties and the availability of resources close to
the breeding site. Bird illustrations elaborated by Vladislav Marcuk.



Foraging ecology - Dietary variation and foraging areas based on local environmental conditions

Foraging ecology plays a fundamental part in marine community dynamics, revealing how species manage

foraging and food acquisition in their respective habitats (Croll et al. 1998; Shealer 2001; Lerma et al. 2020; Don

Bowen and Jonsen 2022). This field of study focuses on understanding feeding behaviour patterns and prey

selection strategies in response to highly variable environmental conditions (Stephens et al. 2007; Danchin et al.

2008). This variability is evidenced in seabirds, where colonies of the same species can exhibit marked

differences in their diets and foraging areas (Paiva et al. 2010; Diop et al. 2018; Jacoby et al. 2023). These

variations are intrinsically linked to local marine environmental conditions (e.g., sea surface temperature,

chlorophyll-a, bathymetry), prey availability, oceanographic currents and other ecological (e.g., competition,

chick provisioning, sex-specific foraging behaviour) and physiological (e.g., nutritional requirements) factors

(Paiva et al. 2010; Reyes-González et al. 2021; Jacoby et al. 2023; Querejeta et al. 2023). This highlights the

adaptability of populations to their specific environments, revealing the complexity of interactions between

seabirds and their habitat.

Trophic plasticity refers to the ability of species to adjust their feeding habits in response to variations in

resource availability (Paiva et al. 2010; Dehnhard et al. 2016; Gaglio et al. 2018; Fig. 3). This adjustment is

fundamental for seabirds and other organisms, allowing them to optimise their diet and foraging strategies

according to changes in the marine environment (Barrett et al., 2007; Masello et al. 2010, Dehnhard et al. 2016).

For seabirds, this adaptability has been explored through studies examining trophic plasticity as a crucial

mechanism in the dynamics of foraging ecology, playing a prominent role in the survival and breeding success in

changing marine environments (Cherel et al. 2014; Gaglio et al. 2018). Research in this area has revealed

variations in diet and foraging areas in seabird populations sharing a common habitat (Reisinger et al. 2020;

Petalas et al. 2021; Fromant et al. 2021). Traditionally, conventional methods, such as analysis of stomach

contents and regurgitates, have been fundamental to understanding the feeding preferences of seabirds

(Chiaradia et al. 2003; Barrett et al. 2007). However, limitations of these methods, such as their invasiveness and

lack of taxonomic resolution in some cases, have driven the development of advanced approaches. Novel

methods, such as DNA metabarcoding and stable isotope analysis, offer significant advantages in providing a

more complete and accurate insight into seabird diets (Deagle et al. 2007; Inger and Bearhop 2008). The ability

of DNA metabarcoding to identify prey species in more detail and stable isotope analysis to provide information

on trophic levels consumed represent valuable advances. Combining these techniques not only overcomes the

individual limitations of each method, but also provides a more integrative understanding of seabird trophic
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ecology, allowing for more comprehensive and accurate investigations in this dynamic field (Carreiro et al. 2020;

Ceia et al. 2022).

The identification of diets and their variability in seabird populations enhances the understanding of trophic

ecology, and also plays a crucial role from a number of perspectives that are fundamental for environmental

management and marine conservation (Phillips et al 2023a; Kim et al. 2023; Ronconi et al. 2023; Young and

VanderWerf 2023). These studies provide valuable information on the health and dynamics of marine

ecosystems by revealing key trophic interactions between seabirds and their prey. From an ecological

perspective, understanding how these species respond to fluctuations in food availability sheds light on the

resilience and adaptability of marine ecosystems in the face of environmental change (Young and Ballance 2023;

Ronconi et al. 2023; Pistorius et al. 2023). Furthermore, such research is essential for conservation, as it allows

the identification of potential threats, such as overexploitation of resources or habitat degradation, and the design

of effective management strategies (e.g., Vilchis et al. 2015; Kim et al. 2023). Variability in the diets of seabirds

also has direct implications for humans, as many communities depend on fisheries and marine resources for their

livelihoods (Tasker and Sydeman 2023). Understanding how seabird populations relate to marine resources

contributes to the sustainable management of these areas, promoting ecosystem health and ensuring resource

availability for future generations (Montevecchi 2023). The importance of these studies lies ultimately in the

intricate connection between the health of seabird populations, marine ecology and human well-being,

highlighting the need to continue and deepen this crucial research.

Figure 3. Graphical illustration of the trophic plasticity adopted by red-billed tropicbirds during the breeding
season. The species shows dietary plasticity throughout its breeding season and between breeding sites.



Specifically, this case illustrates how dietary profile between breeding sites (Upwelling vs. Tropical) is different
and how fish prey change between breeding stages. Bird illustrations elaborated by Vladislav Marcuk.

The family Phaethontidae (Tropicbirds)

The tropicbirds are a family of tropical pelagic seabirds currently classified in their own order (Phaethontiformes;

Chesser et al. 2010). Previously, tropicbirds were grouped in the order Pelecaniformes, but molecular research

has revealed that Phaethontiformes are distantly related to Procellariiformes, and they are currently classified in

the clade Eurypygimorphae (Kennedy and Spencer 2004; Hackett et al. 2008; Mayr et al. 2023).

The genus Phaethon consists of three species: the Red-billed Tropicbird (Phaethon aethereus), the Red-tailed

Tropicbird (P. rubricauda), and the White-tailed Tropicbird (P. lepturus). They are characterised by

predominantly white plumage with elongated central tail feathers, and short, weak legs that are of limited use for

propulsion (Nelson 2006). In general, individuals are medium-sized and robust but aerodynamic, measuring up

to 50 cm in length excluding the elongated tail rectrices. P. rubricauda is the largest species in the genus,

weighing between 590–1,095 g (n = 38; Nelson, 2006), followed by P. aethereus (weight: 450–720 g, n = 170;

Piña-Ortiz et al. 2023) and P. lepturus (220–410 g, n = 90; Nelson, 2006).

All three species of tropicbirds are peripatric for the western Indian Ocean. However, P. aethereus and P.

lepturus are sympatric for the Atlantic Ocean, and P. rubricauda and P. lepturus are sympatric for the Pacific.

Red-billed and White-tailed tropicbirds have a pantropical distribution, but Red-tailed Tropicbird is absent from

the Atlantic Ocean (Nelson 2006; Fig. 4). Population size estimations indicate that the White-tailed tropicbird

has the largest (400,000 mature individuals) and most widely distributed population (Nelson 2006; BirdLife

International 2020).

