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I have always liked to know birds as individuals, rather than as statistics. (...) No generalization in
ecology is ever 100% valid. Somewhere, sometime, there is or will be a guillemot that plunges like

a gannet and a tern that swims underwater. In an age when the computer speaks with the voice of
unerring certainty, | find the unpredictable character of birds rather reassuring. They were here before
us, and they will surely outlive us. Their lives have a reality and immediacy that may escape us in our
increasingly secure and synthetic world.

Antony J. Gaston
- Seabirds. A natural history -
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ABSTRACT

Movement is a fundamental component of behaviour and thus both are inextricably linked, so
variation in movement patterns usually reflects different behaviours. The way individuals allo-
cate time budgets to different behaviours within circadian rhythms and over the annual cycle
will ultimately provide knowledge about evolutionary processes and adaptive capacity, which is
also important to proper conservation actions of endangered species. Seabird movements have
been studied over the last 20 years with the wide deployment of geolocator-immersion loggers,
but wet-dry data seem underused according to literature published. Along 4 chapters this thesis
presents novel insights about movements and behaviour of 4 little-known seabird species from
the Atlantic Ocean: Boyd's shearwater (Puffinus boydi), Common tern (Sterna hirundo), Atlantic pe-
trel (Pterodroma incerta) and Cory’s shearwater (Calonectris borealis). Using wet-dry data alone or
combined with positional data we uncovered the timing of major life cycle events and revealed
circadian and circa-annual activity patterns of such species. In highly mobile migratory seabirds,
the existence of radically different behavioural contexts linked to phenology and the need to
exploit different marine environments over the year lead to different behavioural budgets. In
the last chapter, we present a new analytical protocol based on state-of-the-art algorithms to
decipher behaviours from wet-dry data. We reveal the hierarchical and modular nature of seabird
behaviour at an unprecedented level of detail and used cutting-edge data visualization to high-
light key insights. Our framework paves the way to use behavioural annotation for addressing
old and new questions of interest in ecology from new perspectives using geolocator-immersion
sensors. Overall, through this thesis | highlight the irreplaceable utility of wet-dry data to get
unique insights in ecology and behaviour over the annual cycle of seabirds, a difficult-to-observe
group of birds that remain out of the human sight most of their life. Geolocator-immersion sen-
sors continue to be the most extended loggers to track year-round movements of seabirds, since
they ensure the welfare of tagged individuals. Therefore, the results compiled in this thesis should
encourage researchers to incorporate the use wet-dry data within hypothesis-driven frameworks,
which surely would contribute to increase our knowledge of seabird ecology at sea.
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RESUMEN

El movimiento es un componente fundamental del comportamiento animal, de forma que vari-
aciones en los patrones de movimiento reflejan cambios comportamentales. El tiempo destinado
a los diferentes comportamientos segun los ritmos circadianos y a lo largo del ciclo anual puede
ayudar a entender los procesos evolutivos y la capacidad de adaptacién, algo importante tam-
bién de cara a la conservacion de especies amenazadas. La ecologia de las aves marinas en mar
abierto ha sido ampliamente estudiada en las dos Ultimas décadas gracias a los geolocalizadores
por niveles de luz. Muchos modelos de geolocalizador registran datos de conductividad en agua
salada, pero esta informacidn parece infrautilizada a la luz de la literatura publicada. Esta tesis
aporta nuevos conocimientos sobre la ecologia en mar abierto de 4 especies de aves marinas del
océano Atlantico: la pardela chica de Cabo Verde (Puffinus boydi), el charrdn comun (Sterna hirun-
do), el petrel atlantico (Pterodroma incerta) y la pardela cenicienta (Calonectris borealis). En esta
tesis, usando los datos de conductividad solos o en combinacién con datos de posicionamiento,
desvelamos con detalle la fenologia y los ritmos circadianos y anuales en el comportamiento de
las aves marinas. En especies migratorias, la exposicion a contextos diferentes a lo largo del afio
conduce a diferentes patrones comportamentales. En el ultimo capitulo presentamos un nuevo
protocolo analitico basado en datos de conductividad. Gracias al uso de algoritmos de aprendiza-
je automatico desgranamos el comportamiento de las aves marinas a un nivel sin precedentes,
desvelando su naturaleza jerdrquica y modular. En conjunto, esta tesis remarca la enorme utilidad
de los datos de conductividad para estudiar los patrones comportamentales a lo largo del ciclo
anual en las aves marinas, un grupo animal dificil de observar al pasar la mayor parte del afio en
mar abierto. Los geolocalizadores provistos de sensor de conductividad siguen siendo los Unicos
aparatos de seguimiento remoto que aseguran el bienestar de las aves marinas instrumentadas
durante largos periodos de tiempo. Los resultados expuestos en esta tesis deberian promover un
mayor uso de los datos de conductividad, lo que contribuiria a aumentar nuestro conocimiento
sobre la ecologia de las aves marinas.
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PREAMBLE

