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RESUMO

Aves tropicais vivem em ambiente oligotrofico, com presas distribuidas em manchas,
e apresentam respostas comportamentais e fisiologicas para as restricdes impostas
por caracteristicas oceanograficas. Este estudo investiga a ecologia de movimento
da espécie pantropical Phaethon lepturus Daundin, 1802 em sua colbnia do
Atlantico Equatorial utilizando aparelhos miniaturizados de GPS. A espécie tem
habito pelagico, solitario e generalista. Nos oceanos Pacifico e indico a distancia até
a colbnia limita sua escolha por areas de forrageio enquanto caracteristicas
oceanogréficas como Temperatura Superficial do Mar, Clorofila a (utilizada como
proxy para produtividade primaria) e Salinidade ditam a distribuicdo no mar. Nossos
resultados mostram alternancia entre viagens curtas e longas, diferenca significativa
entre padrdoes de atividade em viagens longas e curtas e associacdo entre Rabos-
de-palha-de-bico-amarelo e Temperatura Superficial do Mar e Turbidez durante a
procura por presas. Sugere-se que estes parametros estdo relacionados a
disponibilidade de presas ja que peixes voadoras, alimento preferencial destas aves,
ocorrem em aguas quentes e claras, condicbes presentes na regido onde o maior
namero de viagens de alimentacgdo foi registrado.

Palavras-chave: Rabos-de-palha, Forrageio dual, Padrbes de atividade,
Carcateristicas oceanogréficas.
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ABSTRACT

Tropical seabirds live in oligotrophic environments with prey patchly distributed and
present behavioral and physiological responses to contrains imposed by
oceanographic characteristics. This study investigates movement ecology of the
pantropical white-tailed tropicbird Phaethon lepturus Daudin, 1802 on its Equatorial
Atlantic colony, located at Fernando de Noronha Archipelago using miniaturized GPS
loggers. The species has a pelagic, solitary and generalist biology. On Pacific and
Indian oceans distance from colony limitates its choice on foraging grounds and
oceanic features such as Sea Surface Temperature, chlorophyll a (as a proxy for
primary productivity) and salinity dictate their at-sea distribution. Our results show
alternation between short and long foraging trips, alternation between members of a
pair in chick-attendance and at-sea occurrence, significant difference between
activity modes in short and long trips and association among tropicbirds and STT and
turbidity while searching for food patches. We hypothetize that these parameters are
related to preys availability, as flyingfish occur in warm oceanic areas and the waters
around the Arquipelago are most favorable to their occurrence on its southwest
direction.

Key words: Tropicbird, Dual foraging, activity patterns, oceanic features.
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APRESENTACAO

Esta dissertacdo aborda aspectos sobre comportamento e padrbes de forrageio do
Phaethon lepturus Daudin, 1812, conhecido popularmente como Rabo-de-palha-do-
bico-laranja ou ainda Rabo-de-junco (como € denominado pelos nativos em sua area
de ocorréncia), em sua maior colénia em territorio brasileiro, localizada no

Arquipélago de Fernando de Noronha.

O trabalho estrutura-se da seguinte forma: Capitulo um, intitulado “Foraging of
Tropical Seabirds: State of the art and research challenges”, que configura reviséo
da literatura com informacdes atualizadas sobre os temas abordados nos capitulos
dois e trés; Capitulo dois: “Foraging of the White-tailed Tropicbird in the Equatorial
Atlantic Ocean” a ser submetido a revista EMU, que apresenta as atividades de v6o
e compara estratégias de forrageio de Phaethon lepturus; Capitulo trés: “Foraging
behaviour and habitat choice of tropicbirds revealed by GPS tracking and remote
sensing” que investiga a relacado entre as aves e as caracteristicas oceanograficas
em seus locais de alimentacéo, artigo submetido a revista PlosOne; Discusséao geral,
dividida em topicos de acordo com os resultados obtidos no trabalho e Concluséo.
llustracBes sobre a area de estudo, procedimentos metodoldgicos e fotografias de
espécimes que nao foram adicionadas aos artigos cientificos por questdes de

espaco encontram-se na sessao Apéndices.



Foraging of Tropical Seabirds: State of the art and research challenges

Since Ashmole’s (1971) statement that tropical marine systems have low productivity
and therefore lower prey abundance and patchy distribution of food items, as well as
lower seasonal variation in resources (Weimerskirch 2007) than temperate regions,
marine ornithology studies agree that tropical seabirds face different environmental
conditions than temperate and polar ones. Oceanic circulation and light availability,
for instance, structure ecosystems throughout the oceans by their importance to

primary productivity of marine food webs (Sabarros et al. 2014).

These and others oceanic features affect prey distribution and consequently the
foraging success of predators (Fauchald 2009, Scales et al. 2014), and impose high
foraging costs by increasing time spent in search for prey patches or extending the
prospected area in tropical oceans (Ballance et al. 1997, Catry et al. 2009a,
Fauchald 2009), resulting in a multidirectional dispersal, especially while non-
breeding (Spear and Ainley 2005). Oceanic features such as bathymetry, sea surface
temperature (SST), salinity and thermocline formation are responsible for these
marked differences between tropical and colder oceans. Their influence on seabird
ecology, tropichirds in special, and the strategies developed by seabirds to cope with
them is the focus of this chapter.

Foraging strategies at oligotrophic environments

The global distribution of pelagic birds is closely associated with inconsistencies in
the marine environment, and ocean circulation patterns are important in determining
where these birds feed (Hunt 1991). Indeed, in the absence of global ocean
circulation, most nutrients would be unavailable to organisms that feed on the
surface, primarily due to the formation of pycnoclines, vertical density gradients that
prevent mixing of water masses and are formed primarily from the differential heating
of the ocean surface by the sun compared with the water depth. A strong
temperature gradient, called the thermocline, is formed. The warmer surface water is
less dense than deep cold water, and floats on it, being mixed by winds and forming
the epipelagic zone. All the resulting organic matter of the death of above pycnocline



individuals possibly sinks towards the ocean floor, creating a layer rich in nutrients at
great depths (Shealer 2002).

The depth and temporal stability of pycnocline varies seasonally and geographically.
In tropical and temperate oceans, pycnocline is relatively permanent, shallow, and its
average depth ranges from 25 meters in the eastern part of the tropical oceans to
250 meters in the center of subtropical gyres (Longhurst 1999). However, in higher
latitudes the pycnocline is more dynamic due to strong seasonality of wind speed and
solar radiation. Since tropical pycnoclines are better defined and because
precipitation typically exceeds evaporation in tropical oceans, these waters have a
higher resistance in the mixture layers than at higher latitudes. This reduction in

mixture results in lower of resources for marine biota (Raymont 1980).

There are areas where characteristics of ocean circulation, either by wind or
thermohaline, force the mixture of rich deep water and nutrients in surface layers.
Upwelling areas, for example, are formed by turns resulting from land rotation, and
focus on the west coasts of America (Humboldt Current) and Africa (Benguela
Current). Convergence zones are also important areas of productivity, particularly in
areas of open ocean where little mixing occurs (Longhurst 1999).

In tropical oceans productivity is lower, prey more patchily distributed (Jaquemet et
al. 2004, Weimerskirch 2007) and the environment less seasonal than the one faced
by temperate and polar seabirds (Ashmole 1971) and therefore unpredictable events,
such as El Nifio Southern Oscillation (ENSO) and other climatic phenomena
(Schreiber and Schreiber 1984) are responsible for multi-year environmental
variations. These conditions may lead to non-seasonal breeding periods and inter-
annual variations in the feeding ecology and body conditions of tropical seabirds (Le
Corre et al. 2003, Castillo-Guerrero et al. 2011) along with a large diversity of
breeding regimes acquired by different species to live by these environmental
constraints (Le Corre 2001).

Tropical seabirds evolved to increase energy intake (Bradshaw et al. 2004) by
variable strategies, such as “near obligate commensalism” with sub-surface
predators (Au and Pitman 1989), plunge diving (Ballance and Pitman 1999), dual
foraging strategies (Weimerskirch et al. 1994, Congdon et al. 2005, Sommerfeld and

Henicke 2010, Ochi et al. 2016) and association with oceanic fronts or areas of high



chlorophyll concentration (Sabarros et al. 2014, Thiers et al. 2014). As central place
foragers while breeding, distance from colony is also an important limiting factor for
the success of tropical seabirds in highly oligotrophic environments (Spear and
Ainley 2005).

One way to cope with general low productivity in tropical oceans is to forage at areas
with high and predictable prey encounters there are usually related to oceanographic
features such as upwellings, eddies, gyres, fronts and seamounts, creating a
repertoire of familiar and highly productive foraging sites throughout a breeding
season or even at a multi-year approach, both at finer and coarse scales (Hunt et al.
1999, Fauchald 1999, Bonadonna et al. 2001, Bradshaw et al. 2004, Weimerskirch et
al. 2007, Wakefield et al. 2009), as seen in a large number of marine species (Hamer
et al. 2001, Bradshaw et al. 2004, Weimerskirch 2007, Bellquist et al. 2008,
Montevecchi et al. 2009, Bartumeus et al. 2010, Kotzerka et al. 2011, Lowther et al.
2012, Bertrand et al. 2014, Sommerfeld et al. 2015, Grecian et al. 2016).

Although pelagic bird behavior varies between temporal and spatial scales
(Weimerskirch et al. 2005), clear associations are seen according to biophysical
phenomena that result in disposal of prey in patches. Oceanic features might
influence diving behavior (Castillo-Guerrero et al. 2011), diet composition (Le Corre
et al. 2003) and breeding performance (Ramos et al. 2002, Catry et al. 2013) of
tropical seabirds. Besides, the preference displayed by individuals for some foraging
sites suggests they may remember these areas with favorable oceanographic
features and resource predictability (Hunt and Schneider 1987, Schneider 1993,
Weimerskirch 2007, Votier et al. 2017).

Several birds show affinity with eutrophic, mesotrophic or oligotrophic waters at
small, medium and large scales (Hyrenbach et al. 2002, Awkerman et al. 2005,
Pinaud and Weimerskirch 2005). In the equatorial Pacific, for example, fish-eating
birds prefer well stratified water with thorough and well defined thermocline while
planktivores prefer more shallow waters and weak thermoclines (Ribic and Ainley
1997, Spear et al. 2001, Vilchis et al. 2006).

Biological interactions are also important to tropical seabirds’ success, such as local
enhancement (seabirds use flocks of birds to locate prey patches, Fauchald 2009)

and feeding with surface sub predators (Au and Pitman 1989, Ballance et al. 1997,



Ballance and Pitman 1999, Jaquemet et al. 2004, Jaquemet et al. 2014). In fact, the
terms “near-obligate commensalism” (Au and Pitman 1989) and “facilitated foraging”
(Maxwell and Morgan 2013) are used to show how dependent tropical seabirds are
of other marine predators at choosing their foraging site and several studies have
shown this interaction (Jaquemet et al. 2004, Hebshi et al. 2008, Weimerskirch et al.
2008, Catry el al. 2009a, Yamamoto et al. 2010, Maxwell and Morgan 2013,
Danckwerts et al. 2014, Thiers et al. 2014).

Sub-surface predators make prey available for seabirds by indicating prey
aggregation (Jaquemet et al. 2004), driving prey to the surface, injuring or
disorienting prey and providing scraps on which seabirds can scavenge (Ballance
and Pitman 1999). Additionally, there is a positive correlation between abundance of
seabirds in a given community and their association with sub-surface predators
(Ballance and Pitman 1999), as well as an increase in number of individuals from one
species in a multi-species flock in facilitated feeding events as evidenced by

Jaquemet et al. (2004) at Indian Ocean.

Fishing studies in the Equatorial Atlantic express the importance of Yeallowfin Tuna
Thunnus albacaris, Skipjack Tuna T. alalunga and T. atlanticus for the artisanal
fishery in the Fernando de Noronha region, and although their occurrence seems to
be more closely related to the coastal areas (<8 km) of the Archipelago (Lessa 1998,
Dominguez et al. 2016), they might be related to the feeding habits of tropical
seabirds that use the area to breed. These feeding opportunities determine indirectly
the distribution and abundance patterns of tropical seabirds, providing the basis for a
complex community with a predictable structure and intricate interactions (Ballance
and Pitman 1999).

Life in an oligotrophic environment also determines physiological evolutionary
characteristics, since tropical seabirds must search for food at lower energetic
expends than birds from highly productive areas. Thus, tropical seabirds were
selected for proficient flight other than swimming, and may search for food in a large
oceanic area (Peters 1983, Ballance and Pitman 1999). This ability, however,
prevents the development of intricate diving skills, common at polar and temperate
seabirds, such as deep diving (Ballance and Pitman 1999).



Tropical seabirds are confined to a two dimensional feeding range, above the sea
surface or a few meters below it, and developed behavior such as plunge diving
(boobies and tropicbirds), surface plunging (tropicbirds and terns), kleptoparasitism
(frigatebirds) and aerial feeding (tropicbirds an frigatebirds), unique to tropical
seabirds and presumably evolved in response to volant preys in these oceans (fish
from the Exocoetidae family and Ommastrephidae squid, for instance) (Ballance and
Pitman 1999). The efficient flight of tropical seabirds and consequent lack of diving
adaptations is important to spatial availability of prey items, since prey can swim to
deeper waters and avoid consumption by seabirds that are unable to reach more
than a few meters of the water column (Fauchald 2009).

Additionally, tropical seabirds tend to be smaller in terms of mean adult body mass
and to have reverse sexual dimorphism (females larger than males). This might be
related to higher distance from colony of the foraging sites and the consumption of
elusive preys, favoring smaller body sizes, as well as the aerial displays while mating.
Larger size in incubating females might also offer a buffer against starvation in poor-
nutrient waters (Fairbairn and Shine 1993 but see Croxall 1995).