Figure 4. Global distribution of the three species of Tropicbirds (From Nelson 2006).
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The feeding habits of tropicbirds are characterised by a diverse diet, consisting mainly of flying fish

(Exocoetidae), other small fish, squid (Ommastrephidae) and crustaceans (Nelson 2006). This diversity of diet is

evidence of their adaptation to a pelagic lifestyle, as they spend most of their time flying over the ocean in

pursuit of prey. Tropicbirds are known for their monogamous behaviour, often breeding together for several

years and returning to the same nest site repeatedly. Courtship displays are characterized by aerial and noisy

performances, including synchronized aerial displays featuring zigzag flying and undulated downward gliding of

their distinctive tail streamers. Nest sites are typically found in remote colonies on islands, ranging from crags or

ledges on cliffs to scrapes on the ground or hollows of trees. Incubation lasts 40-46 days, with both parents

taking turns caring for the chicks (Nelson 2006). Tropicbirds are solitary or found in pairs while foraging at sea,

where they employ their remarkable plunge-diving technique to catch prey, often emitting distinctive

vocalizations during different behavioural contexts (Spear and Ainley 2005).

The Red List of Threatened Species of the International Union for Conservation of Nature (IUCN) lists each of

these species globally as "Least Concern" (BirdLife International 2019, 2020a, 2020b), yet the population trend

for all three species is decreasing, due to various threats including predation by invasive species, road

construction and housing development, and oil pollution at sea (Lee and Walsh-McGehe 2000).

The study species: The Red-billed Tropicbird (Phaethon aethereus)

The Red-billed Tropicbird (Phaethon aethereus) is a medium-sized (550–750 g) pelagic seabird with its

predominant white plumage, elongated central tail feathers, and distinctive features such as short, weak legs (Fig.

5). These birds exhibit limited use of their legs for propulsion, emphasizing their adaptation to an aerial lifestyle

(Nelson, 2006). Breeding occurs annually for this seabird, which lays a single egg within crevices or caves.

During the breeding season, it becomes a central-place forager, conducting foraging trips covering distances of

up to 600 km from its breeding sites (Nelson 2006; Diop et al. 2018). Parental care is shared between pair

members, involving an incubation period of around 43 days and a fledgling stage lasting about 85 days (Castillo-

Guerrero et al. 2011). Noteworthy is the slight male-biased SSD reported for some breeding sites in the Pacific

and Atlantic oceans (Nunes et al. 2013; Piña-Ortiz et al. 2023).

The Red-billed Tropicbird breeds on islands in the Atlantic, Indian, and Pacific Oceans, encompassing a wide

geographical distribution (Orta 1992; Lee and Walsh-McGehee 2000). According to the Catalogue of Life

(Roskov et al. 2015), three subspecies are considered for P. a. aethereus: P. a. aethereus, with records for the

Fernando de Noronha, Abrolhos, Ascension and St. Helena islands in the south Atlantic; P. a. mesonauta which



is distributed in tropical and subtropical waters of the Caribbean, eastern Pacific and eastern Atlantic; and P. a.

indicus which occurs in the Red Sea, Persian Gulf and Gulf of Aden (Blake et al. 1977; del Hoyo et al. 1992;

Nellis 2001; GBIF 2013).

Its presence in the eastern Pacific extends across various locations, including the Gulf of California, the

Revillagigedo Islands, Hawaii, the Galapagos Islands, Chañaral, and possibly the Plata Islands in Ecuador and

San Lorenzo in Peru (Howell and Webb, 1990; Everett and Anderson, 1991; Vilina et al. 1994; Nelson 2006;

Spear and Ainley 2005; Vanderwerf and Young 2007; BirdLife International 2013).

In Mexico, the Red-billed Tropicbird is distributed from the Consag and San Jorge islands in the northern Gulf

of California to the Morros El Potosí islands in the southern Mexican Tropical Pacific (Piña-Ortiz et al. 2018).

The breeding season of the species in the some colonies within the Mexican Pacific are distinctly seasonal,

beginning in late October and ending in early June (Castillo-Guerrero et al. 2011). Contrary, in the South

Atlantic (Ascension Island) and the southern eastern Pacific (Galapagos Archipelago), individuals breed

throughout the year (Stonehouse 1962; Snow 1965; Harris 1969).

Figure 5. Adult individual (Phaethon aethereus) observed during monitoring at Peña Blanca islet during the
2020 breeding season. Picture: Sandy Azucena Castañeda.

The life span in the genus Phaethon ranges from 10 to 23 years (Klimkiewicz and Futcher, 1989; Nelson 2005).

Although P. aethereus does not carry out traditional migration, both adults and juveniles disperse widely during

the non-breeding season (del Hoyo et al. 1992; Nellis 2001), with dispersal records reaching up to approximately

1,500 km away from their nesting areas (Harris, 1969). Despite its wide distribution, it is considered the least

abundant species of the genus, with an estimated 16,000-30,000 mature individuals. Although it maintains

relatively stable populations in places such as the Galapagos and Cape Verde, the overall population appears to
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be decreasing (BirdLife International 2019). In Mexico, the breeding population has been estimated at 1,901–

2,725 breeding pairs, constituting around 50% of the eastern Pacific breeding pairs and 25% of the global

population, respectively (Piña-Ortiz et al. 2018).

Study area and general fieldwork procedure

The Mexican Pacific (the Pacific Economic Exclusive Zone of Mexico, 32° 43ʹ and 14° 32ʹ N, 118° 27ʹ and 92°

13ʹ W; Fig. 1) consists of more than 2.3 million km2 of ocean, with a coastline of 7,146 km. It extends from Baja

California in the north to Chiapas in the south, including the oceanic islands of Guadalupe and the Revillagigedo

archipelago (Espinosa 2004). This area is influenced by the California Current and the Costa Rica Coastal

Current, which form a transition zone at the mouth of the Gulf of California. The location of the transition zone

varies depending on the relative intensity of the currents and the pattern of prevailing winds. In addition, surface

circulation of the Mexican Pacific is dominated by the seasonal movement of this transition zone (Fernández et

al. 1992).