This thesis is intended to provide new knowledge about movement and behaviour of seabird
species, both for a better understanding of their ecology at sea and to bring new insights that
hopefully can contribute to the conservation of this avian group. This thesis encompasses
several aspects of seabird ecology at sea along 4 chapters focused on different species. Each
of them was written as a self-contained piece of research and thus can be read and under-
stood independently. Presenting them together | wanted to highlight how a very basic source
of data, the wet-dry data recorded by geolocator-immersion loggers, can provide unique in-
sights in behavioural and ecological studies. This data can reveal important aspects of move-
ment and behaviour within the life cycle of seabirds, a difficult-to-observe group of birds as
they remain out of the human sight most of their life.



GENERAL INTRODUCTION

Animal movement represents the continuous succession of locations of an individual over time.
Movement is a feature governing different biological processes, from individuals to populations and
communities, since every individual moves to engage in a variety of behaviours that determines fit-
ness and ultimately population dynamics (Nathan 2008, Damschen et al. 2008, Jeltsch et al. 2013).
Therefore, in vagile species, movement is a fundamental component of behaviour and thus both are
inextricable linked. Behaviours mediated by movement represent the way animals react to internal
and external stimuli, serving as mediators between the environment and individual fitness (Nathan
et al. 2008). Indeed, variation in movement patterns usually reflects different behaviours, includ-
ing those most glaring, such as foraging, dispersal, migration, social interaction, mate search or
escaping from predators (Sutherland et al. 2013). Behavioural strategies, i.e. fine-scale behaviours
that animals usually display interrelated, are the result of evolutionary processes exhibited in a
population in certain environmental conditions, since behaviours evolve to maximize the fitness
of individuals (van Buskirk 2012). Therefore, gathering information on movement and behaviour
is fundamental for assessing how individuals and populations react in different environments. The
way animals allocate behavioural budgets within circadian rhythm and over annual life cycles may
ultimately provide knowledge about evolutionary processes and adaptive capacity to face changes
in the environment (Sih et al. 2010, Wong & Candolin 2015).

Studying movement and behaviour over a wide range of scales and contexts, and from a multidi-
mensional perspective, is a critical step to understand behavioural strategies and their relationship
with environmental conditions. This has remained challenging and for a long time mainly restricted
to description throughout focal observation bouts, thus leading to different degree of subjectivity
and severely time constrained (Altmann 1974). Fortunately, during the last two decades the ad-
vances in remote tracking technologies have revolutionized the study of movement and behaviour of
wild animals, even promoting the rise of a new research framework, the movement ecology (Nathan
et al. 2008, Nathan & Giuggioli, 2013, Kays et al. 2015). The recent advent of biologging, i.e. the
use of animal-borne sensors (Boyd et al. 2004, Cooke et al. 2004, Rutz & Hays 2009, Ropert-
Coudert & Wilson 2005, Ropert-Coudert et al. 2012) provided the required bypass to address
behavioural questions. Nowadays, we can find a full assortment of wearable devices fitted with
multi-sensors, capable of recording not only location but a diverse array of ancillary data with
unprecedented detail over a wide range of temporal and spatial scales (e.g. Wilmers et al. 2015,
Chmura et al. 2018).

The difficulty to observe and study movement of wild animals in the marine environment had
precluded addressing questions about behaviour in the context of their natural history-life and con-
servation. In this sense, the advances in tracking technologies have brought tremendous insights
into the study of elusive marine megafauna (Block et al. 2011, Mclntyre 2014, Roncon et al.
2018, Harcourt et al. 2019). In species such as sharks, tuna, cetaceans or seabirds, individuals can
travel thousands of kilometers across ocean basins year round, playing a major role in the
energy bal-ance and providing important goods and services across marine ecosystems (Tavares
et al. 2019), and thus, biologging becomes essential for their study (Block et al. 2011, Mclntyre
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2014, Roncon et al. 2018, Harcourt et al. 2019). In the particular case of seabirds, their suitability
as model species and the possibility to address many questions throughout biologging have led to a
bloom in seabird research, including a proliferation of methods and analytical techniques, which has
ultimately led to enhance our understanding of their ecology.