Distance from breeding colony represents an important factor to foraging area
selection in central place foragers (Fauchald 1999, Spear and Ainley 2005,
Hyrenbach et al. 2007, Paiva et al. 2010, Avalos et al. 2017) and seabirds exploit
feeding areas based on travelling capabilities, spatial distribution of prey and the
need to return to nests (Fauchald 2009) as well as adaptations of search radius and
estimate food patch position by prior successful encounters of high-density patches
at small spatio-temporal scale (Fauchald 1999). As shown by Weimerskirch (2007),
individuals are more faithful to sites closer to the colony than further from it. This
happens because the longer it takes for an individual to return to the same foraging
ground, the more likely prey patches might have moved from it or been depleted. In
addition, it may be related to a trade-off between long and short trips, with higher
foraging site fidelity to closer areas with less prey patches and longer trips for self-

provisioning at further but richer foraging sites (Sommerfeld et al. 2015).

Dual foraging pattern is observed in many seabird species (Granadeiro et al. 1998,
Weimerskirch 1998, Congdon et al. 2005, Sommerfeld and Henicke 2010, Young et
al. 2010, Cercere et al. 2014, McDuie et al. 2015, Shoji et al. 2015, Avalos et al.



2017) and consists on alternate self-provisioning long trips (usually to more
productive foraging areas) and near-colony short trips, responsible for chick
provisioning (Weimerskirch et al. 1994). Although long trips are more profitable for
adults (larger food mass and energy rich), short trips increase feeding frequency for
offspring, representing a compromise between chick’s need to increase growth rates
and survival and adults body condition (Schaffner 1990). In addition, short trips may
minimize the risk of long fasting periods for chicks, since pelagic parents forage

independently (Weimerskirch et al. 1994).

Dual foraging can be triggered by decrease in marine productivity and consequent
decline in prey quality (Riou et al. 2011, Avalos et al. 2017) decrease in adults body
mass (Weimerskirch et al. 1998, Ochi et al. 2010) an chick’s body conditions (Ochi et
al. 2010). Cercere et al. (2014) showed that the choice for dual foraging strategy at
the Mediterranean Sea by Scopoli’'s Shearwater is related to low primary productivity
around the colony and higher weight in chicks. In fact, adults breeding in areas with
higher primary productivity presented unimodal foraging (only short trips) and larger
body masses than the ones that used dual foraging for self-provision and chick
attendance, much like Cory’s Shearwaters in Portuguese neritic and oceanic
environments, with contrasting unimodal and bimodal feeding strategies in colonies

next to and further from highly productive areas respectively (Avalos et al. 2017)

The use of different foraging strategies is related to what Schaffner (1990) called
“target payload mass”, a hypothetical threshold parents must collect as quickly as
their foraging abilities and environmental conditions allow, after satisfying their own
energetic needs, in order to provide for their offspring. Swallowing capacity of chick
determines the target payload mass the adult will choose to carry and the type of
prey they collect (Le Corre et al. 2003) since evidence suggest birds could carry
much more food than they actually do (Schaffner 1990). The dual foraging strategy
may indicate the need to acquire this threshold even if it means to travel to larger and

further areas from the colony (Le Corre et al. 2003, Cercere et al. 2014).

In the Equatorial Atlantic Ocean the low productivity is caused by strong and
permanent picnoclines throughout the year and the impact of oligotrophic Equatorial
South Current (Becker 2001, Souza et al. 2013) in upper waters (Cordeiro et al.
2013, Souza et al. 2013, Tchmabi et al. 2017). The Fernando de Noronha Chain has



a steep and homogeneous thermocline between 70 and 170m (Souza et al. 2013) in
the Equatorial Surface Water, with salinity > 35.5 and temperature above 20°C while
the South Atlantic Central Water with temperature ranging from 11.3 to 20°C and
salinity between 35.5 and 36.4 was present bellow the thermocline (Cordeiro et al.
2013).

Local topography of islands and seamounts (‘wakes”) influence changes in
temperature and salinity but are not shallow enough to influence the euphotic zone
and therefore do not cause nutrient enrichment in the area (Souza et al. 2013).
Conversely, nutrient enrichment may occur due to wind action (mostly southeastern
trade winds blowing from east to west), currents and upwelling events near islands
(Becker 2001, Cordeiro et al. 2013, Tchmabi et al. 2017).

Challenges in telemetry and satellite based research

As early as the 1890's birds were marked for scientific purposes (Sokolov 2011).
Banding of individual birds was the main technique employed during the 20th century
and its limitations, such as the need to tag a large number of individuals in order to
recapture enough data for analysis, made clear the need to develop new techniques
capable of tracking animal movement that became a reality in the 1960s with simple
radio transmitters (Sokolov 2001). The use of remote sensing devices attached to
animals is called bio-logging (Evans et al. 2013). Its application in movement ecology
and animal conservation is vast, since external attachment of these devices enables
researchers to study variables otherwise inaccessible (Culik and Wilson 1991) and
ranges from investigation of fisheries’ impacts on wildlife, physiological parameters,
foraging strategies, rational development of protected areas and, more recently,
impacts of climate change on highly mobile species (Tomkiewicz et al. 2010, Sokolov
2011, Bouten et al. 2013, Neumann et al. 2015, Browning et al.. 2017).

In the past decades tracking devices have evolved from simple Ultra-High-Frequency
(UHF) to Small Plataform Transmitters (PTTs) and ARGOS receiving system
(Vincent et al. 2002, Soutullo et al. 2007, Sokolov 2011, Chan et al. 2015) to light-
level based devices (GLS) (Anafasney 2004) and, finally, Global Position Systems
(GPS) miniaturized loggers (Evans et al. 2013). Alongside with device evolution there
was an expansion in the amount of species on which loggers could be used (Evans

et al. 2013) since device weight is an important feature due to the notion that any



logger attached to birds must weigh less than 3% of the animal's total body mass
(Kenward 2001 but see Vandenabeele et al. 2012) in order not to interfere with
behavior (see Culik and Wilson 1991, Hawkins 2004, Barron et al. 2010 for more on
bio-logging devices’ effects on wildlife). Additionally, the mathematical challenges of
spatial models used in the theoretical analysis of animal movements (Fagan and
Calabrese 2014) are constantly perfected and now robust investigation of complex
data enable researchers to access individual and population behavior and its relation

with the surrounding environment (Evans et al. 2013, Earl and Zollner 2017).

The Onboard GPS systems (SOB), that acquires and stores data in the unit until
further download after recovery (Tomkiewicz et al. 2010) has been the most popular
tracking device in the past years. It can store both GPS-based location and sensor
data, such as diving parameters and temperature, and is used in terrestrial and
marine animals. An important limitation in this system is the necessity of recapturing
each individual for accessing data due to the impossibility of relay information from
the instrumented animal to another location. This might result in loss of devices in the

field and the data is never recovered (Afanasyev 2004, Tomkiewicz et al. 2010).

Technologies that enable data transfer were created to send data at regular intervals
or near-real-time and are mostly used in studies where additional fieldwork or
changes in tracking parameters might be necessary (Tomkiewicz et al. 2010, Bouten
et al. 2013). These devices also act as SOBs when needed, providing a backup
dataset if some problem prevents further data transfer. The most advanced enable
researchers to receive data via GSM/SMS (global system for mobile
communication/short message service) but this service is widely available only in
Europe and Asia (i.e. Gervasi et al. 2006 with brown bears in Sweden and Kojola et
al. 2009 with wolves in Finland, Santos et al. 2017 with Black Kites in Spain) and
therefore cannot be used in other areas due to lack of coverage zones (animals
might not encounter receiving towers) (Tomkiewicz et al. 2010). In places when GSM
is not available, satellite-based telephone systems might be used to transfer animal
data but biotelemetry companies must have full access to operational systems and

hardware designs in order to transfer logger data (Tomkiewicz et al. 2010).

Most studies using bio-logging techniques seek to track animal movement for months

or even years at a time so the development of long-term attachment and battery
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autonomy was necessary (Chan et al. 2015). Additionally, power management is an
important issue, since a threshold between device weight and operational capability
must be found (Tomkiewicz et al. 2010). On recent years, solar powered devices
were created, enabling researchers to expand the time scale of monitoring (Soutullo
et al. 2007, Bouten et al. 2013, Chan et al. 2015). Unfortunately, these loggers are
still too heavy (i.e. UVA-BITS http://www.uva-bits.nl weight from 7.2 to 22 g, Bouten et
al. 12 g) to be used in some species (including the one studied in this dissertation,
the Phaethon lepturus). Advances in battery autonomy in miniaturized devices are
much needed in order to enable small bird's research. Our study, with field work
conducted in 2015, could not obtain data beyond 26 hours of logger deployment, and
since most birds could travel for more than 10 days at a time, there is an important

gap of information due solely to battery limitation.

Animal movement data accessed by remote sensing devices can be associated with
coarse-but-frequent (Neumann et al. 2015) data (i.e. wind speed, temperature,
primary productivity) from satellite sensors such as MODIS (Moderate Resolution
Imaging Spectroradiometer — NASA) and LANDSAT (United States Geological
Survey and NASA) to access information on how environmental features influence
animal behavior (Weimerskirch et al. 2008, Young et al. 2010, Yamamoto et al. 2010,
Castillo-Guerrero et al. 2011, Catry et al. 2013, Thiers et al. 2014).

Most of the environmental indices are available from a broad range of remotely-
sensed datasets that vary in spatial resolution, wave length, etc. (Neumann et al.
2015). Chlorophyll a, for instance, used to indicate primary productivity (Grémillet et
al. 2008), offers an estimate of algal biomass and its spatial and temporal variability
(O’Reilly et al. 1998), which is important to seabird research since chlorophyll
concentration affect phytoplankton productivity that influences feeding behavior of
seabirds (Wakefield et al. 2009), and can be measured by a band combination of
blue, green, red and NIR at a 30 meters resolution in LANDSAT 8 (Jensen 2005) or
in bands 8-16 in with 1000 meters spatial resolution in MODIS, for example.
Softwares such as SeaDAS and ENVI 5.0 can be used to perform the atmospheric
corrections, combine band ratios and provide maps with the environmental indices

required for each research (Jensen 2005, Moradi 2016).

Movement ecology
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Until recently at sea distribution of seabirds was accessed by on board sightings and
ring recovery (Catry et al. 2009, Yamamoto et al. 2010) and therefore understanding
why, how and when animals move (Calabrese and Fegan 2014) was a difficult task.
With the development of tracking technologies in the last decades, however, access
to the mechanisms and ecological processes shaping organismal movement patterns
and their consequences for ecology and evolution (Nathan et al. 2008) became
simpler and now relocation data of mobile animals at intervals of minutes or seconds
provide a temporal sequence of the steps an animal took through space (Edelhoff et
al. 2016) and key aspects of animal behavior, predator-prey dynamics, infectious
diseases management, conservation biology and many other areas hinge upon
movement data (Nathan et al. 2008, Calabrese and Fegan 2014).

The growing capacity for collecting high resolution movement data requires
improvements in data management, processing and analytical techniques (Nathan et
al. 2008) and new databases (i.e. Movebank, SeaBASS) provide data on movement
analysis and environmental indices recorded worldwide. New analytical tools were
also developed, as state-space models of individual animal movement (Patternson et
al. 2008).

Over the years a multitude of analytical approaches have been applied to understand
movement ecology. Visual analyses are commonly used to describe animal
behaviour, such as Kernel, an estimation of utilization distribution (UD) of home
range (Calenge 2006). Although still vastly used (i.e. Leal 2013, McDuie et al. 2015,
Avalos et al. 2017, Mejias et al. 2017), visual analyses are being replaced by
techniques that use track sinuosity or heading variance to access different behavioral

states among a single path.

Movement paths are composed by recorded locations on a temporal sequence, and
their deconstruction in different behaviors depends on data resolution and sampling
frequency (Nathan et al. 2008), such as the number of positions acquired at a given
time. Once the resolution is sufficiently acquired, the identification of breaking points
to different phases is the next step (Nathan et al. 2008) and contrasting
methodologies were developed to deal with this challenge and relate behaviors in

each segment to the surrounding environment (Edelhoff et al. 2016).
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In this area of movement pattern description, the use of the Correlated Random Walk
(hereinafter CRW), a theoretical model that decomposes paths in a series of steps
and turning angles (changes of direction, Edelhoff et al. 2016) assumes that animal
moves usually have a directional persistence and allows researchers to comprehend
animal movement in a realistic (but yet simplified) way (Fagan and Calabrese 2014).
An important process modeled with CRW is the Area Restricted Search (ARS), the
intense search behavior triggered by food encounter where animals use low speed,
regular changes in flight direction and large turning angles to remain within the food
patch and increase the probability of detecting prey (Fauchald 2009, Wakefield et al.
2009, Méthé et al. 2015) opposed to fast and nearly straight movements to find
another food patch (Weimerskirch 2007, Kappes et al. 2011, Métheé et al. 2015).

ARS and other continuum behavioral states (Wakefield et al. 2009) can be measured
by different techniques, such as speed, heading variance, Hidden Markov Models
and First Passage Time analysis (Fauchald and Tveraa 2003, Wakefield et al. 2009,
Dean et al. 2013). FPT, for instance, is the time required for an animal to cross a
circle of a given radius, and provides an indirect index of ARS since it shows the
spatial scale at which birds carry out ARS (Fauchald and Tveraa 2003, Soanes et al.
2014).