The Gulf of California is a mainly subtropical system, although the northern Gulf of California resembles a

temperate system during winter and has exceptionally high rates of primary productivity due to its topography,

warm climate, and upwelling systems (Lluch-Cota et al. 2007). This high primary productivity supports large

populations of small pelagic fish, which constitute the primary food source for many piscivorous animals,

including squid, fish, seabirds, and marine mammals (e.g., the California sea lion [Zalophus californianus];

Mercado-Santana et al. 2017). Upwelling generally occurs of the mainland coast with north-westerly winds

during winter (December–May) and on the Baja California coast with south-easterly winds during summer

(July–October). June and November constitute transition periods (Lluch-Cota et al. 2007). The Mexican

Tropical Pacific is a highly productive region influenced by the southernmost portion of the California Current

during the winter, which seasonally transforms the conditions of this region from tropical to subtropical. The

northernmost limit of the Mexican Tropical Pacific extends to the area where the California Current turns

westward during summer, leaving behind a region under the influence of the warm Costa Rica Coastal Current.

This complex region also includes a narrow shelf that steeply drops of to great oceanic depths (Wilkinson et al.

2009).

The research comprising this dissertation was carried out on six islands along a productivity gradient in the

Mexican Pacific: Isla San Jorge, Isla San Pedro Mártir, Farallón de San Ignacio, Isla Isabel, Islote Peña Blanca

and Morros El Potosí. The first three sites are within the Gulf of California, whilst the remaining sites are in the



Mexican Tropical Pacific (Fig. 6). In the first chapter, body traits of a total of 187 breeding individuals were

measured between 2012 and 2021 at the aforementioned sites, in order to assess intraspecific body size variation

among colonies and its relationship with local environmental variables at each site. In the second chapter, the

study focused on the Peña Blanca islet. During six consecutive breeding seasons (2017-2022), a total of 161

breeding adults in incubation or chick rearing (≤ 4 weeks of age) were tagged with GPS devices. GPS loggers

were mounted with TESA® tape (Norderstedt, Germany) to the top of four or five central rectrices directly

below the uropygial gland. Loggers and tape weighed between 8-16 g, which corresponded to ~ 2.4% (1.5-2.9%)

of adult body mass (536.85 ± 50.56 g; range: 432.9-664.6 g, n = 54; Piña-Ortiz et al. 2023), and below the

recommended weight threshold of 3% for avian-attached devices (Wilson and McMahon 2006; Vandenabeele et

al. 2012). In addition, blood samples were collected from adults and chicks for stable isotope analysis (δ15N and

δ13C), and parental presence at the nest, meal size and parent-chick feeding events were recorded during 2020-

2022. All this with the aim of assessing the foraging behaviour of the species and its relationship to parental

duties. Fieldwork for the study of the third chapter focused on the San Pedro Mártir island and the Peña Blanca

Islet during the 2021 breeding season. Faecal and blood samples were collected for DNA-metabarcoding and

stable isotope analysis, respectively, to assess the diet of the species at each site and throughout the breeding

season. All applicable institutional and/or national guidelines for wildlife welfare and conservation were

followed in all research that is part of this dissertation. The smallest possible amount of blood was taken from

each animal, and they were not handled beyond the time set out in the guidelines (see the Ethics approval section

of each chapter). During adult sample collection, eggs and chicks were cared for by staff until the parents

returned to the nest. No adults left the nest after capture. Subsequent monitoring during the breeding seasons

confirmed that chicks were not abandoned by their parents after being handled for the purposes of this

dissertation.
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Figure 6. The distribution of Red-billed Tropicbird sampling sites in the Mexican Pacific and Chlorophyll-a concentrations (mg·m-3). The sampling sites are indicated by
yellow stars.



2| Objectives and Structure of the Thesis

This PhD thesis aimed to evaluate the effect of local oceanographic conditions (e.g., sea surface temperature,

chlorophyll-a, bathymetry) on body size and foraging ecology (i.e., foraging behaviour and diet) in the Red-

billed Tropicbird (Phaethon aethereus) along a productivity gradient in the Mexican Pacific. This was done in

order to determine how the environment shapes the biology of a widely distributed pelagic seabird, and the latter

must adjust its foraging behaviour, diet and phenotype over time to cope with the local conditions of the site it

inhabits. The included aspects can be classified into three broad research topics:

 Evolutionary Ecology: focusing on how local environmental conditions (e.g., chlorophyll-a, air temperature,

and sea surface temperature) influence the physical traits of red-billed tropicbirds.

 Movement Ecology: focusing on foraging behaviour subject to parental duties and the availability of

resources surrounding breeding sites

 Feeding Ecology: focusing on the variation in dietary composition resulting from the availability of prey

subject to changing oceanographic conditions

For Chapter I, a dataset was utilized, collected from a total of 6 colonies covering the breeding distribution of

the species in the Mexican Pacific. Chapter II focused on a dataset collected over a period of 6 years (2017-

2022) in the largest colony (Peña Blanca Islet) for the species in the region. Chapter III concentrated on data

collection in the two most significant colonies for the species in the region (San Pedro Martir and Peña Blanca),

located in areas with contrasting oceanographic conditions (upwelling vs. oligotrophic, respectively). In addition,

Appendix II addresses a subject closely tied to this thesis, utilizing samples gathered during its development.

Nevertheless, given it was not primarily written by me, it was not included in the main body of the thesis.

Likewise, during the development of this thesis, I had the opportunity to analyse a dataset consisting of

concentrations of organochlorine pesticides in the blood of blue-footed boobies (Sula nebouxii) from two coastal

colonies in Northwest Mexico. However, as this work is not directly related to the main research of the thesis, it

was not included as a substantial chapter but rather incorporated into Appendix III. In Appendix IV, a work

conducted during the research period of this thesis is presented, consisting to opportunistic sampling during the

data collection that constitutes Chapter III. However, this work significantly deviates from the objectives of the

thesis, leading me to include it as an appendix rather than a main chapter.
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Specific objectives

Chapter I: Assess body size variation among red-billed tropicbirds across their breeding range in the Mexican

Pacific.

 Relationship with environmental variables: Investigate the relationships between body traits of red-billed

tropicbirds and environmental variables such as air temperature, sea surface temperature, and chlorophyll-a

characterizing each breeding area.

 Inter-colony variation and sexual size dimorphism (SSD): Examine the patterns of inter-colony

variation in body size and how SSD, with males being larger than females, influences these patterns.

 Positive Relationship Between SSD and Body Size: Test the hypothesis that there is a positive

relationship between SSD and body size, expecting that colonies with larger individuals exhibit greater

SSD compared to colonies composed of smaller individuals.

 Latitudinal Variation in Body Size: Predict and assess a latitudinal south-to-north increase in body size

among red-billed tropicbirds, based on the expectation that individuals breeding at higher latitudes utilize

oceanic areas with specific environmental conditions differing from those breeding at lower latitudes.