SEABIRDS AS MODEL SPECIES

Seabirds represent a diverse and polyphyletic avian group comprising several different families
with complex natural life-history traits. Across seabird species, many ecological traits shaping their
life style are shared, including extended immaturity, long-life and high adult survival, social and
mostly sexual monogamy, low reproductive rates, small clutch size and an extended incubation and
chick-rearing periods. Moreover, most seabirds are top-predators occupying the upper trophic level
in marine and coastal food webs. But above all, what mainly represents seabird life-style is their
high dependence on the marine environment for most part of their annual life cycle. Indeed, the
most pelagic species spend most of their life at open sea and only come to land for breeding, as they
need solid ground to lay the egg (Gaston 2004).

Living in the oceans imposes various constraints on seabird life style. Seasonal patterns and an-
nual variations in climatic events shape highly dynamic environments in terms of productivity.
Moreover, resources appear patchily distributed and are usually little predictable in space and time
at medium or fine scale, thought they could be predictable at larger scales as also depend on static
oceanographic features (e.g. shelf slopes, coastline shape, sea mountains) (Weimerskirch 2007). A
singular trait of seabirds that has evolved to cope with these constraints is an extraordinary move-
ment capacity. Flight performance and wing shape of many seabirds, especially the most pelagic
species, allow them to fly over vast distances in relatively short times (Hertel & Balance 1999).
In fact, seasonality in marine environments leads many species to perform long migratory move-
ments year round, even moving between different ocean basins and across hemispheres to live in
an “endless summer” in search of more abundant resources (Shaffer et al. 2006, Gonzalez-Solis et
al. 2007, Egevang et al. 2010). Moreover, even during the breeding period when seabirds become
central-place foragers, after every visit to land they need to fly far away off-shore to forage (Phillips
et al. 2017). Altogether, seabirds represent a particular case of free-range marine top-predators, as
their movement and behaviour year round are severely constrained by their own phenology and the
marine environment seasonality.

Lastly, it should be remarked that seabird conservation is a global concern, as they are one of the
world’s most rapidly declining vertebrate groups because of the effect of human activities (Croxall
et al 2012, Dias et al. 2019). On land, seabirds suffer from the introduction of invasive predators
(cats, rats, mice), poaching, human disturbance, habitat loss and light pollution (Croxall et al. 2012,
Rodriguez et al. 2019). At sea, seabirds are threatened by fishing activities, by-catch, habitat degra-
dation, pollution and climate change (Rodriguez et al., 2019, Diaz et al. 2019). Marine ecosystems
are also recognized as globally threatened (Halpern et al. 2007). In this context, seabirds are some-
times considered as bio-indicators of marine ecosystem’s health (Furness & Camphuysen 1997).



Nevertheless, their use as bio-indicators could improve with a comprehensive understanding of their
behaviour at sea (Durant et al. 2009). Hence, every new insight about movement and behaviour of
seabirds can greatly contribute to improve conservation and management actions of these species
and their habitats (Croxall et al 2012, Lascelles et al. 2016, Dias et al. 2019).

STUDYING SEABIRD MOVEMENT AND BEHAVIOUR

A diverse array of tracking devices and tools have been used to study movement and behaviour of
seabirds. The following is a brief introduction to the two main tools that have primarily contributed
to the development of this thesis. I succinctly introduce them to ease understanding of their usage in
the research shown in the next chapters.

Geolocation-immersion loggers

The study of year-round movement of pelagic seabirds at sea has been addressed over the last 20
years with the wide deployment of light-level geolocation loggers (Global Location Sensing units,
GLS) (Burger & Shaffer 2008, Wilson & Vandenabeele 2012). These miniature archival data log-
gers, also known as solar geolocators, measure the ambient light in a regular schedule (measuring
and recording resolution depend on the models) together with a time stamp in Greenwich Mean
Time (GMT). Light records allow for determining latitude and longitude on a daily basis using
astronomical algorithms (Wilson et al. 1992), but the method fails to infer latitude properly around
the equinoxes and provides an average accuracy of 186 + 114 km, being the error greater towards
the equator (Phillips et al. 2004). Despite this low spatio-temporal resolution and the lack of reli-
ability in latitude during the equinoxes (Hill & Bran 2001), GLS accuracy has been enough to reveal
spectacular migrations and non-breeding areas of many seabird species (e.g. Shaffer et al. 2006,
Gonzélez-Solis et al. 2007, Egevang et al. 2010). Low spatio-temporal resolution is compensated
by the size and weight of these devices (currently even < 1 g) and a long battery life (usually > 1
year) that allow for long tracking periods. The increasing miniaturization of GLS currently allows
researchers to track also ever smaller species (e.g. Egevang et al. 2010, Quillfeldt et al. 2013, Pollet
et al. 2014, Ramos et al. 2015).