One aspect to be considered is that inside path geometry some behaviors are
measured in a continuum spectrum, such as traveling in between food patches and
searching for food within a food patch (ARS) while others are more straight forward
and categorical, such as flight and non-flight, and these differences should be
considered during the analyses (Wakefield et al. 2009). Additionally, the association
among tracking data and sea-surface temperature and Chlorophyll a must be
carefully analyzed since they might be a source of research bias (Gremillet et al.
2008, Scales et al. 2014)

With these restriction in mind, along with the small tracking data and the fact that only
one type of traveling mode could be accessed completely, our research could not
apply some analysis such as Hidden Markov Models and First Passage Time,
limitations not un-commonly found in movement ecology studies (Wakefield et al.

2009, Avalos et al. 2017). However, as we can see in the next section, in situ
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observation and sensibility analyses of raw data were able to provide interesting and

robust results.
Speed parameter: An example of resolution bias

Due to previous logger deployment in Phaethon aethereus (a sister species) (Leal
2013) by our research group in Abrolhos Archipelago, we hypothesized at first that
foraging trips of the tropicbirds from llha do Morro do Chapéu would last no longer
than 48 hours. However, in situ observation and logger recovery showed that White-
tailed tropicbirds (WTTB) breeding in Fernando de Noronha have a dual foraging
strategy, found in many tropical seabirds and related to compromise between chick
provisioning and adult body condition (Diamond 1975, Schaffner 1990, Congdon et
al. 2005, Sommerfeld and Hennicke 2010, McDuie et al. 2015). This means that
parents responsible for nest attendance engage in short trips after dawn and return a
few hours later or, at most, in a 21 hours period while its partner engaged in a long
trip that might last from four to 11 days. Battery autonomy of our loggers lasted ~ 26
hours depending on the resolution: loggers with 1 fix per 10 seconds would lose
battery earlier than those programed to record 1 fix every 60 seconds.

The dual foraging pattern meant that while short foraging trips by the attendant
parent were correctly accessed, longer foraging trips by the non-attendant parent
were not, generating lack of information on our foraging length, area and maximum
range. In fact, of the 21 trips only 16 could be used to access total distance and
duration, all of them performed by the attendant parent.

Our Gypsy 4 loggers (Technosmart, Italy) recorded data at 10, 30 and 60 seconds
intervals and provided a total of 21 tracking without gross errors. Of those, 16 were
complete (with no significant loss of signal or battery exhaustion) and 5 were
incomplete (with battery exhaustion before the bird’s arrival from the foraging trip).

As we can see in Figures 1-2 all three resolutions of GPS fixes presented overall low
speed. Different resolution can increase research bias by not properly showing
animal behavior (Nathan et al. 2008, Edelhoff et al. 2016): At 1 fix/60 seconds, for
instance, the animal might have performed a dive or turned direction of flight in
between fixes, flight speed will appear faster than it really is and the movement will
be undervalued. Conversely, resolutions of 1 fix per second would increase data
accuracy with the downside of battery reduction. However, the speed parameter of

our data seems to agree with previous literature, showing that tropicbirds move
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intermittently, alternating between flights and resting on water (Pennycuick 1990,
Spear and Ainley 1997, Spear and Ainley 2005, Leal 2013; see McDuie et al. 2015
and Avalos et al. 2017 for low flight speed in Shearwaters). In fact, their highly
energetic costing flapping flight might be responsible for this overall low speed
(Spear and Ainley 1997, Mannocci et al. 2014) (Figure 2).
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Figure 1- 1 fix/10 sec (a); 1 fix/30 sec (b); 1 fix/60 sec (c). Different data resolution do

not seem to influence the speed parameter.
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Figure 2- Flight speed of all foraging trips.

With the research limitations in mind, we could access novel information on the flight
parameters and overall behavior of the studied species on its largest Brazilian

breeding site.
Tropicbirds

Among tropical seabirds species, the tropicbirds (order Phaethontiiformes) are
characterized by their offshore (Diamond 1975, Schaffner 1990) and solitary feeding
habits, and the white-tailed tropicbird Phaethon lepturus (Daudin, 1802) is the one
more commonly seen in association with sub-surface predators (Spear and Ainley
2005 but see Jaquemet et al. 2004). WTTB breed all year around and therefore do
not rely on a unique peak of food availability (Stonehouse 1962, Le Corre 2001,
Catry et al. 2009c). In fact, during breeding period, distance from the colony seems to
be the foraging range limiting factor while oceanographic variables such as sea
surface temperature, thermocline structure and salinity play a secondary roll (Spear
and Ainley 2005, Mannocci et al. 2014). During non breeding season, however, these
variables are intimately related to tropicbird distribution, and WTTB is associated to
high sea surface salinity and deep thermocline regions, with density decreased with
increased sea-surface temperature and thermocline strength at northern Pacific

distribution sites (Spear and Ainley 2005).

Some studies suggest that tropicbirds are less prone to breeding fail during food
shortage and environmental constraints than other tropical species due to their

asynchronous breeding, slow growing chick and generalist feeding behavior (Catry et
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al. 2013). In fact, Le Corre et al. (2003) did not find noticeable variation in breeding
performance of the Red-tailed Tropicbird during ENSO events while Catry et al.
(2013) did not find visible effects of two events (one local and unrelated to oceanic
features and one La Nina year) of food shortage on breeding performance of the
WTTB, although the species presented lower chick growth rates in these periods.
However, both Spear and Ainley (2005) and Castillo-Guerrero (2011) found a direct
relation between low tropicbird densities and parental attendance and El Nino events.
These contrasting results might evidence that regional scales should be considered
as coarse scale variables (Catry et al. 2013) as well as longer term studies involving
as many environmental and behavioral variables as possible in order to explain

tropichird plasticity and resilience.

Studies describing foraging were conducted in the tropics (Congdon et al. 2005, Le
Corre et al. 2012, Danckwerts et al. 2014, Mannocci et al. 2014, Weimerskirch et al.
2005, Yamamoto et al. 2010, Kappes et al. 2011, Oppel et al. 2015) but information
on foraging patterns, at-sea behavior and association with oceanic features in the
Atlantic ocean is still scarce. This research gap might result of the lack of tradition in
marine ornithological research in countries that border this ocean, mainly due to

economic limitations (Tavares et al. 2016).

In addition, tropicbird populations are declining in the Atlantic breeding sites, with no
evidence of re-colonization of abandoned areas or recent events of dispersal to new
areas (Lee and Walsh-Mcghee 2000). The decline seems to be related to human
development issues, such as construction, tourism, use of pesticides and introduction
of exotic species (Schaffner 1988, Lee and Walsh-Mcghee 1998, Nunes et al. 2017),
all present at the Fernando de Noronha Archipelago. The fact that both tropicbird
species that breed in Brazil are now classified as endangered by the Brazilian
government (Brasil 2016) evidences the need of improvements in knowledge of
behavioral biology and movement ecology of tropical seabirds in this area as an

important conservational tool.
References

Afanasyev V (2004) A miniature daylight level and activity data recorder for tracking
animals over long periods. Memoirs of National Institute of Polar Research Spec.
Issue 58: 227-233.



17

Ashmole NP (1971) Seabird ecology and the marine environment. Journal of Avian
Biology 1: 223-286

Au DW, Pitman RL (1989) Seabird relationships with tropical tuna and dolphins. In:
Burger J (Ed) Seabirds and other marine vertebrates. Columbia University Press,
New York, 174-209.

Avalos MR, Ramos JA, Soares M, Ceia FR, Fagundes Al, Gouveia C, Menezes D,
Paiva VH (2017) Comparing the foragings trategies of a seabird predator when
recovering from a drastic climatic event. Marine Biology 164(48). doi:
10.1007/s00227-017-3082-4.

Awkerman, J. A., Fukuda, A., Higuchi, H., Anderson, D. J. (2005) Foraging activity
and submesoscale habitat use of waved albatrosses Phoebastria irrorata during chick-
brooding period. Marine Ecology Progress Series 291: 289-300. doi:

10.3354/meps291289

Ballance LT, Pitman RL, Reilly SB (1997) Seabird community structure along a
productivity gradient: Importance of competition and energetic constraint. Ecology
78: 1502-1518. doi: 10.2307/2266144.

Ballance LT, Pitman RL, Adams NJ (1999) Foraging ecology of tropical seabirds In:
Slotow RH (Ed).Proceeding of the 22nd International Congress, Durban. (South
Africa), August 1998. Birdlife South Africa, Johannesburg, 2057-2071.

Barron DG, Brawn JD, Weatherhead PJ (2010) Meta-analysis of transmitter effects
on avian behavior and ecology. Methods in Ecology and Evolution 1: 180-187. doi:
10.1111/j.2041-210X.2010.00013.x.

Bartumeus F, Giuggioli L, Louzao M, Bretagnolle V, Oro D, Levin SA (2010) Fishery
discards impact on seabirds movement patterns ate regional scales. Current Biology
20: 215-222. doi: 10.1016/j.cub.2009.11.073.

Becker H (2001) Hidrologia dos bancos e ilhas oceanicas do Nordeste Brasileiro:
Uma contribuicdo ao Programa Revizee. Masters dissertation. S&o Carlos, Brasil:

Universidade Federal de Sao Carlos.

Bellquist LF, Lowe CG, Caselle JE (2008) Fine-scale movement patterns, site fidelity,



18

and habitat selection of ocean whitefish (Caulolatilus princeps). Fisheries Research
91: 325-335. doi: 10.1016/j.fishres.2007.12.011.

Bertrand A, Grados D, Colas F, Bertrand S, Capet X, Chaigneau A, Vargas G,
Mousseigne A, Fablet R (2014). Broad impact of fine-scale dynamics on seascape
structure from zooplankton to seabirds. Nature communications 5: 1-9. doi:
10.1038/ncomms6239.

Bonadonna F, Lea MA, Dehorter O, Guinet C (2001) Foraging ground fidelity and
route-choice tactics of a marine predator: the Antartic fur Seal Arctocephalus gazella.
Marine Ecology Progress Series 223: 287-297. doi: 10.3354/meps223287.

Bouten W, Baaij EW, Shamoun-Baranes J, Camphuysen KCJ (2013) A flexible GPS
tracking system for studying bird behavior at multiple scales. Journal of Ornithology
154: 571-580. doi: 10.1007/s10336-012-0908-1.

Bradshaw CJA, Hindell MA, Sumner MD, Michael KJ (2004) Loyalty pays: potential
life history consequences of fidelity to marine foraging regions by southern elephant
seal. Animal Behaviour 68: 1349-1360. doi: 0.1016/j.anbehav.2003.12.013.

Brasil. Instituto Chico Mendes de Conservacdo da Biodiversidade (2016) The Red

book of threatened species of fauna. Brasilia.

Browning E, Bolton M, Owen E, Shoji A, Guilford T, Freeman R (2017) Predicting
animal behaviour using deep learning: GPS data alone accurately predict diving in
seabirds. Methods in Ecology and Evolution 1-12. doi: 10.1111/2041-210X.12926.

Calenge C (2006) The package “adehabitat” for the R software: A tool for the
analysis of space and habitat use by animals. Ecological modeling 197: 516-519. doi:
10.1016/j.ecolmodel.2006.03.017.

Castillo-Guerrero JA, Guevara-Medina MA, Mellink E (2011) Breeding ecology of the
Red-billed Tropicbird Phaethon aethereus under contrasting environmental
conditions in the Gulf of California. Ardea 99: 61-71. doi: 10.5253/078.099.0108.



19

Catry T, Ramos JA, Le Corre M, Philips RA (2009a) Movements, at-sea distribution
and behaviour of a tropical pelagic seabird: the wedge-tailed shearwater in the
western Indian Ocean. Marine Ecology Progress Series 391: 231-242. doi:
10.3354/meps07717.

Catry T, Ramos JA, Jaquemet S, Faulquier L, Berlincourt M, Hauselmann A, Pinet P,
Le Corre, M (2009b) Comparative foraging ecology of a tropical seabird community
of the Seychelles, Western Indian Ocean. Marine Ecology Progress Series 374: 259-
272. doi: 10.3354/meps07713.

Catry T, Ramos JA, Monticelli D, Bowler J, Jupiter T, Le Corre M (2009c)
Demography and conservation of the White-tailed Tropicbird Phaethon lepturus on
Aride Island, Western Indian Ocean. Journal of Ornithology 150: 661-669. doi:
10.1007/s10336-009-0389-z.

Catry T, Ramos JA, Catry I, Monticelli D, Granadeiro JP (2013) Inter-annual
variability in the breeding performance of six tropical seabird species: influence of
life-history traits and relationship with oceanographic parameters. Marine Biology
160: 1189-120. doi: 10.1007/s00227-013-2171-2.

Cercere JG, Gaibani G, Imperio S (2014) Effects of environmental variability and
offspring growth on the movement ecology of breeding Scopoli’'s shearwater
Calonectris  diomedea. Current Zoology 60 (5): 622-630. doi:
10.1093/cz00l0/60.5.622.

Chan Y, Brugge M, Tibbitts TL, Dekinga A, Porter R, Klaassen RHG, Piersma T
(2015) Testing an attachment method for solar-powered tracking devices on a long-
distance migrating shorebird. Journal of Ornithology 157 (1): 227-287. doi:
10.1007/s10336-015-1276-4.

Congdon BC, Krockenberger AK, Smithers BV (2005) Dual-foraging and co-
ordinated provisioning in a tropical Procellariiform, the wedge-tailed shearwater.
Marine Ecology Progress Series 301: 293-301. doi: 10.3354/meps301293.



20

Cordeiro TA, Brandini FP, Rosa RS, Sassi R (2013) Deep chlorophyll maximum in
Western Equatorial Atlantic — How does it Interact with Island slopes and
seamounts? Marine Science 3 (1): 30-37. doi: 10.5923/ ].ms.20130301.03.

Croxall JP (1995) Sexual size dimorphism in seabirds. Oikos 73 (3): 399-403. doi:
10.2307/3545964.