Chapter II: Assess the foraging ecology and parental care patterns of breeding red-billed tropicbirds on Peña

Blanca Islet, Mexico.

 Characterization of foraging areas: To characterize the foraging areas surrounding Peña Blanca Islet,

including their oceanographic features such as sea surface temperature, chlorophyll-a, and bathymetry.

 Behavioural monitoring: Using GPS data loggers, monitor the at-sea behaviour of red-billed tropicbirds

during both the egg incubation and chick-rearing stages.

 Isotopic analysis:Measure the isotopic values of carbon (δ13C) and nitrogen (δ15N) in whole blood samples

from both adults and chicks to evaluate the assimilated foods and potential variations.

 Parental care assessment: Assess parental presence at nests, feeding frequency, and the amount of food

given to chicks, taking into account the age of the chicks.

Chapter III: Investigate the diet of the Red-billed Tropicbird in the Mexican Pacific using a DNA

metabarcoding and stable isotope (δ15N and δ13C) approach.



 Inter-Colony Diet Comparison: Compare the diet between two populations of red-billed tropicbirds in the

Mexican Pacific (Peña Blanca and San Pedro Mártir).

 Temporal Diet Variation: Compare the diet between different breeding stages within each colony.

 Impact of Environmental Conditions: Investigate the impact of contrasting environmental conditions on

the diet, expecting that the colony located in the upwelling waters (San Pedro Mártir) will be more affected

by temporal changes due to being reliant on predictable food resources, as opposed to the colony in tropical

waters (Peña Blanca), which is expected to show less or no variability during the breeding stages
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3| Chapter Outline

The outline of each of the chapters that make up this thesis is presented as follows.

Chapter I | Body size variation in a tropical seabird along a latitude‑productivity gradient

Outline: The first chapter of this thesis focuses on assessing the variation in body size among red-billed

tropicbirds across six breeding sites located along a productivity gradient in the Pacific Ocean, spanning latitudes

from 17°N to 31°N. The main aim was to understand how environmental conditions influence the physical traits

of these birds. The study considered variables such as chlorophyll-a (indicative of marine productivity), air

temperature, and sea surface temperature at each breeding site. Additionally, the investigation delved into the

presence of sexual size dimorphism (SSD) and its potential impact on the observed body size differences

between colonies. From 2012 to 2021, measurements and weights of 187 adult tropicbirds were taken. Several

body structures were analysed to assess SSD, and an environmental index was created by combining the values

of chlorophyll-a, air temperature, and sea surface temperature within an 80-kilometer radius around each

breeding site, along with the latitude of the colonies. The relationships between body traits and this

environmental index were explored using regression models. The findings revealed a positive body-size cline

from south to north (1–9%), indicating that the birds exhibited larger sizes in the northern colonies. This size

gradient was attributed to environmental conditions, but the study faced challenges in isolating the specific

contribution of each environmental factor due to high correlations among them. The research highlights the

importance of considering a more comprehensive set of environmental variables in future studies. Moreover,

SSD was observed in two northern colonies, where males were larger than females. This suggests that

environmental factors, particularly in colonies with larger body sizes, high chlorophyll-a, and low sea surface

temperatures, play a crucial role in shaping both body size variation and the observed sexual dimorphism in red-

billed tropicbirds. The findings emphasize the complexity of the interplay between environmental conditions and

the phenotypic plasticity of the species.

Contributions: Lead author, originally participated in the formulation of the idea around which this work was

developed, collected material and participated in the fieldwork (measuring and weighing birds), developed

methodology, contributed to the laboratory work (molecular analysis), data analysis, writing—original draft

preparation and review and editing, and resources.



Chapter II | Parental duties and foraging strategies of a tropical pelagic seabird (Phaethon aethereus, Aves:

Phaethontidae) during the breeding season

Outline: This chapter presents an integrative study on the foraging behaviour and parental care strategies of the

Red-billed Tropicbird during their breeding season. The research focuses on understanding how these seabirds

find a balance between self-feeding and provisioning for their chicks. This balance is crucial for the survival of

both adults and their offspring, especially in their constantly fluctuating marine environment. The methodology

of the study incorporates the use of GPS tracking to monitor the movement patterns of the tropicbirds, coupled

with stable isotope analysis to investigate the diet composition of both the adult birds and their chicks. This dual

approach allows for a detailed examination of the foraging strategies employed by the Red-billed Tropicbird,

providing insights into the distances travelled for food, and the differentiation in dietary intake between the

adults and their offspring. One of the key findings of the research is the identification of a bimodal foraging

strategy employed by the Red-billed Tropicbird. This strategy involves a combination of short foraging trips

close to the breeding site, aimed at frequent feeding of chicks, and long trips with higher energy consumption,

probably aimed at self-feeding and obtaining higher quality prey. This bimodal pattern is indicative of adaptive

strategies that seabirds deploy to optimise energy expenditure against the nutritional needs of their chicks,

ensuring maximisation of breeding success. In addition, the study explores the nest attendance patterns of adult

tropicbirds, revealing a collaborative effort among mates to ensure the ongoing care and protection of the

offspring. The dietary analysis provided by the stable isotope offers a window into the trophic level and feeding

zones that constitute the foraging ecology of the Red-billed Tropicbird and its chicks. This information is crucial

for understanding the ecological niche occupied by these birds and the potential impacts of environmental

changes on their food sources. In conclusion, this chapter contributes significantly to the field of marine science

and seabird ecology by shedding light on the foraging and parental care strategies of the Red-billed Tropicbird.

The findings underscore the adaptability of these seabirds to their environment and the complexities inherent in

their life histories. This research not only advances our understanding of tropicbird behaviour but also

emphasizes the importance of such studies in informing conservation strategies for seabirds and the marine

environments they inhabit.