Despite other kind of devices are available, GLS still are the single devices allowing the study of
spatial ecology over long periods of time (Wilson & Vandenabeele 2012, Lépez-L6pez 2016). GPS
loggers also need to be recovered to download the data but record high resolution spatio-temporal
data. However, they have short battery life and are usually attached with TESA tape to back feath-
ers, resulting in short-time attachment (days to few weeks), although technological improvements
are rapidly cutting the distance between GLS and GPS loggers. Other devices, such as PTT, GPS-
PTT or GPS-GSM, are usually equipped with solar panels and thus have no battery life limitations.
Moreover, information can be retrieved remotely without the need of recapture. However, to track
animals over long periods, these devices require long-lasting attachment systems such as harness,
known to cause severe damage when used in some seabird species (Mallory & Gilbert, 2008). GLS,
in contrast, are attached on a plastic or metallic ring placed on the tarsus of the birds, enabling even
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multi-year deployments and large sample sizes, with no detrimental effect observed on behaviour
and fitness of birds (Igual et al. 2010, Vandenabeele et al. 2011, but see Brlik et al 2019). Therefore,
GLS currently remain as the most cost-effective balanced tracking devices to get insights into the
spatial ecology and movement of pelagic seabird species over the entire annual cycle while ensuring
the welfare of tagged individuals (Vandenabeele et al. 2011, Vandenabeele et al. 2012, Kiirten et al.
2019).

Together with ambient light intensity and time stamp, some models of GLS, frequently called
geolocation-immersion loggers, also register wet-dry data. These devices detect conductivity be-
tween the anode and cathode terminals, which occurs in contact with saltwater, recording the time
immersed. These data have been commonly used to study activity as a proxy of seabird behaviour
(Wilson et al. 1995, Gutowsky et al. 2014). That is why in the literature wet-dry data from GLS may
be also referred as saltwater immersion data or activity data. It is appropriate to mention here that
high-resolution accelerometers can provide highly detailed behavioural information, particularly
when combined with GPS devices (Cianchetti-Benedetti et al. 2017, Yoda 2019). However, they have
similar disadvantages as those commented before for GPS, namely high energy and data-memory
consumption, which precludes their use for extended periods of time (Yoda 2019). Some recent
multi-sensor devices equipped with solar panels can store accelerometer plus GPS data over long
periods and allow for remote downloading (Bouten et al. 2013), yet they also require harness for a
long-lasting attachment, impeding their use to study at-sea behaviour of pelagic seabirds over long
periods of time.

Data Visualization

According to the fast development in technology over the last two decades, the amount of move-
ment and behaviour data collected from wildlife species have rocketed (Kays et al. 2015; Hays et al.
2016). Tracking data often provide enough information to immediately identify ecological insights,
such as migratory pathways or home ranges of the species. However, as data size increases, more
advanced graphics to unveil complex patterns are needed. In this sense, analysis of movement and
behavioural data, as rich quantitative information, are an appropriate target to take advantage of
data visualization tools. Effective data visualization can assist research bidirectionally, that is, as a
knowledge-discovery tool helping to rise new hypotheses throughout exploration, or the other way
around, helping to interpret results in the context of expectations and previous hypotheses (Tukey,
1977). Therefore, data visualization becomes an invaluable tool to assist research in movement ecol-
ogy and animal behaviour.

STRUCTURE, USAGE, AND INSIGHTS FROM WET-DRY DATA

Studying how individuals allocate their time budget to different behaviours allows for better inter-
preting behavioural strategies within circadian rhythm, over annual life cycles and in different en-
vironments and conditions (Phillips et al. 2017). As commented above, GLS models used for seabird
research also measure conductivity in saltwater, which have been used to infer activity patterns. The



way GLS record wet-dry data varies according to models. In some of them, such as those initially
produced by the British Antarctic Survey (Fox 2010), the default schedule stored data in 10-minutes
blocks, where samples taken each 3s tested for contact with saltwater. This resulted in values rang-
ing from 0 to 200 for each block (0 being dry the entire block, 200 being wet the entire block). Later
models of GLS, such as those manufactured by Biotrack Ltd., store wet-dry data in a more continu-
ous way by registering the time stamp of every change of state (wet to dry and vice versa). Lastly,
most recent models (e.g. those models manufactured by Migrate Technology Ltd.) offer a variety of
schedules to record wet-dry data, some of them matching schedules of previous models and thus
being more frequently used by researchers.