Culik B, Wilson RP (1991) Swimming energetics and performance of instrumented
Adélie Penguins (Pygoscelis adeliae). The Journal of Experimental Biology 158: 355-
368.

Danckwerts DK, McQuaid CD, Jaeger A, McGgregor GK, Dwight R, Le Corre M,
Jaquemet S (2014) Biomass consumption by breeding seabirds in the western Indian
Ocean: indirect interactions with fisheries and implications for management. ICES
Journal of Marine Science 71 (9): 2589-2598. doi: 10.1093/icesjms/fsu093.

Dean B, Freeman R, Kirk H, Leonard K, Phillips RA, Perrins CM, Guilford T (2013)
Behavioural mapping of a pelagic seabird: combining multiple sensors and hidden
Markov model reveals the distribution of at-sea behaviour. Journal of the Royal
Society 10: 20120570. doi: 10.1098/rsif.2012.0570.

Diamond AW (1975). The biology of Tropicbhirds at Aldabra Atoll, Indian Ocean. The
Auk 92: 16-39. link: https://sora.unm.edu/node/22629.

Dominguez PS, Zeineddine GC, Rotundo MM, Barrella W, Ramires M (2016) A
pesca artesanal no Arquipélago de Fernando de Noronha (PE). Boletim do Instituto
de Pesca 42 (1):241-251. doi: 10.5007/1678-2305.2016v42n1p241.

Earl JE, Zollner PA (2017) Advancing research on animal-transported subsidies by
integrating animal movement and ecosystem modeling. Journal of Animal
Ecology 86 (5): 987-997. doi. 10.1111/1365-2656.12711

Edelhoff H, Signer J, Balkenhol N (2016) Path segmentation for beginners: and
overview of current methods for detecting changes in animal movement patterns.
Movement Ecology 4 (21). doi: 10.1186/s40462-016-0086-5.

Evans K, Lea MA, Patterson TA (2013) Recent advances in bio-logging science:

Technologies and methods for understanding animal behaviour and physiology and



21

their movements. Deep-Sea research Il 88-89: 1-6. doi: 10.1016/j.dsr2.2012.10.005.

Fagan WF, Calabrese JM (2014) The Correlated Random Walk and the Rise of
Movement Ecology. Bulletin of the Ecological Society of America 95(3): 204-206. doi:
10.1890/0012-9623-95.3.204.

Fairbairn J, Shine R (1993) Patterns of Sexual Size Dimorphism in Seabirds of the
Southern Hemisphere. Oikos 68 (1): 139-145. doi: 10.2307/3545319.

Fauchald P (1999) Foraging in a hierarchical patch system. The American Naturalist
153: 603-613. doi: 10.1086/303203.

Fauchald P (2009) Spatial interaction between seabirds and prey: review and
synthesis. Marine Ecology Progress Series 391: 139-151. doi: 10.3354 /meps07818.

Fauchald P, Tverra T (2003) Using First-Passage Time analysis of area-restricted
search and habitat selection. Ecology 84 (2): 282-288.

Gervasi V, Brunberg S, Swenson JE (2006) An individual-based method to measure
animal activity levels: a test on Brown Bears. Wildlife Society Bulletin 34(5): 1314-
1319. doi: 10.2193/0091-7648.

Granadeiro JP, Nunes M, Silva MC, Furness RW (1998) Flexible foraging strategies
of Cory’s shearwater, Calonectris diomedea, during the chick-rearing period. Animal
Behaviour 56: 1169-1176. doi: 10.1006/anbe.1998.0827.

Grecian WJ, Witt MJ, Attrill MJ, Bearhop S, Becker PH, Egevang C, Furness RW,
Godley BJ, Gonzélez-Solis J, Grémillet D, Koop M, Lescroél A, Matthiopoulos J,
Patrick SC, Peter HU, Phillips RA, Stenhouse 1J, Votier SC (2016) Seabird diversity
hotspot linked to ocean productivity in the Canary Current Large Marine Ecosystem.
Biology Letters 12: 20160024.

Grémillet D, Lewis S, Drapeau L, Der Lingen CD, Huggett JA, Coetzee JC, Verheye
HM, Daunt F, Wanless S, Ryan P (2008) Spatial match-mismatch in the Benguela
upwelling zone: should we expect chlorophyll and sea-surface temperature to predict
marine predator distributions? Journal of Applied Ecology 45: 610-621. doi:
10.1111/1.1365-2664.2007.01447 .x.



22

Hamer KC, Phillips RA, Hill JK, Wanless S, Wood AG (2001) Contrasting foraging
strategies of gannets Morus bassanus at two North Atlantic colonies: foraging trip
duration and foraging area fidelity. Marine Ecology Progress Series 224: 283-290.
doi: 10.3354/meps224283.

Haney JC, Stone AE (1988) Seabird foraging tactics and water clarity: are plunge
divers really in the clear? Marine Ecology Progress Series 49: 1-9. doi:
10.3354/meps049001.

Hazin, FHV (2009) Biomassa Fitoplantonica, Zooplanctdnica, Macrozooplancton,
Avaliacado Espacial e Temporal do Ictioplancton, Estrutura da Comunidade de Larvas
e de Peixes e distribuicdo e abundéancia do Ictioneuston (Programa Revizee Score
Nordeste). Editora Martins & Cordeiro, Fortaleza, Brasil.

Hawkins P (2004) Bio-logging and animal welfare: practical refinements. Memoirs of

National Institute of Polar Research 58: 58-68.

Hebshi AL, Duffy DC, Hyrenbach KD (2008) Associations between seabirds and
subsurface predators around Oahu, Hawaii. Aquatic Biology 4: 89-98. doi:
10.3354/ab00098.

Hunt GL (1991) Marine ecology of seabirds in polar oceans. American Zoologist 31:
131-142.

Hunt GL, Mehlum F, Russell RW, Irons D, Decker MB, Becker PH (1999) Physical
processes, prey abundance, and the foraging ecology of seabirds. In: Adams NJ,
Slotow RH (Eds) Proceedings of the 22nd International Ornithology Congress.
Johannesburg, 2040-2056.

Hunt GLJ, Schneider DC (1987) Scale dependent processes in the physical and
biological environment of seabirds. In Croxall JP (Ed) The Feeding Ecology of
Seabirds and their Role in Marine Ecosystems. Cambridge University Press,
Cambridge, 7-41.



23

Hyrenbach KD, Fernandez P, Anderson DJ (2002) Oceanographic habitats of t wo
sympatric North Pacific albatrosses during the breeding season. Marine  Ecology
Progress Series 233: 283-301. doi: 10.3354/meps233283.

Hyrenbach KD, Veit RR, Weimerskirch H, Metzl N, Hunt GLJ (2007) Community
structure across a large-scale ocean productivity gradient: Marine bird assemblages
of the Southern Indian Ocean. Deep-Sea Research | 54: 1129-1145. doi:
10.1016/j.dsr.2007.05.002.

Jaquemet S, Le Corre M, Weimerskirch H (2004) Seabird community structure in a
coastal tropical environment: importance of natural factors and fish aggregating
devices (FAD). Marine Ecology Progress Series 268: 281-292. doi:
10.3354/meps268281.

Jaquemet S, Ternon JF, Kaehler S, Thiebot JB, Dyer B, Bemanaja E, Marteau C, Le
Corre M (2014) Contrasted structuring effects of mesoscale features on the seabird
community in the Mozambique Channel. Deep-Sea Research Il 110: 200-211. doi:
10.1016/].dsr2.2013.10.027.

Jensen JR (2005) Introductory Digital Image Processing: A Remote Sensing

Perspective. Prentice Hall, Upper Saddle River, New Jersey. 526pp.

Kappes MA, Weimerskirch H, Pinaud D, Le Corre M (2011) Variability of resource
partitioning in sympatric tropical boobies. Marine Ecology Progress Series 441: 281-
294. doi: 10.3354/meps09376.

Kenward RE (2001) A manual for wildlife radio tagging. Academic Press, London,
UK, 311pp.

Kojola I, Kaartinen S, Hakala A, Heikkinen S, Voipio H (2009) Dispersal behavior and
the connectivity between wolf populations in Northern Europe. The Journal of Wildlife
Management 73 (3): 309-313. doi: 10.2193/2007-539.

Kotzerka J, Hatch SA, Garthe S (2011) Evidence for foraging-site fidelity and

individual foraging behavior of pelagic cormorants rearing chicks in the Gulf of



24

Alaska. The Condor 113 (1): 80-88. doi: 10.1525/cond.2011.090158.

Leal GR (2013) Biologia reprodutiva e estimativa populacional de Phaethon lepturus
e uso do mar e forrageamento de Phaethon aethereus no brasil. Masters

Dissertation, Macei6, Brasil. Universidade Federal de Alagoas.

Le Corre M (2001) Breeding seasons of seabirds at Europa Island (southern
Mozambique Channel) in relation to seasonal changes in the marine environment.
Journal of Zoology 254: 239-249. doi: 10.1017/S0952836901000759.

Le Corre M, Cherel Y, Lagarde F, Lormée H, Jouventin P (2003) Seasonal and inter-
annual variation in the feeding ecology of a tropical oceanic seabird, the red-tailed
tropicbird Phaethon rubricauda. Marine Ecology Progress Series 255: 289-301. doi:
10.3354/meps255289.

Le Corre M, Jaeger A, Pinet P, Kappes MA, Weimerskirch H, Catry T, Ramos JA,
Russel JC, Shah N, Jaquemet S (2012) Tracking seabirds to identify potential Marine
Protected Areas in the tropical western Indian Ocean. Biological Conservation 156:
83-93. doi: 10.1016/j.biocon.2011.11.015.

Lee DS, Walsh-McGehee M (2000) Population estimates, conservation concerns,
and management of Tropicbirds in the Western Atlantic. Caribbean Journal of
Science 36(3-4): 267-279.

Lessa R, Sales L, Coimbra MR, Guedes D, Vaske-Jr T (1998) Analysis of landings
from the Fernando de Noronha fishery (Brazil). Arquivos de Ciéncias do Mar 31(1-2):
47-56.

Lowther AD, Harcourt RG, Goldsworthy SD, Stow A (2012) Population structure of
adult female Australian sea lions is driven by fine-scale foraging site fidelity. Animal
Behaviour 83: 691-701. doi: 10.1016/j.anbehav.2011.12.015.



25

Longhurst AR (1999) Ecological geography of the sea. Academic
Press, London, UK, 560 pp.

Mannocci L, Laran S, Monestiez P, Dorémus G, Van Canneyt O, Watremez P,
Ridoux V (2014) Predicting top predator habitats in the Southwest Indian Ocean.
Ecography 37: 261-278. doi: 10.1111/j.1600-0587.2013.00317.x.

Maxwell SM, Morgan LE (2013) Foraging of seabirds on pelagic fishes: implications
for management of pelagic marine protected areas. Marine Ecology Progress Series
481: 289-303. doi: 10.3354/meps10255.

Mcduie F, Weeks SJ, Miller MGR, Congdon BC (2015) Breeding tropical shearwaters
use distant foraging sites when self-provisioning. Marine Ornithology 43: 123-129.

Auger-Méthé M, Derocher AE, Plank MJ, Codling EA, Lewis MA. (2015)
Differentiating the Lévy walk from a composite correlated random walk. Methods in
Ecology and Evolution 6 (10): 1179-1189. doi: 10.1111/2041-210X.12412.

Mejias MA, Wiersma YF, Wingate DB, Madeiros JL (2017) Distribution and at-sea
behavior of Bermudan White-tailed Tropicbirds (Phaethon lepturus catesbyi) during
the non-breeding season. Journal of Field Ornithology 88 (2): 184-197. doi:
10.1111/jofo.12198

Moradi N, Hasanlou M, Saadatseresht M (2016) Ocean Color retrieval using
LANDSAT-8 imagery in coastal case 2 waters (case study Persian and Oman Gulf).
The International Archives of the Photogrammetry, Remote sensing and Spatial
information Sciences, Prague, v. XLI-B8, July 2016.

Montevecchi WA, Benvenuti S, Garthe S, Davoren GK, Fifield D (2009) Flexible
foraging tactics by a large opportunistic seabird preying on forage-and large pelagic
fishes. Marine Ecology Progress Series 385: 295-306. doi: 10.3354/meps08006.

Nathan R, Getz WM, Revilla E, Holyoak M, Kadmon R, Saltz D, Smouser EP (2008)
A movement ecology paradigm for unifying organismal movement research. PNAS
105 (49): 19052-19059. doi: 10.1073/pnas.0800375105.



26

Neumann W, Martinuzzi S, Estes AB, Pidgeon AM, Dettki H, Ericsson G, Radeloff VC
(2015) Opportunities for the application of advanced remotely-sensed data in
ecological studies of terrestrial animal movement. Movement Ecology 3(8). doi:
10.1186/s40462-015-0036-7.

Nunes GT, Efe MA, Freitas TRO, Bugoni L (2017) Conservation genetics of
threatened Red-billed Tropicbirds and White-tailed Tropicbirds in the souutwestern
Atlantic Ocean. The Condor 119: 251-260. doi: 10.1650/condor-16-141.1.

Ochi D, Oka N, Watanuki Y (2010) Foraging trip decisions by the streaked
shearwater Calonectris leucomelas depend on both parental and chick state. Journal
of Ethology 28 (2): 313- 321. doi: 10.1007/s10164-009-0187-3.

Ochi D, Matsumoto K, Oka N, Deguchi T, Sato K (2016) Dual foraging strategy and
chick growth of Streaked Shearwater Calonectris leucomelas at two colonies in
different oceanographic environments. Ornithological Science 15 (2): 213-225. doi:
10.2326/0sj.15.213.