Contributions: Lead author and corresponding author, initially contributed to shaping the concept upon which

this project was built, collected material (blood samples) and participated in the fieldwork (GPS deployment,

birds handling, field notes), developed methodology, formal analysis and investigation, writing—original draft

preparation and review and editing, funding acquisition and resources.
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Chapter III | Trophic plasticity of a tropical seabird revealed through DNA metabarcoding and stable

isotope analyses

Outline: This chapter focused on provides a detailed analysis of the dietary habits of the Red-billed Tropicbird

at two breeding sites located in the Mexican Pacific but with contrasting local oceanographic conditions. The

research employs an innovative approach, including DNA metabarcoding of scat samples and stable isotope

analysis of blood samples, to assess the diet of this seabird. This dual approach allows an accurate understanding

of the trophic ecology of the species, highlighting its food preferences and its ability to adapt in response to

environmental conditions. The findings reveal a significant reliance on epipelagic fish, supplemented by

occasional consumption of cephalopods and small crustaceans. This dietary composition underscores the Red-

billed Tropicbird's feeding flexibility and its ability to exploit a range of prey types across different marine

habitats. Moreover, the study compares dietary variations between two colonies, uncovering differences that

reflect local oceanographic influences and prey availability. This aspect of the research illustrates the importance

of spatial heterogeneity in shaping the foraging behaviour and dietary intake of seabirds. Further, the

investigation extends to assessing dietary shifts across different breeding stages of the tropicbirds, offering

insights into how breeding demands influence foraging strategies and nutritional choices. Such an analysis is

pivotal in understanding the energy requirements and constraints faced by breeding seabirds, and how these

factors drive their foraging decisions. this chapter significantly advances our understanding of the trophic

ecology of the Red-billed Tropicbird highlighting the bird's trophic plasticity and its ability to adapt to varying

environmental conditions through flexible foraging strategies. This adaptability is crucial for the species' survival

in the dynamic and often unpredictable marine ecosystem. The study not only contributes to the ecological

knowledge of seabirds but also underscores the importance of employing holistic and advanced analytical

techniques to unravel the complex interactions within marine food webs.

Contributions: Collaborative lead author (with V. Marcuk), involved in manuscript composition, editing, and

served as corresponding author. Contributed to conceptualizing the project, gathered materials (scat and blood

samples), actively participated in fieldwork (coordinating field activities and handling birds), developed

methodology, conducted formal analysis and investigation, contributed to drafting the original manuscript,

review, and editing, contributed to project administration, funding, and managed resources.



4| General Conclusions and Future Outlook

General conclusions

This cumulative thesis comprises three chapters that primarily explore ecological and behavioural aspects,

specifically in the areas of evolutionary ecology, movement ecology and feeding ecology, in a tropical pelagic

seabird. This research comprehensively addressed how local environmental conditions shape several aspects in

the breeding ecology of the Red-billed Tropicbird (Phaethon aethereus) along a productivity gradient in the

Mexican Pacific, highlighting the plasticity, and changes in the foraging strategies (i.e., foraging behaviour) of

the species in response to the challenges imposed by the environment during the breeding season. In each of the

chapters, I have evaluated specific aspects of the biology of the species, ranging from geographic variation in

body size (Chapter I), foraging strategies during the breeding season (Chapter II), to dietary diversity

(Chapter III), all in response to specific marine environmental conditions.

Geographical body size variation can provide insights into evolutionary processes such adaptation and natural

selection (Zink 1989; Stillwell and Fox 2009; Stillwell 2010). Variations in body size across different

environments may reflect local adaptations to specific ecological conditions, including temperature, food

availability, and predation pressure (Valenzuela-Sánchez et al. 2015; Yamamoto et al. 2016; Wei et al. 2018;

Romano et al. 2021; Henry et al. 2022). By studying these variations, researchers can obtain a better

understanding of how species evolve and adapt to their habitats over time. Additionally, geographical variation

in body size can support conservation strategies by identifying populations that may be more vulnerable to

environmental changes or anthropogenic impacts (Diniz-Filho et al. 2009; Zheng et al. 2023). For instance,

populations with smaller body sizes may be less resilient to habitat loss, climate change, or overexploitation.

Recognising these patterns allows conservation efforts to be targeted to protect and manage at-risk populations

effectively. Similarly, assessing body size variations in wildlife can provide valuable information for predicting

species responses to climate change (Gardner et al. 2011; Zheng et al. 2023). As environmental conditions are

changing rapidly, species may undergo phenotypic changes, such as alterations in body size, to adapt to new

ecological conditions. Understanding these variations helps to anticipate the responses of species to climate

change and to assess potential impacts on wild populations. Following the earlier explanation, the main results

obtained in the study on the geographical variation of body size in red-billed tropicbirds were:

— The Red-billed tropicbird demonstrates significant phenotypic plasticity, showcasing a positive, south-to-

north body-size cline ranging between 1 and 9%, which corresponds to environmental productivity. This
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variability in body size across geographical locations underscores the adaptability of the species to

environmental conditions, with larger body sizes observed in areas of higher productivity. This adaptation

suggests that local conditions, such as air temperature, sea surface temperature and marine productivity

(indicated by chlorophyll-a levels), play a crucial role in the growth and development of these birds

(Yamamoto et al. 2016; Nunes et al. 2017). The greater body mass observed in more productive areas could

be an evolutionary response to maximise energy efficiency in foraging, allowing more energy reserves to

be stored for breeding and survival during periods of food scarcity.

— The assess on sexual size dimorphism (SSD) in red-billed tropicbirds revealed unexpected results, with

evident SSD observed only in two northern colonies (males > females), contradicting previous findings

(Nunes et al. 2013). While hypotheses such as sexual selection and fecundity selection have been proposed

to explain SSD, no definitive consensus has been reached. The results of this study suggest a complex

interplay of environmental factors influencing body size and SSD, with implications for understanding

ecological and evolutionary processes.

— The relationship between body size and environmental conditions in red-billed tropicbirds provides a

perspective on how seabirds may respond to climate change and other environmental perturbations. The

phenotypic plasticity observed in this species suggests a potential mechanism for coping with variations in

their environment, but also raises questions about the limits of this adaptability in the face of rapid and

extreme changes in oceanic conditions.

Research on the foraging behaviour of marine wildlife, such as seabirds, is fundamental to understanding

movement patterns, dispersal / migration routes, and habitat utilisation areas within the framework of movement

ecology (González-Solís and Shaffer 2009; Courbin et al. 2022). By monitoring seabirds during their trips,

relevant information on navigation, resource distribution and habitat preferences is obtained, thereby

contributing to the targeting and protection of key foraging grounds and utilisation areas (e.g., migratory

corridors; Camphuysen et al. 2012; Soanes et al. 2016; Amélineau et al. 2021). Further, assessment of foraging

behaviour provides insights into the ecological dynamics of marine ecosystems by unveiling the availability,

distribution and abundance of prey, which are key components of the marine food web (Elliott et al. 2008;