The advent of GLS completely changed the way seabirds are studied. | carried out a systematic
literature review to evaluate the use of GLS in seabird research over time but specially to evaluate
the use of wet-dry data so far. Details about this review are included in Box 1. Once performed this
review, the first evidence was that wet-dry data and activity patterns can provide useful insights on a
variety of dimensions of seabird ecology, hard to obtain otherwise for elusive species. For example,
in combination with positional information, wet-dry data have been used to define major important
events over the breeding period. As a case in point, Militdo et al. (2017) inferred the first visit to
the colony and the duration of incubation stints in the endangered Cape Verde petrel (Pterodroma
feae) by this means. In many seabird species, the arrival to breeding areas usually coincides with
the equinox period, when positional data from GLS is unreliable and in such circumstances wet-dry
data can help estimating the arrival date to the breeding colony. Regarding the breeding period,
wet-dry data have also been used to compare at-sea activity patterns between successful and failed
breeders (Catry et al. 2013, Ramos et al. 2018, Ponchon et al. 2019). Many researchers have com-
monly aggregated wet-dry data to assess the proportion of total time spent on water/in flight, and
then looked at the variability between stages of the annual life cycle and across different groups,
such as sexes (e.g. Pinet et al. 2012, De Felipe et al. 2019), ages (Catry et al. 2011, Missagia et al.
2015, Clay et al. 2018), or natal origin (e.g. Catry et al. 2011). These approaches usually evaluated
circadian and circa-annual at-sea activity rhythms based on daylight/darkness activity (Phalan et
al. 2007, Dias et al 2012), some of them also considering the effect of the moonlight (e.g. Yamamoto
et al. 2008, Ramos et al, 2016). The proportion of daylight and darkness activity has also been used
to calculate a night-flight index (Dias et al. 2012, Ramos et al. 2015, 2016). Some authors extended
the use of wet-dry to broadly quantify foraging effort, estimating the number of landings/take-offs
on hourly or daily time-scales (e.g. Phalan et. 2007, Mackley et al. 2010, Dias et al. 2012, Dias et
al. 2016, Rayner et al. 2012). Some other approaches assumed wet-dry states and their alternation
to be representative of basic behavioural modes. For example, some authors classified wet-dry data
structured in ‘0-200° schedule into three modes based on a simple threshold: ‘sitting on water’ (as
representing resting or drifting, values from 195 to 200), ‘probable foraging’ (5-195) and ‘flying/
roosting’ (0-5) (McKnight et al. 2011, Mattern et al. 2015). Guilford et al. (2009) used unsupervised
clustering to infer those same three modes from 0-200 wet-dry data but estimated on a daily basis
(i.e. assigning each day to a unique most probable mode). Wet-dry data from more recent GLS
models, stored in a continuous way, have been used in similar way to calculate the duration and
number of wet-dry changes as indicative of landing and take-off rate (Catry et al. 2004, Shaffer et
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al. 2001). Finally, few studies have actually taken advantage of transitions in wet-dry data recorded
in continuous schedule to discern between foraging, flight and sitting on water (Dias et al. 2012,
Gutowsky et al. 2014, Ponchon et al. 2019). More advanced approaches combining wet-dry data with
information from other devices (GPS, time-depth recorders) have been used within a supervised
machine learning framework to carry out behavioural annotation, although classifying again the
three basic modes (‘flight’, ‘sitting on water’ and ‘foraging’, see Dean et al. 2012).

As shown above, a considerable research has been undertaken to uncover seabird behaviour from
several perspectives. However, the second notable conclusion from the literature review was that
wet-dry data seem underused, since only 53% of papers using GLS also made use of wet-dry data
(see Table Bl in Box 1). Moreover, | found some less attended topics and remarkable gaps. Within
these topics, the increase in the use of wet-dry data would probably contribute to provide important
insights. In the following I comment some of the topics where | believe wet-dry data is clearly un-
derused in seabird ecology studies:

» There are many seabird species with medium to small body size whose basic information re-
garding movements and behaviour at sea are unknown. Nevertheless, the progressive minia-
turization and extensive use of GLS is allowing to fill this gap gradually. Lack about this basic
knowledge also exists in medium-small sized species from tropical distribution, as a clear bias
towards species with boreal and Antarctic/sub-Antarctic distribution has prevailed among re-
searchers.