Oppel S, Beard A, Fox D, Mackley E, Leat E, Henry L, Clingham E, Fowler N, Sim J,
Sommerfeld J, Weber S, Bolton M (2015) Foraging distribution of a tropical seabird
supports Ashmole’s hypothesis of population regulation. Behavioral Ecology and
Sociobiology 69: 915-926. doi: 10.1007/s00265-015-1903-3.

O’Reilly JE, Maritorena S, Mitchell BG, Siegel DA, Carder KL, Garver SA, Kahru M,
McClain C (1998) Ocean color chlorophyll algorithms for SeaWIFS. Journal of
geophysical research 103 (11): 24937-24953. doi: 10.1029/98JC02160.

Paiva VH, Geraldes, P, Ramirez I, Garthe S, Ramos JA (2010a) How area restricted
search of a pelagic seabird changes while performing a dual foraging strategy. Oikos
119: 1423-1434. doi: 10.1111/j.1600-0706.2010.18294..x.

Patterson TA, Thomas L, Wilcox C, Ovaskainen O, Matthiopoulos J (2008) State-
space models of individual animal movement. Trends in Ecology and Evolution 23
(2): 87-94. doi: 10.1016/j.tree.2007.10.009.



27

Pennycuick CJ, Schaffner FC, Fuller MR, Obrecht HH, Sternberg L (1990) Foraging
Flights of the White-Tailed Tropicbird (Phaethon lepturus): Radiotracking and Doubly-
Labelled water. Colonial Waterbirds 13(2): 96-102. doi: 10.2307/1521574.

Peters RH (1983) The ecological implications of body size. Cambridge University
Press, Cambridge, 329 pp.

Pinaud D, Weimerskirch H (2005) Scale-dependent habitat use in a long-ranging
central place predator. Journal of Animal Ecology 74: 852—863. doi: 10.1111/].1365-
2656.2005.00984.x.

Pocklington R (1979) Seabird Distributions in the Indian Ocean. Marine Biology 51:
9-21. doi: 10.1007/BF00389026.

Ramos JA, Maul AM, Ayrton V, Bullock I, Hunter J, Bowler J, Castle G, Mileto R,
Pacheco C (2002) Influence of local and large-scale weather events and timing of
breeding on tropical roseate tern reproductive parameters. Marine Ecology Progress
Series 243: 271-279. doi: 10.3354/meps243271.

Ramos JA, Bowler J, Betts M, Pacheco C, Agombar J, Bullock I, Monticelli D (2005)
Productivity of White-tailed Tropicbird on Aride Island, Seychelles. Waterbirds 28(4):
405-410.

Raymont JEG (1980) Plankton and Productivity in the Oceans. Pergamont Press,
Oxford, 496 pp.

Ribic CA, Ainley DG (1997) The relationship of seabird assemblages to physical
habitat features in Pacific equatorial waters during spring 1984-1991. ICES Journal of
Marine Science 54: 593-599. doi: 10.1006/jmsc.1997.0244.

Riou S, Gray CM, Brooke ML, Quillfeldt P, Masello JF, Perrins C, Hamer KC  (2011)
Recent impacts of anthropogenic climate change on a higher marine predator in
western  Britain. Marine Ecology Progress Series 422: 105-112. doi:

10.3354/meps08968.



28

Sabarros PS, Grémillet D, Dermarcq H, Moseley C, Pichegru L, Mullers RHE,
Stenseth NC, Machu E (2014) Fine-scale recognition and use of mesoscale fronts by
foraging Cape gannets in the Benguela upwelling region. Deep-Sea Research Il 107:
77-84. doi: 10.1016/j.dsr2.2013.06.023.

Santos CD, Hanssen F, Mufioz AR, Onrubia A, Wikelski M, May R, Silva JP (2017)
Match between soaring modes of black kites and the fine-scale distribution of
updrafts. Scientific Reports 7: 6421. doi: 10.1038/s41598-017-05319-8.

Scales LK, Miller PI, Embling CB, Ingram SN, Pirotta E, Votiers SC (2014) Mesoscale
fronts as foraging habitats: composite front mapping reveals oceanographic drivers of
habitat use for a pelagic seabird. Journal of the royal society interface 11: 20140679.
doi: 10.1098/rsif.2014.0679.

Schaffner FC (1988) The breeding biology and energetics of the White-tailed
Tropicbird (Phaethon lepturus) at Culebra, Puerto Rico. Masters dissertation, Coral

Gables, Florida: University of Miami.

Schaffner FC (1990) Food provisioning by White-Tailed Tropicbirds: Effects on the
developmental pattern of chicks. Ecology 71(1): 375-390. doi: 10.2307/1940275.

Schneider DC (1993) The role of fluid dynamics in the ecology of marine birds.
Oceanography and Marine Biology: An Annual Review 29: 487-521.

Schreiber W, Schreiber EA (1984) Central Pacific seabirds and the El Nifio Southern
Oscillation: 1982 to 1983 perspectives. Science 225: 713-716. doi:
10.1126/science.225.4663.713.

Shealer DA (2002) Foraging behavior and food of seabirds. In: Schreiber EA, Burger
J (Eds) Biology of Marine Birds. CRC Press, Boca Raton, FL, 137-177.

Shoji A, Aris-Brosou S, Fayet A, Padget O, Perrins C, Guilfor T (2015) Dual foraging
and pair coordination during chick provisioning by Manx shearwaters: empirical
evidence supported by a simple model. The Journal of Experimental Biology 218:
2116-2123. doi: 10.1242/jeb.120626.

Soanes LM, Bright JA, Bolton M, Millett J, Mukhida F, Green JA (2015) Foraging
behaviour of Brown Boobies Sula leucogaster in Anguilla, Lesser Antilles: Preliminary



29

identification of at-sea distribution using a time-in-area approach. Bird Conservation
International 25: 87— 96. doi:10.1017/S095927091400001X.

Sokolov LV (2011) Modern telemetry: New possibilities in ornithology. Biology
Bulletin 38 (9): 885-904. doi: 10.1134/S1062359011090081.

Sommerfeld J, Kato A, Ropert-Coudert Y, Garthe S, Wilcox C, Hindell MA (2015)
Flexible foraging behavior in a marine predator, the Masked booby (Sula dactylatra),
according to foraging locations and environmental conditions. Journal of
Experimental Marine Biology and Ecology 463: 79-85. doi:
10.1016/j.jembe.2014.11.005.

Sommerfeld J, Hennicke J (2010) Comparison of trip duration, activity pattern and
diving behaviour by Red-tailed Tropicbirds (Phaethon rubricauda) during incubation
anc chick-rearing. Emu 110: 78-86. doi: 10.1071/MU09053.

Spear LB, Ballance LT, Ainley DG (2001) Response of seabirds to thermal
boundaries in the tropical Pacific: the thermocline vs. the Equatorial Front. Marine
Ecology Progress Series 219: 275-289. doi: 10.3354/meps219275.

Spear LB, Ainley DG (1997). Flight speed of seabirds in relation to wind speed and
direction. Ibis 139: 234-251. doi: 10.1111/j.1474-919X.1997.tb04621..x.

Spear LB, Ainley DG (2005) At-sea behaviour and habitat use by tropicbirds in the
eastern Pacific. Ibis 147: 391-407. doi: 10.1111/j.1474-919x.2005.00418.x.

Souza CS, Luz JAG, Macedo S, Montes MJF, Mafalda P (2013) Chlorophyll a and
nutrient distribution around seamounts and islands of the tropical south-western
Atlantic. Marine and Freshwater Research 64: 168-184.doi:
http://dx.doi.org/10.1071/MF12075.

Soutullo A, Cadahia L, Urios V, Ferrer M, Negro JJ (2007) Accuracy of lightweight
satellite telemetry: a case study in the lberian Peninsula. The Journal of Wildlife
Management 71(3): 1010-1015. doi: 10.2193/2006-042.



30

Stonehouse B (1962) The tropicbirds (Genus Phaethon) of Ascension Island. Ibis
103: 124-161. doi: 10.1111/}.1474-919X.1962.tb07242.X.

Tavares DC, Moura FMJ, Siciliano S (2016) Environmental predictors of seabird
wrecks in a Tropical Coastal Area. PlosONE 11 (12): 1-20. doi:
10.1371/journal.pone.0168717

Tchmabi CC, Araujo M, Silva M, Bourles B (2017) A study of the Brazilian Fernando
de Noronha island and Rocas atol wakes in the tropical Atlantic. Ocean Modelling
111: 9-18. doi: 10.1016/j.ocemo0d.2016.12.009.

Thiers L, Louzao M, Ridoux V, Le Corre M, Jaquemet S, Weimerskirch H (2014)
Combining methods to describe important marine habitats for top predators:
Application to identify biological hotspots in tropical waters. PlosONE 9: 1-23. doi:
10.1371/journal.pone.0115057.

Tomkiewicz SM, Fuller MR, Kie JG, Bates KK (2010) Global positioning system and
associated technologies in animal behavior and ecological research. Philosophical
Transactions of the Royal Society 365: 2163-2176. doi: 10.1098/rstb.2010.0090.

Vandenabeele SP, Shepard EL, Grogan A, Wilson RP (2012) When three per cent
may not be three per cent; device-equipped seabirds experience variable flight
constraints. Marine Biology 159: 1-14. doi: 10.1007/s00227-011-1784-6.

Vilchis LI, Ballance LT, Fiedler PC (2006) Pelagic habitat of seabirs in the eastern
tropical Pacific: effects of foraging ecology on habitat selection. Marine Ecology
Progress Series 315: 279-292. doi: 10.3354/meps315279.

Vincent C, McConnell BJ, Ridoux V, Fedak MA (2002) Assessment of ARGOS
location accuracy from satellite tags deployed on captive gray seals. Marine Mammal
Science 18 (1): 156-166. doi: 10.1111/j.1748-7692.2002.tb01025.x.

Votier, S. C, Fayet, A. L., Bearhop, S., Bodey, T. W., Clark, B. L., Grecian, J.,
Guilford, T., Hamer, K. C., Jeglinski, J. W. E, Morgan, G., Wakefield, E., Patrick, S.

C. (2017). Effects of age and reproductive status on individual foraging site fidelity in



31

a long-lived marine predator. Proceedings of the Royal Society of London B.
284:20171068.

Wakefield ED, Phillips RA, Matthiopoulos J (2009) Quantifying habitat use and
preferences of pelagic seabirds using individual movement data: a review. Marine
Ecology Progress Series 391: 165-182. doi: 10.3354/meps08203.

Weimerskirch H, Chastel O, Ackermann L, Chaurand T, Cuenot-Chaillet F,
Hindermeyer X, Judas J (1994) Alternate long and short foraging trips in pelagic
seabird parents. Animal Behavior 47: 472-476. doi: 10.1006/anbe.1994.106.

Weimerskirch H (1998) How can a pelagic seabird provision its chick when relying on
a distance food source? Cyclic attendance at the colony, foraging decision and body
condition in sooty shearwaters. Journal of animal ecology 67: 99-109. doi:
10.1046/j.1365-2656.1998.00180.x.

Weimerskirch H, Le Corre M, Jaquemet S, Marsac F (2005) Foraging strategy of a
tropical seabird, the red-footed booby, in a dynamics marine environment. Marine
Ecology Progress Series 288: 251-261. doi: 10.3354/meps288251.

Weimerskirch H (2007) Are seabirds foraging for unpredictable resources? Deep Sea
Research Part II: Tropical Studies in Oceanography 54, p. 211-223. doi:
10.1016/j.dsr2.2006.11.013.

Weimerskirch H, Le Corre M, Bost CA (2008) Foraging strategy of masked boobies
from the largest colony in the world: relationship to environmental conditions and
fisheries. Marine Ecology Progress Series 362: 291-302. doi: 10.3354/meps07424.

Yamamoto T, Takahashi A, Katsumata N, Sato K, Trathan PN (2010) At sea
distribution and behaviour of streaked shearwaters (Calonectris leucomelas) during
the nonbreeding period. The Auk 127: 871-881. doi: 10.1525/auk.2010.10029.



32

Young HS, Schaffner SA, McCauley DJ, Foley DG, Dirzo R, Block BA (2010)
Resource partitioning by species but not sex in sympatric boobies in the central

Pacific Ocean. Marine Ecology Progress Series 403: 291-301. doi:
10.3354/meps08478



33

Dual Foraging Strategy of the White-tailed Tropicbird in the Equatorial Atlantic Ocean

Leila Figueiredo de Almeida Silva Campos !, Sophie Bertrand 23, Marcio Amorim Efe *

! Bioecology and Conservation of Neotropical Birds Lab. — ICBS/UFAL - Av. Lourival Melo
Mota, s/n, Tabuleiro dos Martins, CEP: 57072-900, Maceid, AL, Brazil.

2 Institut de Recherche pour Le Développement (IRD), UMR248MARBEC, Centre de
Recherche Halieutiqgue Méditerranéenne et Tropicale, Avenue Jean Monnet, BP 171, 34203,
Sete Cedex, France.