Goyert et al. 2014; de la Cruz et al. 2021). This information facilitates the assessment of ecosystem health, the

identification of main prey species and the prediction of environmental change responses. Consequently, this

knowledge provides the baseline for conservation efforts aimed at the mitigation of human impacts such as

overfishing, habitat degradation and pollution. In addition, assessing foraging behaviour sheds light on the



parental duties and foraging strategies of seabirds, as they often display specific strategies to provision their

chicks (Phillips et al. 2023). Understanding how parental duties influence foraging behaviour is crucial for

understanding reproductive success and population dynamics, especially in such a complex environment as the

ocean (e.g., tropical waters; Piña-Ortiz et al. 2024). Thus improving conservation strategies focused on

protection of breeding and foraging habitats. Drawing from the insights obtained through tracking data, stable

isotopes, and parental nest attendance, the foraging behaviour and parental duties of red-billed tropicbirds

yielded the following conclusions:

— Breeding red-billed tropicbirds switch from a unimodal to a bimodal foraging strategy as soon as the chicks

hatch. Similar patterns in other colonies suggest an intrinsic behaviour rather than a response to specific

conditions (Madden et al. 2022, et al. 2023). This strategy allows parents to balance chick provisioning

with self-maintenance by alternating short trips close to the colony and longer trips to pelagic areas,

repectively (Phillips et al. 2023). However, differences in environmental conditions between trips indicate a

mixed approach to resource acquisition. Overall, these findings advance our understanding of seabird

foraging strategies, highlighting the importance of considering parental and environmental factors in

seabird ecology.

— Red-billed tropicbirds use different core utilisation areas on short and long foraging trips. The bimodal

foraging strategy observed in seabirds, including red-billed tropicbirds, is a response to the challenges of

central-place foraging and the need to meet the energetic demands of both parents and chicks. This strategy

allows for efficient use of resources while minimising competition for prey. The fluctuating presence of

parents in the nest during the chick rearing period reflects the dynamic nature of parental care, focused on

maximising food supply to the chicks during key stages of their growth. The use of coastal and pelagic

areas by red-billed tropicbirds during chick rearing suggests a complex interplay between energetic

demands, resource availability and competition. While foraging in near-shore areas offers proximity and

predictability, longer trips to pelagic areas may provide access to alternative prey sources. This highlights

the flexibility of seabirds in navigating variable environmental conditions to ensure breeding success

without sacrificing their own fitness.

— The parental presence pattern in red-billed tropicbirds during chick growth appears to be intricately linked

to the energetic demands of both parents and chicks. During early chick rearing, adults prioritise frequent

food supply to their chicks, employing a combination of short and long foraging trips. This strategy ensures

regular provisioning when chicks are lacking the reserves to withstand long periods of fasting. As chicks
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become older and build up larger lipid reserves, parental presence in the nest gradually decreases and

parents spend more time foraging to meet their own energy needs. This change in parental behaviour is

consistent with what has been observed in other seabird species, where coordination between partners on

foraging trips decreases as the chick rearing period progresses (Tyson et al. 2017; Wojczulanis-Jakubas et

al. 2018). However, the factors influencing the decision to undertake short or long foraging trips in red-

billed tropicbirds have not yet been fully elucidated. Future research focusing on factors such as parental

body condition and its impact on foraging decisions could provide valuable information on the mechanisms

driving parental investment in offspring of this species.

— The distinct isotopic signatures (δ15N and δ13C) observed in the blood samples of adult and chick red-billed

tropicbirds suggest differential prey consumption between parents and offspring, with parents likely

provisioning their chicks with prey enriched in 15N during both early and late chick-rearing periods. This

isotopic difference corresponds to the shift in foraging grounds utilized by adult tropicbirds during the

chick-rearing phase, indicating a specialized function of parental foraging in meeting the nutritional needs

of their young. The decision of parents to undertake long foraging trips to less productive pelagic areas,

despite the availability of more proximate, resource-rich areas near the colony, may be driven by a complex

interplay of factors including the energetic demands of offspring, resource distribution, and competition for

prey. While foraging far from the colony may incur greater travel costs, it offers potential benefits such as

reduced competition, increased capture success, and access to higher-quality prey. Understanding the

factors that influence parental foraging decisions and foraging trip directions in red-billed tropicbirds

deserves further research to elucidate the mechanics of their foraging ecology and breeding strategies.

Seabird diet studies provide crucial information on the feeding ecology of this group, revealing their habits,

preferences and foraging behaviour (Furness and Monaghan 1987; Croxall 2009). This knowledge is essential

for assessing how seabird populations use resources in their habitats, including prey availability, seasonal

variations and spatial distribution, thus predicting their response to environmental changes (Boyd et al. 2016;

Serratosa et al. 2020). Furthermore, analysis of seabird diets contributes to the understanding of wider trophic

interactions within marine ecosystems, highlighting their role as indicators of ecosystem health and dynamics

(Iverson et al. 2007; Mallory et al. 2010; Rajpar et al. 2018). Diet studies also contribute to conservation efforts

by identifying key prey sources and assessing the impact of environmental factors on prey availability, targeting

measures to address feeding hotspots and mitigate threats such as overfishing and pollution (Paiva et al. 2008;

Velarde et al. 2013). In addition, tracking changes in seabird diet serves as an early alert system for ecosystem



disturbance, facilitating the prioritisation of conservation actions and providing information on sustainable

management practices for marine resources and habitats.

— Unlike previous methods based on regurgitates or stomach contents (e.g., North 1946; Castillo-Guerrero et

al. 2011; Madden et al. 2022, et al. 2023), DNA metabarcoding of faecal samples allowed higher taxonomic

resolution and accurate identification of prey species, offering advantages in dietary analysis. Integration of

metabarcoding and stable isotope data revealed the trophic role of red-billed tropicbirds as top predators in

marine pelagic systems, feeding primarily on offshore mesopelagic and epipelagic fish species. In addition,

the study identified key prey species for the different populations, such as Californian anchovy and Pacific

chub mackerel for the San Pedro Mártir individuals and several species of flying fish for the Peña Blanca

birds. While previous research indicated a prominent role of cephalopods and crustaceans in the diet of red-

billed tropicbirds, this study suggests a lower importance of cephalopods, possibly influenced by

methodological biases. Overall, these results contribute to our knowledge of seabird feeding habits and

highlight the importance of employing molecular techniques in dietary studies to obtain a complete view of

marine food webs and trophic interactions.