» Behaviour inferred from wet-dry data can easily enrich positional data to study the seasonal
timing of life-history events (i.e. phenology). As major events over the annual cycle shape
behaviour, the latter could easily inform the onset and duration of every event. For example,
not only migratory schedules but also important events such as incubation shifts, duration of
incubation stints, or hatching data, may be potentially inferred from a careful inspection or ap-
propriate visualization of wet-dry data. This is particularly useful in species breeding in remote
locations where on land recurrent nest monitoring may be difficult. However, wet-dry data have
been underused for this topic, since only 15% of articles using wet-dry data evaluated aspects
related to phenology at some extent.

« Itis likely that physiological changes shape activity and behavioural budgets. In regards with
physiology but also phenology, feather moulting is probably one of the most important pro-
cesses that can constrain seabird behaviour and movement. However, and surprisingly, this ef-
fect has been rarely studied using wet-dry data (Cherel et al. 2016), despite once again a careful
inspection or appropriate visualization of wet-dry data can greatly assist research in this regard. |
found only 8% of articles using wet-dry data to relate at some extent with this topic, and many
of them did not addressed the issue explicitly.

* Investigating the causes and consequences of movement and behaviour should consider carry-
over effects, that is, how an individual previous experience explains its following performance



(O’Connor et al. 2014). Behavioural performance can be directly evaluated from wet-dry data.
However, little research has been carried out in this sense: only 3% of articles using wet-dry
data addressed this topic (Catry et al. 2013, Schultner et al. 2014, Shoji et al. 2015, Fayet et
al. 2016, Ramos et al. 2018).

» Wet-dry data have been mostly used to investigate foraging: 39% of the articles using wet-dry
data addressed this topic. Some of them, as commented above, went beyond wet-dry states and
identified three behavioural modes, namely foraging, flying and sitting on water. In the litera-
ture review | only found one article using solely wet-dry data for behavioural annotation (also
called behavioural classification, Guilford et al. 2009). Apart from inferring the same three
behavioural modes, Guilford et al. (2009) based their analytical procedure on a predefined 24
h window upon which they aggregated the data. Therefore, virtually none of the articles pub-
lished to date has intended to identify a greater array of behaviours using solely wet-dry data
neither considering the natural temporal sequence of wet-dry events.

Certainly, there is still room to take advantage of wet-dry data, a source of information that has
been available to researchers since more than a decade ago, but still clearly underused. Therefore,
along this thesis | generally aimed to contribute with new insights and tools based on wet-dry data
to fill these gaps.

BOX 1:
The use of geolocator-immersion loggers in seabird ecology research: a literature review

I carried out a systematic literature review to evaluate the use of light-level geolocators to
study seabirds. | also evaluated to which extend researchers have taken advantage of wet-dry
data from geolocation-immersion models to explore aspects of seabird ecology in more detail.
I performed a search of published research articles using the Web of Science (WoS, Thomson
Reuters & Clarivate Analytics). Using WoS | searched in ISI Web of Knowledge (WoK) and
Zoological Record databases, filtering to report only peer-reviewed journal articles and trun-
cating the search on 31 December 2018. | searched in both databases since | detected that some
published articles on the issue were not included in WoK. At first, I used the following query,
which I referred to as “spatial” for defining topics:

TS = (seabird* AND (*geolocat* OR GLS))

This search provided 224 published papers in which light-level geolocators were broadly used
to produce positional data and investigate seabirds’ spatial distribution in different ways.

Once gathered, | compiled titles and abstracts of the articles from the search and used Natural
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Language Processing algorithms to create a text corpus. | calculated the most frequent words
in the corpus as a proxy of most frequent topics and explored results with data visualization
tools to evaluate the topics’ representativeness (see Fig. B1 and B2).
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Fig. B1: Top 10 ranking of words by their frequency in published articles about seabird research using
light-level geolocators.
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Fig. B2: Word cloud of the 100 most frequent words computed from text included in titles and abstracts
of published articles related to seabird research using light-level geolocators. The size relates to the fre-
quency of 