3 Universidade Federal Rural de Pernambuco, Rua Dom Manuel de Medeiros, s/n, Dois
Irmaos - CEP: 52171-900 - Recife/PE.

Abstract

Tropical seabirds present behavioral and physiological adaptations to oligotrophic
environments, such as asynchronous breeding, generalist feeding habits and dual foraging
strategy. The White-tailed Tropicbird Phaethon lepturus (WTTB) is a fairly well studied
species, but data on its movement behavior are still scarce. In this paper we studied breeding
WTTB from the Fernando de Noronha Archipelago in northeastern Brazil, the largest
breeding site of the species in the Equatorial Atlantic Ocean. With miniaturized GPS loggers,
we calculated speed, distance from colony and trip duration and determined different
behavioral states (sitting on water, searching for food and travelling) and the proportion of
time spent in each behavior. Comparisons between behaviors within foraging strategies were
made .The study accessed 21 foraging trips that evidenced dual foraging strategy, with
theoretical foraging radius for short trips of 94.97 km and 279.52 km for long trips. Overall
flight speed had a mean of 32.58 (+ 16.26 km.h'!), whereas proportion of time spent in each
behavior was significantly different between short and long trips for sitting on water,

searching and travelling behaviors.
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In general, our results corroborate previous studies elsewhere on both tropicbirds and other
tropical seabirds, and demonstrate that during chick rearing, as much constrained to the
environment close to the colony, adults present different activity patterns for long and short
trips, engaging into long trips to further foraging grounds while short trips must enable
parents to quickly reach food patches and return to colony. In addition, we suggest that
WTTB in Fernando de Noronha know the coarse scale direction of food patches but search for

unpredictable patches in small temporal scales.

Key words: tropicbird, movement ecology, GPS, activity patterns, Equatorial Atlantic.

Introduction

Tropical seabirds live in highly oligotrophic environments (Ashmole 1971) where prey
exhibit patchy distributions. Therefore, tropical seabirds present important physiological and
behavioral adaptations for foraging on such resources (Weimerskirch et al. 2005,
Weimerskirch 2007). Tropical oceanic features, such as current systems, thermocline depth
and low primary productivity (Bertrand et al. 2014; Sabarros et al. 2014) imply extended
foraging radius and high foraging costs for seabirds (Ballance et al. 1997; Catry et al. 2009a;
Fauchald 2009).

Among the adaptations required to cope with environmental constraints, tropical seabirds rely
on surface plunging or aerial feeding (Ballance and Pitman 1999; Chang et al. 2016), which
may be facilitated by commensalism with sub-surface predators such as tunas and dolphins
(Au and Pitman 1989; Ballance et al. 1997; Jaquemet et al. 2004; Maxwell and Morgan
2013). Dual foraging pattern is also common in those ecosystems, with parents alternating
short trips for chick attendance and long trips to distant foraging grounds for self-provisioning

(Weimerskirch et al. 1994; Sommerfeld and Hennicke 2010; McDuie et al. 2015)
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In pelagic environments tropicbirds usually feed solitarily, with no large multispecies feeding
flocks ((Diamond 1975; Schaffner 1990; Jaquemet et al. 2004; Spear and Ainley 2005).
Tropichirds have a plastic phenology with asynchronous breeding, slow chick growth and
generalist trophic niche (Ramos et al. 2005; Catry et al. 2013) and, as it is usual in seabirds,
their oceanic distribution is reduced during the breeding stage to a certain distance from
colony (Spear and Ainley 2005; Mejias et al. 2017).

Previous studies on the tropicbird family focused mostly on breeding performance, response
to environmental variables at local scales, feeding habits and conservation issues (Schaffner
1990; Le Corre et al. 2003; Catry et al. 2009b; Sommerfeld and Hennicke 2010, Catry et al.
2013; Leal et al. 2016; Mejias et al. 2017; Nunes et al. 2017). New research tools have been
used to access foraging parameters of pelagic seabirds, such as miniaturized GPS loggers
(Evans et al. 2013). In this paper, the first to our knowledge to provide high resolution
movement description (high frequency GPS tracking data) of white-tailed tropicbirds, we aim
to: 1) determine foraging behavior of WTTB; 2) understand how movement metrics are

related to foraging preferences.

Methods

Study site

The study was conducted at Morro do Chapéu (32°2530°W, 3°51'57°S), an islet located at
Fernando de Noronha Archipelago, northeastern Brazil. The Archipelago is influenced by
trade winds and by two oceanic currents, the South Equatorial Current at surface and the
deeper South Equatorial Undercurrent, both oligotrophic (Cordeiro et al. 2013; Tchmabi et al.
2017). The islet supports the largest White-tailed Tropicbird colony of the Equatorial Atlantic
(around 200 individuals, Mancini et al. 2016) and birds nest into cavities in the sedimentary

rocks, the “caracas” (Figure 1).
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Sampling

The study area was checked daily from August 12" to October 31 2015 and parents with
chicks with age ranging from hours to 3 weeks were selected for GPS deployment. Birds were
captured by hand preferably before dawn, individualized by stainless steel bands from
CEMAVE/ICMBIo and received Gypsy 4 GPS loggers (Technosmart, Italy) on their four
central tail feathers. Logger were waterproofed with a heat-shrinking tube and attached to the
rectrices with TESA® tape (Wilson et al. 1997). The devices recorded date, time, longitude,
latitude, instant speed ground, altitude, number of satellites and HDOP (Horizontal Dilution
of Precision). Positions with HDOP above 6 were withdrawn for the analysis. A total of 21
trips were collected, with sampling period of 10, 30 and 60 seconds. This resolution
parameter does not allow determining directly dive events, as points accessed at 60 s interval
might hide a diving bout performed in between fixes. However, battery autonomy was

insufficient at finer resolution (e.g. 10 seconds) to record complete trips, even the short ones.

Movement parameters

Speed values were calculated as the ratio between the distance and time elapsed between
consecutive GPS positions (Zavalaga et al. 2012). Positions at the colony and with speed
values above 100 km.h"! (considered as artifacts generated by position errors, n=36) were
removed from the analysis (Figure 2; see also Pennycuick et al. 1990; Spear and Ainley 1997)
in all 21 trips tracked (but see Wakefield et al. 2009 for problems in this procedure).

An examination of the frequency distribution of the speed values allowed a separation into
three behavioral states, as indicated by previous studies: points with speed below 10 km.h*
were considered as “sitting on the water” since birds could be both sitting on the water or
engaging in diving bouts, a distinction our data cannot solve (Weimerskirch et al. 2005;
Weimerskirch et al. 2008; Zavalaga et al. 2012; Cercere et al. 2013). Area Restricted Search

behavior was characterized by speed between 10 and 40 km.h; travelling (return to colony or
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flight between food patches) with speeds between 40 and 100 km.h* (Pinaud 2008; Soanes et
al. 2014). Distance between search areas was calculated as the area between the last search
position detected in a given location and the next consecutive search point after a series of
travelling positions (Sommerfeld et al. 2015).

White-tailed Tropichirds present dual foraging strategy (Campos et. al. 2018) and therefore
short (trips performed by nest-attendant parent) and long (incomplete trips performed by the
non-attendant parent) (Sommerfeld and Hennicke 2010; McDuie et al. 2015; Ochi et al. 2016)
were treated differently. Each behavior state was used to calculate proportion of time spent in

different activities for both short and long foraging trips.

Since foraging metrics of long trips could not be thoroughly accessed due to battery
exhaustion, we estimated a theoretical foraging radius (Pennycuick et al. 1990; Le Corre et al.
2003; Sommerfeld and Hennicke 2010) of WTTB engaging in long trips, using proportion of
time spent in flight of 78 % (based on short trips), mean flight speed value of 34.13 km.h!
and mean trip duration of 10.5 hours, the maximum value obtained in logger data. The result
was compared to a calculated theoretical foraging radius using the known short trip metrics
for proving.

Statistics

A Shapiro-Wilk test was performed in all movement metrics to investigate normal distribution
of data. The proportion of time spent sitting on water, searching and travelling behaviors in
short and long trips were compared with Pearson’s Chi-squared test with p<0.05, with five
short trips e randomly selected for comparison with long trips. All statistics were computed
with R software (R Core Team 2017).

Results

16 complete trips (whole foraging trip presented in data) and five incomplete trips (battery

exhaustion caused incomplete recording) from 14 animals were accessed, with 9.031 position
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points. WTTB leave the colony at dawn in order to perform short foraging trips and return to
colony before dusk while attending the chick. While in long foraging trips, however, birds do

not access roosting islets or return to colony for 4-11 days.

Mean speed values of 32.58 + 16.26 km.h"* were observed for flight behavior (searching and
travelling) considering both foraging strategies whereas short trips presented mean flight
speed of 31.22 + 15.45 km.h and long trips presented mean speed of 34.13 + 17.01 km.h

(Figure 2).

WTTB from Fernando de Noronha spent most of their short foraging trips in search for food
patches (60%) while sitting on the water and travelling represented 20 and 18% of their time,
respectively. While long trips were not thoroughly accessed, the proportion of time spent
sitting on the water was 43 + 18 %, searching for food patches of 39 + 20 % and travelling
was of 14 + 9 % (Figure 3). Activity parameters in both short and long foraging trips were
statistically different. The proportion of time spent in each behavior was significantly

different between short and long trips for sitting at water (x= 0.861, p=0.93, df= 4), searching

(x=0.452, p=0.97, df= 4) or travelling (y= 0.173, p=0.99, df=4).

The theoretical foraging radius was of 94.97 km for short trips and 279.52 km for long trips.
Birds commute between foraging areas and the colony in a looping direction while mean
distance between search areas was of 4.25 +3.04 km. Long foraging trips of WTTB lasted
from four to 11 days (in situ observation) and the miniaturized GPS loggers (i.e. ‘Gypsy 4°, 5
g) used did not have such battery autonomy (Chan et al. 2015). Therefore the results for long
trips should be treated with caution. However, it is clear that WTTB cope with environmental
constraints by using dual foraging strategy with different behavioral strategies and that long

trips are related to areas further from colony than short trips.

Discussion
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WTTBSs breeding in Fernando de Noronha present a coordinated dual foraging strategy with
different activity patterns while in chick-rearing. Even if biased by the lack of complete
access to long trip data due to battery exhaustion, our results show differences in movement
behaviour on foraging trips in both searching for food and travelling behaviour and provide
insights on the movement ecology of tropicbirds on their equatorial colony.

Our results corroborate previous studies on both tropicbirds and other tropical seabirds and
demonstrate that adults in chick rearing, as much constrained to the environment close to the
colony, present different activity patterns while in long and short trips, engaging into long
trips to further foraging grounds while short trips must enable parents to quickly reach food
patches and return to colony (Congdon et al. 2005, Spear and Ainley 2005, Catry et al.
2009a; Fauchald 2009; McDuie et al. 2015, Tyson et al. 2017)

Dial activity patterns

WTTB present a coordinated dual foraging strategy in Fernando de Noronha, with marked
differences in nest attendance and trip duration in short and long trips. It is unclear how
parents coordinate their trips, but during the first two weeks of chick-rearing, synchronous
burrow attendance seems to be the trigger to alternation between the attendant partner, who
will perform daily short trips, and the bird who will immediately engage in a long trip, as seen

in Tyson et al. (2017).

Tropicbirds have high energetic demands due to their flapping flight (Mannocci et al. 2014)
and therefore some of their traveling time to foraging grounds is resting on water, both at day
and night, much like Red-billed Tropicbird Phaethon aethereus in Abrolhos Archipelago Leal
(2013), Red-tailed Tropicbhirds Phaethon rubricauda in Christmas Island (Sommerfeld and
Hennicke 2010), Nazca Boobies Sula grantii in the Galapagos (Zavalaga et al. 2012), and

WTTB in the Sub-tropical Atlantic (Mejias et al. 2017).
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The fact that tropicbirds engage in long foraging trips to distant foraging grounds (Campos et
al. 2018) despite their costly flight, might represent an energetic constraint imposed by the
highly oligotrophic environment around Fernando de Noronha (Cordeiro et al. 2013; Souza et
al. 2013; Tchmabi et al. 2017). This environment seems insufficient for adult provision and

therefore a coordinate dual foraging strategy is necessary.
Flight speed

The mean speed of 31.22 (+ 15.45) and 34.13 (+ 17.01) km.h for short and long trips is
lower than found by Schaffner (1990) of 46.8 km.h flight speed (based on a theoretical
calculation) of Puerto Rican WTTB, Pennycuick et al. (1990) of 44.28 km.h! for WTTB, Leal
(2013) in RBTB of 44.2 (+ 14.9) km.h*t and Spear and Ainley (1997), who predicted flight
speeds of tropicbirds ranging from 50.29 to 60.26 km.h depending on wind direction.

Considering the different and less precise logger data used in earlier studies, the lack of
information on removal of high speed values in previous studies and based on proportion of
time spent on each behavior and visual analysis of the trips, searching behavior comprehends
a great proportion of the foraging trips of birds from Fernando de Noronha and, therefore, the

lower speed values can be related to this activity throughout most of the time.
Activity patterns and foraging radius

WTTB engaged in searching for food as soon as they left the colony and this behavior
occupied the majority of time spent in short foraging trips, a pattern distinct from non-
breeding WTTB from the Bermudan colonies, who spent more time in water in 2014-2015
(59 and 58% of the time with a mean of 7 hours) than in flying mode (41 and 42% of the time

with mean value of 5 hours) during the day (Mejias et al. 2017).

Leal (2013) found random movements, i.e. (non-directional flight) in 58% of the time spent in

foraging trips of RBTB in Abrolhos Archipelago and 42% in feeding events. However, since
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this study provides the same speed values for both feeding and sitting at water surface it
seems clear how similar at-sea behavior of the sister species are at the Tropical Atlantic.
Sommerfeld and Hennicke (2010) found that in breeding RTTB the proportion of time spent
in flying mode varied greatly between incubating and chick-rearing adults, when birds spend
on average 62.4 + 17.3 and 90.1 + 8.6% of day time flying, respectivelly. The authors
hypothesized that the large amount of time spent in flight mode by chick-rearing birds was
expected since the brevity of their foraging trip (like in our study, short foraging trips by the
attendant parent lasted no longer than a few hours) would reduce time available for searching
behavior and therefore high flying proportion would increase the chance of finding food

patches.