— Inter-colony variation in the diet of red-billed tropicbirds, highlighting the influence of regional marine

systems on prey composition and abundance. The observed differences in prey diversity and reliance on

specific species between breeding sites reflect variations in foraging behaviour driven by local

environmental conditions, such as upwelling versus oligotrophic oceanic waters. Despite differences in

prey availability, individuals from both sites exhibit trophic plasticity, adjusting their foraging behaviour to

utilize fluctuating food resources in their respective regions. While competition for finite resources is

expected to increase with larger colony sizes, surprisingly, similar niche breadth and prey range were

observed between sites, suggesting factors beyond direct competition may contribute to individual

specialization. Isotopic analysis further supports the ecological connections within the seabird community,

with consistent trophic positions observed across study sites and alignment with δ15N values in other prey

species. Overall, these findings underscore the complex interplay between resource availability,

competition, and ecological connectivity in shaping the dietary patterns of red-billed tropicbirds across

different breeding colonies.

— The temporal variation in prey composition observed in red-billed tropicbirds highlights their trophic

plasticity and adjustable foraging behaviour throughout the breeding season. This study reveals that

fluctuations in diet are influenced by breeding stage, collection date and local oceanographic conditions
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such as sea surface temperature and primary productivity. Differences in prey availability and breeding

constraints determine different feeding patterns during each breeding stage, with individuals adjusting their

diet to meet changing energetic demands. In particular, the prevalence of certain prey species varies

according to breeding stage, reflecting the nutritional requirements of adults and chicks at different stages.

Furthermore, the influence of regional climatic events, such as the El Niño-Southern Oscillation cycle, on

prey availability underscores the dynamic interplay between environmental factors and trophic dynamics in

marine ecosystems. The observed dietary adjustments in response to temporal variations in prey availability

highlight the importance of conducting research under variable conditions to fully understand the

constraints and ecological dynamics shaping the foraging behaviour of red-billed tropicbirds. Additionally,

the potential impact of fisheries on prey availability merits further investigation to elucidate the long-term

implications for the diet and foraging patterns of this species in the face of anthropogenic pressures.

Future Outlook

After completing my doctoral research work, I consider that significant progress was made, but also new

questions arose about how the environment shapes the breeding ecology of the Red-billed Tropicbird in the

Mexican Pacific. Specifically, progress was made in understanding how local environmental variables influence

the diet, behaviour and foraging decisions of the species, as well as its phenotype. However, this study has

generated new questions that need to be addressed in future research, either using the same study species or

examining other species. Regarding the first chapter, which focuses on geographical variation in body size, it is

important to note that, while supporting the idea that environmental temperature is not the only variable

determining phenotypic plasticity in tropical seabirds, the exact role of other environmental, genetic and

ecological variables in determining body size remains to be elucidated. Incorporation of additional variables

could provide a more complete understanding of phenotypic plasticity and its interaction with genetic variability.

In relation to the second chapter, future research on foraging ecology should consider the coordination between

partners, as well as the specific role of each member in care and provisioning duties. It is important to determine

how parents coordinate chick caring and what factors influence the decision to undertake long foraging trips.

Furthermore, it would be relevant to assess variation in foraging behaviour throughout the breeding season and

its relationship to resource availability and roles within the pair. Regarding the determination of diet and trophic

ecology, it would be beneficial to explore the use of different DNA fragments (e.g., COI, 16s, 12s) and the

incorporation of multiple primer pairs to obtain a more complete picture of the diet of the species.



In addition, as a result of the study conducted using the Red-billed Tropicbird as a study species, including this

thesis, there are a number of future research projects that I would like to continue working on in the short to

medium term. These include the non-breeding distribution of individuals from Peña Blanca colony, foraging

ecology in other colonies in the Mexican Pacific, assessment of pollutants (e.g. trace metals, perfluoroalkyl

substances [PFAS]), honest signalling of individual quality, the presence of blood parasites, and host-parasite

interactions.

Finally, this research highlights the importance of long-term monitoring of seabird populations as indicators of

the health and quality of marine ecosystems. This approach can provide valuable information for decision-

making in the conservation and management of marine resources, as well as for those who benefit from their use.

Continuous monitoring will identify trends and changes in the availability and abundance of marine resources,

which is crucial for the long-term sustainability of these ecosystems.
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The supplementary material was stored on a CD, which is attached to this thesis. The files are organised in

folders and are arranged according to the chapters that form this dissertation.

Chapter I | Geographical body size variation in a tropical seabird along a latitude-productivity

gradient — Electronic supplementary material

Table S1. Summary of external measurement of red-billed tropicbirds (Phaethon aethereus) during the breeding

season (October-May) in 2012-2020 at six breeding colonies in the Mexican Pacific. Values are presented as

means ± standard deviation and ranges in parenthesis. Upper and lower values for each morphological trait

represent males and females, respectively. SNJ = San Jorge; SPM = San Pedro Mártir; FSI = Farallón de San

Ignacio; IS = Isabel; PBL = Peña Blanca; MEP = Morros El Potosí; M = Male; F = Female; N/A = Not available

Table S2. Summary statistics of general linear models (GLMs) evaluating the effects of sex, colony size, and

environmental index (sea surface temperature, chlorophyll-a, air temperature, and latitude) on the culmen length

(mm), ulna length (mm), tarsus length (mm), and body mass (g) in red-billed tropicbirds from six breeding

colonies in the Gulf of California and Mexican Tropical Pacific.

Figure S1. Body size traits measurements taken in red-billed tropicbird's individuals. HPB = Head-plus-bill;

NTBT = Nostril-to-bill-tip; CL = Culmen length; BD = Bill depth; BW = Bill width.

Figure S2. Agarose gel electrophoresis (2.0% stained with ethidium bromide [0.5 μg/ml]) of genomic DNA

fragments amplified from blood samples of red-billed tropicbirds (Phaethon aethereus) with 2550/2718 primers.

Esc = 280-bp and 400-bp homemade ladder, H = females, M = males, 5H7 = female blue-footed booby (Sula

nebouxii) with sexual size dimorphism used as a control, H42 = male blue-footed booby used as a control, C- =

negative control.

Figure S3. Scatterplot matrices of paired Pearson's correlations among culmen, ulna, tarsus, and body mass of

red-billed tropicbirds samples on this study.

Figure S4. Scatterplot matrices of paired Pearson's correlations among sea surface temperature (SST),

chlorophyll-a (Chl-a), air temperature (AT), and latitude (Lat/dec).
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Chapter II | Parental duties and foraging strategies of a tropical pelagic seabird (Phaethon aethereus,

Aves: Phaethontidae) during the breeding season — Electronic supplementary material

Table S1. Periods of GPS attachment, the number of individuals captured, devices recovered, and the number of

complete foraging trips in Red-billed Tropicbird individuals at Peña Blanca Islet during the 2017–2022 breeding

seasons.