Tropichirds presented difference in activity patterns in short and long trips, an evidence of
their plastic behavior (Catry et al. 2013). In short trips, time constraints and nesting
attendance induce high proportion in searching behavior (Sommerfeld and Hennicke 2010) in
oligotrophic areas, while in long trips birds must balance energetic cost of commuting to
distant areas with the necessity of high food intake (Pettex et al. 2010). The larger theoretical
foraging radius for long trips shows that those trips represent not only more time to encounter
prey, but intentional travel to further feeding areas, evidencing that the ocean around the
Archipelago would not provide enough food for adults even if they spent long periods in the

same area used in short trips.

WTTB in Fernando de Noronha did not restrict search and sitting on the water (either resting
or feeding) to areas next to the maximum distance achieved but presented search behaviour
along most the trip, with looping strategy, indicating that prey encounters were scattered in
the area. Prey availability is related to patchily distribution, and seabirds must cope with
different spatial and temporal scales in order to reach foraging areas (Weimerskirch 2007,

Paiva et al. 2010). Searching behaviour represents individual response to changes in prey
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distribution (Paiva et al. 2010), increased productivity (Weimerskirch 2007) and time
constraints (Votier et al. 2017). While commuting is usually associated to previous
knowledge of food patches, looping trips represent increase search effort for unpredictable

prey encounters (Weimerskirch 2007).

We do not know if birds started search behaviour due to proximity to previous known areas of
foraging (Pettex et al. 2010; Votier et al. 2017) or if the behavior was triggered by detection
of food patches. If the first, tropicbirds would remember where to forage in a small spatial
scale, much like seabirds from polar and temperate waters (Fauchald 1999; Weimerskirch
2007; Votier et al. 2017). However, in the second scenario, the presence of an unpredictable
food patch would induce searching behavior (Paiva et al. 2010). Our data is more consistent
with the second hypothesis since birds presented low speed values and high proportion of
time in searching through most of the trips, returning to colony at high speeds after successful

feeding in looping trips.

Our data suggests that birds departing from colony use visual cues of returning birds to derive
information on the direction of successful food encounters in a small temporal scale (Boyd et
al. 2016) or that a colony memory-based system knows the coarse scale direction of food
patches (i. e. the area located southeast of the Archipelago) but search for nested
unpredictable patches in small temporal scales. Some of the tagged birds in departure might
have used the return direction of other WTTB to locate the coarse direction of food patches
but more investigations are needed in order to determine the search strategy that best
represents direction choice at the Archipelago. However, both strategies indicate a highly
oligotrophic and unpredictable environment, which is reinforced by the small distance
between searching areas, a proxy for prey encounter rates (Sommerfeld et al. 2015), and by
the dual foraging strategy, an evidence of less predictable resource availability near the

colony (Paiva 2010). This explains the extent of the theoretical foraging radius of the colony,
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corroborating previous studies in oligotrophic waters (Weimerskirch 2007; Soanes et al.

2016).

Previous studies show that long foraging trips to distant foraging grounds in tropical seabirds
are related to self-provision (Weimerskirch et al. 1994; Weimerskirch et al. 1998; Ochi et al.
2010; Riou et al. 2011; Avalos et al. 2017) and to oceanic features related to increase in prey
availability, such as seamounts (Morato et al. 2010; McDuie et al. 2015). In Fernando de
Noronha the presence of nutrient mixture in seamounts does not reach the euphotic zone and
therefore the area is overall highly oligotrophic (Becker 2001; Souza et al. 2013; Tchmabi et
al. 2017). It might be that southeastern waters are more favorable to WTTB preferred prey
(Diamond 1975) the Exocoatidae flyingfish (Zainuddin 2011; Lewallen et al. 2017) or that
although prey might be patchily distributed in the oceanic environment around the
Archipelago, its availability is higher in this particular area in the studied temporal scale

(Carroll et al. 2017).

The chosen foraging area of seabirds is a result of previous knowledge, colony size,
competition and environmental features (Soanes et al. 2016) and therefore future research
should examine the relationship of WTTB with all these variables, especially the oceanic
environment surrounding Fernando de Noronha to elucidate whether birds’ bearings and

activity patterns are influenced by the ocean’s physical conditions.
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Figures

Figure 1. Study site: Caracas rocks at Morro do Chapeu Islet, Fernando de Noronha.
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Figure 2. Histogram of flight speeds for short trips (n=16; a), long trips (n=5; b) and pooling

all foraging trips together (n=21; c).
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Figure 3. Activity patterns in foraging trips. a) On water (<10 km.h'!) and searching points

(10< and <40 km.h) in most of the track. Travelling behavior (<40 and <100 km.h?) at

return to the colony. b) Foraging trip with high proportion of searching and on water

behaviors. Traveling comprehends a smaller portion of time. Colors: On water in red;

searching in yellow; travelling in white; black dots represent speeds above 100 km.h™.
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Abstract

The foraging ecology of seabirds has developed enormously after the introduction of animal
tracking technology. Tracking data is particularly powerful when combined with
oceanographic information derived from satellite remote sensing, allowing to understand the
functional mechanisms of marine ecosystems. While this framework has been greatly used
over the last two decades, there are still vast ocean regions and many seabird species for
which information is very scarce, particularly in tropical oceans. In this study we tracked for
the first time a tropicbird species with GPS dataloggers. We followed the movement at sea of
15 white-tailed tropicbirds (Phaethon lepturus) during chick-rearing from a colony in
Fernando de Noronha (offshore of Northeast Brazil) at high GPS rate. Flight behaviours of
travelling and searching for food were derived from GPS data and examined in the light of
satellite sensed oceanographic variables. White-tailed tropicbirds showed clear preference for
clear and warm sea surface waters, which are indicative of low productivity but are likely the
best habitat for preying upon flying fish. These findings are consistent with previous studies
showing that foraging habitat choices of tropical seabirds may not be driven by productivity,

as it has been widely shown for non-tropical species.
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Introduction

The way pelagic seabirds move across the vastness of the open ocean have fascinated
generations of scientists, but only recently technological developments provided the tools to
uncover that mystery. It was only in the early 90s that the movement of seabirds at-sea was
first followed with tracking devices [1, 2]. Since then, major technological improvements
have made tracking devices smaller, more accurate, and more affordable, which boosted their
use in ecological studies, particularly on seabirds [3, 4]. Similarly, satellite remote sensing has
been improved over the last two decades in order to sense relevant oceanographic parameters,
such as sea surface temperature (SST) or chlorophyll abundance [5, 6]. When set together,
tracks of marine animals and oceanographic variables derived from satellite imagery provide
exceptional opportunities to understand the functional mechanisms of marine ecosystems [7].
In seabird research the simultaneous use of tracking devices and satellite imagery has
escalated since the early 2000s [8]. The most recent studies have taken advantage of the
increased spatial and temporal resolution of tracking devices and satellite sensors to identify
behavioural responses of seabirds to food patches [e.g. 9, 10, 11]. But while the tools
necessary to understand how seabirds use their sea environment are now available, large
oceanic regions, particularly in the tropics, remain poorly studied [but see 12, 13-15, 16 as
examples of tracking studies with tropical seabirds].

By far the majority of seabirds tracking studies have been conducted in temperate and polar
regions. Those have generally shown that seabirds concentrate their foraging in areas of high
ocean productivity, typically characterized by high abundance of phytoplankton and low SST
[e.g. 17, 18, 19]. Productive areas normally match with regions of upwelling, where nutrient-
rich water rise to the surface, in consequence of specific sea bottom and current profiles, and
supports the development phytoplankton [20]. Seabirds tend to show high fidelity to these

areas and typically develop commuting movements from their breeding colony [21, 22]. In
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commuting movements birds travel in a linear path and constant speed between the breeding
colony and the feeding areas where their path becomes highly tortuous and slow [22]. In
contrast, tropical seabirds tend to show looping movements, where feeding events are sparsely
distributed along their loop shaped paths, and they normally present low fidelity to feeding
areas [22]. Several authors have argued that while polar, temperate and subtropical seabirds
feed on areas with predictable productivity (e.g. shelf slopes, ice edges, or ocean fronts),
tropical seabirds feed to a large extent in association with subsurface predators (large
predatory pelagic fish and cetaceans) that force fish schools towards the surface [e.g. 12, 23,
24)].

Tropichirds are enigmatic seabirds that mostly forage solitarily in tropical and subtropical
seas [25, 26]. They have been traditionally grouped with pelicans, cormorants, gannets,
boobies and frigatebirds in the order Pelecaniformes, but recently they were found to be more
closely related to the Eurypygiformes, that include the sunbittern (Eurypyga helias) and the
kagus, based on whole-genome analyses [27]. This makes them unique among seabirds
taxonomically. Ecologically, they share with boobies, gannets and terns the ability of plunge
diving, but unlike these species they avoid foraging in large multi-species flocks [26]. They
are also unusual by the fact that they fly long distances, comparable to procellariids, but they
lack the ability to soar [28-30]. This flight behaviour seems to be possible because they rest
long periods on the water [26, 31]. Despite these intriguing characteristics tropicbirds were
only tracked three times [14, 31, 32] before our study and never with GPS, which greatly
limits our understanding of their foraging ecology.

In this study we GPS-tracked 15 white-tailed tropicbirds (Phaethon lepturus) at high
frequency (between 1 and 6 fixes per minute) in order to infer on their foraging behaviour at
sea. Animals were caught during chick-rearing in Fernando de Noronha, a tropical oceanic

Archipelago offshore of the Northeast Brazilian coast. Foraging behaviour of birds at sea was



58

examined in the light of oceanographic variables derived from high spatial resolution
Moderate-resolution Imaging Spectroradiometer (MODIS) imagery in time frames of two
days. With this approach we aimed to understand how birds respond behaviourally to
gradients of chlorophyll-a, SST, and turbidity, which were shown to be major drivers of

foraging habitat use by many seabird species [8, 33].

Materials and Methods

Ethics Statement

The experimental procedures of this study, including bird trapping and the GPS tagging, were
approved by the Instituto Chico Mendes de Conservacdo da Biodiversidade (ICMBIo)

through the license SISBIO 27714-4.

Study area and data collection

This study was conducted in Fernando de Noronha Archipelago (3.86°S, 32.42°W), 354 km
offshore of the Northeast Brazilian coast. The archipelago is composed by 21 islands and
islets occupying ca. 26 km?, and it is protected by Brazilian legislation as a marine national
park since 1988. The islands hold large concentration of tropical seabirds, including a
breeding population between 100 and 300 of white-tailed tropicbirds [34]. The climate is
tropical with two marked seasons, the rainy season from January to August and the dry season
from September to December. The average annual temperature is 27°C and the rainfall 1400
mm [34]. The region is influenced by two main oceanic currents, the near surface westward
central branch of the South Equatorial Current and the deeper eastward South Equatorial
Undercurrent [35]. The seawater is considered oligotrophic, where phytoplankton productivity
is limited by low nutrient concentrations [36]. Surface salinity ranges between 35.0 and

37.0%0 [34].



59

Tracked birds were captured during chick-rearing (chicks of 1 to 3 weeks old) in Morro do
Chapéu islet (Fig. 1), which holds the largest breeding colony of this species in the whole
archipelago [34]. The 15 tagged birds were captured by hand in the nest at dawn (4 to 4:30
am), before they leave to the sea, between August 28" to October 16" 2015. The data loggers
(5 g, Gipsy 4 GPS recorders, Technosmart, Italy) were waterproofed with shrink tube
(increasing their weight to 10-15 g) and were attached to the basis of the four central tail
feathers with duct tape. The handling of the animals took less than 10 minutes and after which

they were immediately released.

Data analysis

GPS tracks of animals flying over the sea were selected from the original dataset. These only
excluded track sections of animals at the breeding colony or flying over the islands. GPS data
loggers functioned at different rates (from 1 to 6 fixes per minute), but to use a coherent
dataset we reduced all tracks to the same resolution of 1 fix per minute. Some tracks were not
round-trip, because the data logger battery ended before the animal returned to the colony.
Tracks were divided in segments of 5 minutes and classified as “on-water”, “travelling” and
“searching” from GPS parameters as following:

On-water: Track segments where the mean speed was less than 10 Km/h, which comprises
on-water drift due to sea currents.

Travelling or searching: These behaviours were separated based on track tortuosity. Track
tortuosity was calculated as horizontal displacement (distance between the track ends) divided

by the track length. If the horizontal displacement was less than 30% of the track length, the

track segment was classified as “searching” otherwise it was classified as “travelling”.
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Track segments classified as “on-water” where excluded from further analysis, as we aimed to
infer on foraging by plunge diving. This excluded the few track segments collected during the
night, as birds were resting on the water during that period.

We related the foraging behaviour of birds to oceanographic variables derived from MODIS,
made available by the NASA's OceanColor Web (http://oceancolor.gsfc.nasa.gov). We used
the following variables:

Turbidity: The Diffuse Attenuation Coefficient at the 490 nm wavelength (commonly referred
as Kd(490) served as a proxy for water turbidity [37-39]. The Kd(490) specifically reflects the
diffuse attenuation for downwelling irradiance at 490 nm in m™* (see [40] for details).
Chlorophyll-a: near-surface concentration of chlorophyll-a in mg m=, inferred from remote
sensing reflectances in the blue-to-green region of the visible spectrum (see [41] for details).
SST: sea surface temperature in °C inferred from the 11um and 12um long wave infrared
bands (see [42] for details).