Table S2. Mean ± standard deviation of the measurements of ulna, culmen and tarsus lengths of Red-billed

Tropicbird chicks sampled from 2020 to 2022 at Peña Blanca Islet, Mexico.

Fig. S1 Foraging trips of red-billed tropicbirds during the incubation and early chick-rearing (ECR) stages

between 2017–2022 on Peña Blanca Islet, Mexico. The coloured lines indicates the foraging trips carried out

during each breeding season, and the yellow star is the study colony.

Fig. S2 Estimates of speeds and turning angles for intensive search and resting behaviours of GPS fixes from

red-billed tropicbirds on Peña Blanca islet using the HMM algorithm. a) Box plot of speeds for intensive

foraging and resting behaviours; b) turning angle frequency histogram for intensive searches; c) turning angle

frequency histogram for intensive searches.

Fig. S3 a) GPS track data with foraging trips made by individual B55*_048V showing local time (UTC-06:00)

and distance from the colony (km) for each GPS fix. b) Individual foraging trip as highlighted in a) showing how

intensive foraging locations (red dots) almost always occur during resting periods or directly preceding resting

locations (yellow dots). Each fix is coloured according to the classification assigned from the HMM algorithm

(yellow = resting, red = intensive search, cyan = relocation, and dark blue = extensive search).

Fig. S4 a) GPS track data with foraging trips made by individual B33_B06B showing local time (UTC-06:00)

and distance from the colony (km) for each GPS fix. b) Individual foraging trip as highlighted in a) showing how

intensive foraging locations (red dots) almost always occur during resting periods or directly preceding resting

locations (yellow dots). Each fix is coloured according to the classification assigned from the HMM algorithm

(yellow = resting, red = intensive search, cyan = relocation, and dark blue = extensive search).

Fig. S5 a) GPS track data with foraging trips made by individual D03_B66B showing local time (UTC-06:00)

and distance from the colony (km) for each GPS fix. b) Individual foraging trip as highlighted in a) showing how

intensive foraging locations (red dots) almost always occur during resting periods or directly preceding resting

locations (yellow dots). Each GPS fix is coloured according to the classification assigned from the HMM

algorithm (yellow = resting, red = intensive search, cyan = relocation, and dark blue = extensive search).



Fig. S6 Kernel Utilization Distributions (KUD) of core (50%, filled polygons) and general (95%, solid lines)

areas used by red-billed tropicbirds on short (left panel) and long (right panel) foraging trips during the

incubation and early chick-rearing (ECR) stages between 2017–2022 on Peña Blanca Islet, Mexico.

Chapter III | Trophic plasticity of a tropical seabird revealed through DNA metabarcoding and

stable isotopes — Electronic supplementary material

Table S1 Diet with the main prey groups of the family Phaethontidae, published studies from 1947–2023. The

values shown are percentage composition of food samples (percentage of total food volume). n = Total number

of food items.

Table S2 Annealing temperatures and primer sequences for the Adapter PCR reactions.

Table S3 Summary of number of MOTUs with associated number of identified families, genus and species of

each study colony and site.

Table S4 Read abundances (% total number of reads; RRA) for main prey categories consumed by Red-billed

Tropicbird (Phaethon aethereus) at the study sites (San Pedro Mártir and Peña Blanca islands), and during four

defined breeding stages (COU – courtship, INC – incubation, ECR – early chick-rearing, LCR – late chick-

rearing). Prey depth ranges (m) are shown in the table.

Table S5 Multiple pairwise comparison procedures (Tukey test) of Bayesian standard ellipses areas (SEAB) to

assess niche width differences between breeding stages for each study site, and p-values in brackets. PBL = Peña

Blanca, SPM = San Pedro Mártir, COU = Courtship, INC = Incubation, ECR = Early chick-rearing, LCR = Late

chick-rearing. Significant p-values (< 0.05).

Table S6 Overlap (%) of the standard Bayesian ellipse areas (SEAB) of each breeding stage pairwise for San

Pedro Mártir Island and Peña Blanca islet. PBL = Peña Blanca, SPM = San Pedro Mártir, COU = Courtship, INC

= Incubation, ECR = Early chick-rearing, LCR = Late chick-rearing.

Fig. S1 Infographic with Adapter PCR amplification results with the associated study sites and breeding stages

(ECR – early chick-rearing, LCR – late chick-rearing) along violin plots representing the average number of taxa.

and a) San Pedro Mártir Island b) Peña Blanca Islet. Violin plots associated with the islands representing

descriptive statistics (mean prey taxa, min. and max. values) of MOTUs recorded for each site, including the raw

data distribution for each breeding stage and associated study population. Illustrations by VM.
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Fig. S2 iNEXT rarefaction curves showing the interpolated observed and extrapolated numbers of MOTUs (left)

and the estimated species coverage (right) of each breeding stage for a) San Pedro Mártir Island and b) Peña

Blanca Islet.

Fig. S3 Senker plots illustrate the relative read abundance of ingested fish prey taxa at the four breeding stages

on left San Pedro Mártir = SPM and right Peña Blanca = PBL. Fish families are represented by a colour code and

their respective symbols. Indian red nodes representing individuals in courtship stage, green in incubation stage,

sky blue early chick-rearing (ECR) stage, and light grey late chick-rearing (LCR) stage.

Fig. S4 Foraging trips parameters of red-billed tropicbirds (Phaethon aethereus) at San Pedro Mártir Island

(individuals = 16, short trips = 10 and long trips = 28) and Peña Blanca Islet (individuals = 19 short trips = 37

and long trips = 26) during the 2021 breeding season.

Fig. S5 Foraging trips of red-billed tropicbirds during the incubation (red lines), early chick-rearing (ECR;

yellow lines), and late chick-rearing (LCR; black lines) stages on San Pedro Mártir Island (upper panels) and

Peña Blanca Islet (lower panels) during the 2021 breeding season. The star indicate the location of the study

colonies. Individuals sampled are as follows, incubation (San Pedro Mártir = 7 and foraging trips = 10; Peña

Blanca = 5 and foraging trips = 5), ECR (San Pedro Mártir = 5 and foraging trips = 14; Peña Blanca = 14; and

foraging trips = 58) and LCR (San Pedro Mártir = 4 and foraging trips = 14).

Fig. S6 Convex hull area (TA) density plot based on δ15N and δ13C (‰) values in red-billed tropicbirds from

Peña Blanca (PBL) and San Pedro Mártir (SPM) during the 2021 breeding season. Black dots represent their

means, and shaded boxes represent the 50, 75 and 95% confidence intervals going from dark gray to light gray,

respectively.
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