Images made available at ca. 0.009 decimal degrees (1 Km) spatial resolution were resampled
to 0.05 decimal degrees (ca. 5.57 Km) in order to reduce the number of pixels with no data
due to cloud cover. We examined bird selection of turbidity, chlorophyll-a and SST by
comparing the conditions of those variables at the sites used by birds and those available all
around the island within the range of the longest track recorded. The area of considered
available for birds was squared, to facilitate raster analysis, ranging from 5.1134° to 2.6054°S
in latitude and from 33.6806° to 31.1726°W in longitude. Since the spatial distribution of
oceanographic variables varied largely during the sampling period (average Pearson’s
correlation between images available for the sampling period were nearly zero for all
variables), we decided to examined each day of tracking in the light of the images available
for that day and the day before. We used images of the day before because it is likely that

birds decide their route using recent foraging experience. In fact, some individuals tracked in
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following days repeated sections of their routes, while there was no route overlap in tracks
recorded more separated in time. Thus, images of daily availability for each oceanographic
variable were produced by averaging images of the tracking day and the day before. Available
conditions and those used by the birds were then combined into a daily selection score. To
produce that score we first ranked each availability image between 0 and 20. This brought the
availability images of different tracking days to the same scale. The daily selection score was
obtained by replacing the original values of oceanographic variables at sites chosen by birds
(track segment centroids) by the corresponding ranks of the standardized scale of the
availability images. For each variable the availability ranks will show a uniform distribution
centred at 10. The distribution of selection scores should be similar to that of availability
ranks if no selection of oceanographic conditions exists, otherwise we may conclude that
birds show patterns of selection (see Fig. S1). Patterns of selection may be based on deviance
from uniform distribution and/or deviance of distribution centre (i.e. not centred at 10). We
considered that patterns showing deviance of distribution centre were the most robust
evidence of selection, and conservatively we interpreted only those patterns. Thus, we made
conclusions on bird selection of oceanographic conditions only if selection scores were
significantly different from 10, based on one sample Student’s t-tests. We were unable to
perform multivariate modelling because there was mismatch in the missing values of the
different oceanographic variables, and the removal of all missing values would dramatically
decrease our sample size and compromise the power of our analysis. We prevented problems
of multiple comparisons by applying Bonferroni corrections to our Student’s t-tests.
Although, turbidity and chlorophyll-a had some degree of correlation (Pearson’s correlation,
r=0.48), we considered that they differed enough to be interpreted separately. These two
variables had virtually no correlation with SST (turbidity vs SST: r= -0.04; chlorophyll-a vs

SST: r=0.04). All data analysis procedures were conducted with the software R [43].
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Data accessibility

All data are available at ...

Results

We tracked 15 different birds during one to four trips each. Birds showed higher
concentration of movements between the S and SE directions (Fig. 1). Our tracking dataset
included 6671 GPS fixes, from which we classified the behaviour of birds for 1230 track
segments of 5 minutes each. From these, 519 were classified as “on-water” and were excluded
from the analysis, and the 711 remaining were analysed regarding their relation to
oceanographic variables. In general, behaviours classified as “travelling” and those classified
as “searching” were not segregated spatially (Fig. 1), meaning that the birds search for food as
soon as they leave the breeding colony and all along their route. This is also in agreement
with their general route pattern of looping foraging trips rather than commuting foraging trips
(Fig. S2).

The oceanographic conditions studied here, turbidity, Chlorophyll-a, and SST, varied
considerably during the tracking sampling period (average Pearson’s correlation between
images available for the sampling period were 0.01, 0.02 and 0.03 for turbidity, ChlorophylI-
a, and SST respectively), illustrating a highly unpredictable environment from the birds.
Nevertheless, regions to the NW direction of the island tend to be warmer at surface (based on
SST) that those to the SE direction (Fig. S3).

Birds showed a preference for clearer (low turbidity) and warmer surface (high SST) waters
while they flew over the sea, but showed no clear preference regarding Chlorophyll-a
concentrations (Fig. 2; Student’s t-tests Bonferroni corrected: t = -2.9, df = 576, p-value =

0.010; t = -1.7, df = 576, p-value = 0.276; t = 2.6, df = 681, p-value = 0.032; for turbidity,
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Chlorophyll-a, and SST respectively). Matching and clearer results were found when we
considered only the track segments classified as “searching”. Birds searching for food showed
strong preference for warmer and clearer waters, and no clear preference with regards to
Chlorophyll-a concentrations (Fig. 3low pannel; Student’s t-tests Bonferroni corrected: t = -
3.5, df = 249, p-value = 0.002; t = -0.7, df = 249, p-value = 1; t = 3.7, df = 288, p-value =
0.0008; for turbidity, Chlorophyll-a, and SST respectively). In contrast, for track segments
classified as “travelling” there was no clear association with any of the oceanographic
variables (Fig. 3 top pannel; Student’s t-tests Bonferroni corrected: t = -0.9, df = 326, p-value
= 1;t = -1.6, df = 326, p-value = 0.335; t = 0.4, df = 392, p-value = 1; for turbidity,

Chlorophyll-a, and SST respectively).

Discussion

We showed that white-tailed tropicbirds searching for food in oligotrophic waters during
breeding tend to use areas with higher SST and lower turbidity than that available within their
foraging range (Fig. 3), while no clear patterns of selection for chlorophyll-a were observed
(Fig. 3). For track segments where birds were travelling there was no evidence for selection of
any of the oceanographic parameters examined (Fig. 3). Our results also indicate that white-
tailed tropichirds forage along their foraging trips, therefore, in a wide view, there is no
spatial segregation between searching and travelling track segments (Fig. 1). The general
shape of white-tailed tropicbirds tracks are coherent with the foraging patterns described
above, being closer to what is usually defined as looping foraging trips, rather than
commuting foraging trips (Fig. 2S, [22]).

To some extent, these patterns match with general predictions of habitat use by seabirds
breeding tropical oceanic islands, where the sea is largely unproductive and the food

resources are unpredictable [22]. The sea bottom around tropical oceanic islands is generally
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deep and flat, and upwelling is restricted to scattered seamounts, eddies and frontal zones
[44]. In addition, breeding seabirds search for food within a limited range of their colony,
because their chicks need to be fed frequently [45]. Thus areas of predictable upwelling are
often too far from their reach. The very low temporal correlation in the oceanographic
parameters found in our study area during the sampling period supports the idea that feeding
conditions around Fernando Noronha are unpredictable. Interestingly, there were a few
seamounts within the foraging range of the birds, but they did not use them as feeding areas
(Fig. S3). A study in the same region found that even seamounts that reach a few tens of
meters below the surface do not disturb the vertical stratification in the euphotic zone [36],
thus they unlikely create productivity patches usable by the birds. In fact, we did not see any
patterns in the oceanographic parameters indicative of productivity in the areas where these
seamounts are located (Fig. S3). In summary, feeding white-tailed tropicbirds breeding in
Fernando de Noronha, seem to be far from areas of predictable productivity, and all the
oceanographic parameters measured within their feeding range vary considerably in time and
space. This seems to explain why the areas where they feed are scattered and why they
develop looping foraging trips [22].

It may seem counter-intuitive, however, that birds show preference for warmer and clearer
waters as these are associated with low productivity [20]. And this is somewhat supported by
the apparent irrelevance of the chlorophyll-a concentration in the choices of foraging areas by
the birds. However, an increasing number of studies in tropical areas have failed to link
chlorophyll-a and SST to foraging habitat use of seabirds, or have found negative
relationships between bird occurrence ocean productivity [e.g. 10, 23, 29, 46]. This may be
explained by spatial mismatches propagated along the trophic chain [47]. White-tailed
tropichirds, as many other topical seabirds, prey upon flying fish to a large extent [48-50],

therefore we should expect a positive relationship between the foraging areas selected by
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white-tailed tropicbirds the distribution of flying fish, and not necessarily the distribution of
sea productivity. Interestingly, a recent study using airborne LiDAR and covering a large area
(approximately 75,000 km?) in the Gulf of Mexico found that abundance of flying fishes
increases with SST and decreases with Chlorophyll-a [51]. Another recent study confirms the
importance of SST explaining the distribution of flying fishes [52], including one species
(Exocoetus volitans) that is likely a main prey of white-tailed tropicbirds in Fernando de
Noronha (i.e. this species is preyed in Ascention islands [50], and abundant in Fernando de
Noronha [53]). In fact, flying fishes are unable to fly at temperatures below 20°C because
their swimming muscles are not able to contract fast enough to take-off [54], and, presumably,
higher temperature improves flight performance. Similarly, birds may select clearer waters for
other reasons than their productivity. The relevance of water transparency for plunge-divers
have been recognized long ago by Ainley [55], who hypothesised that plunge-divers should
be distributed towards clearer waters, while pursuit-divers should be more associated with
turbid waters. While several studies have confirmed or refuted this hypothesis [33, 56, 57],
Haney and Stone [57] showed from several plunge-divers that the white-tailed tropicbird was
the only significantly more abundant in clearer waters. We believe that water turbidity and
prey abundance may interact for the determination plunge-divers distribution, but it seems
logic for us that in equal conditions of prey abundance an increased water transparency should
help the birds to locate their prey, thus improving foraging success.

It should be also noted that while birds selected foraging areas with high SST within the scale
of their movement, they did not move towards regions that were in average warmer that those
used (see Fig. S3). We believe that other reasons than oceanographic parameters may explain
the large scale movement of the birds. Wind direction may be influential in the large scale
patterns of movement of seabirds [8]. However, our birds tended to leave the colony with

wind assistance and return against the wind (wind direction: mean = 302.8°, SD = 0.28, data
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from the three nearest weather station buoys, available at http://www.goosbrasil.org). This
contradicts the prediction that birds should not choose to return to the colony with headwind,
since they carry extra load of food for the chicks [58]. We believe that birds move
preferentially towards SE because their colony is facing that direction in the main island of
Fernando de Noronha, therefore in their return to the colony they do not have do fly over, or
around, the main island. Crossing over or around the main island would imply extra energy
expenditure and would expose the birds to kleptoparasitism by the abundant frigatebirds
(Fregata magnificens) flying over in the island. In fact, none of our tracked birds crossed the
main island or went around it in their return to the colony, but some did when leaving the
colony.

Overall, our findings are consistent with previous studies showing that foraging habitat
choices of tropical seabirds may not be driven by productivity. While these patterns are
scientifically interesting, they also illustrate the true challenge of mapping important foraging
areas for tropical seabirds. In this context, the direct use of seabird tracks is still the best
approach to identify priority areas for the conservation of tropical seabirds [14]. Therefore,
additional efforts must be made in order to multiply tracking studies in remote areas of the

tropical oceans.
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Figure 1. White-tailed tropicbirds flight behaviour at sea classified from GPS tracking
parameters. Tracks were segmented into sections of 5 minutes and classified as “travel” if
tortuosity was low or “search” if tortuosity was high (see methods section for further details).
Only the part of the study area with higher bird use is shown. Colony is located at the islet in

the centre of the circle.
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Figure 2. Selectivity of oceanographic conditions by white-tailed tropicbirds while flying over

the sea (this includes travelling and searching for food). For each variable the score represents
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the conditions chosen by the birds in relation to those available within the range of movement
of the individuals tracked (see methods and Figure S2). Birds used areas of lower turbidity
and higher SST than expected from the available conditions. Lines represent the density

distribution and should be interpreted similarly to the bars distribution.
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Figure 3. Selectivity of oceanographic conditions by white-tailed tropicbirds while travelling
(upper panels) and searching for food (lower panels). For each variable the score represents
the conditions chosen by the birds in relation to those available within the range of movement
of the individuals tracked (see methods and Figure S2). Birds while searching used areas of
lower turbidity and higher SST than expected from the available conditions, but did not show
clear preference for any oceanographic condition while travelling. Lines represent the density

distribution and should be interpreted similarly to the bars distribution.
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Supplementary Figure S1. Example of the analysis conducted to examine bird selectivity of
oceanographic conditions (illustrated for Turbidity). This analysis is based on the comparison
between of oceanographic conditions available within the range of movements of white-tailed
tropicbirds and those used by them (see methods). Available conditions (white bars) show a
uniform distribution centered at 10, while the conditions used by the birds (grey bars)
represent selectivity if different from a uniform distribution. The distribution of conditions
used by the birds alone is enough to make conclusions on selectivity, thus in Figures 2 and 3

we do not show the distribution of available conditions.
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Figure S2
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Supplementary Figure S2. General pattern of white-tailed tropicbirds foraging trips, illustrated

by two tracks recorded with temporal resolution of 0.1 Hz.
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Supplementary Figure S3. Spatial distribution of oceanographic variables within the range of
movements of white-tailed tropicbirds. Geographical range was set by the longest movement
in the tracking dataset. Images of SST, Turbidity and Chlorophyll-a represent average
conditions for all tracking days. It should be noticed, however, that these conditions varied
considerably within the sampling period. Average Pearson’s correlation between images
available for the sampling period was nearly zero for all variables. Original images were
obtained from NASA's OceanColor Web (http://oceancolor.gsfc.nasa.gov). Bathymetry was
obtained from ETOPO1 Global Topography  distributed by NOAA
(https://maps.ngdc.noaa.gov). Black arrow over the SST image identifies Fernando de

Noronha archipelago; blue dots over the Turbidity image are sampling points where birds
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were classified to be searching for food; arrows over the Bathymetry image identify

seamounts, with depth above the surface annotated.
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Discussao Geral

Os resultados apresentados nos capitulos anteriores compreendem detalhado
estudo sobre a ecologia de forrageio de Phaethon lepturus, com informacdes sobre
comportamento colonial, estratégias de forrageio, métricas de viagens, diferentes
comportamentos de v6o e associacdo entre caracteristicas oceanograficas e areas

escolhidas para alimentagao.
Ciclo circadiano

O presente trabalho contou com aproximadamente seis meses de observacao
(divididos entre os anos de 2014 e 2015) de Rabos-de-junco-do-bico-laranja em sua
colonia no Atlantico Equatorial, localizada em Fernando de Noronha, Brasil. O
arquipélago vem passando por um grave processo de antropizacdo e dentre 0s
impactos da ocupacdo humana tem-se o0 aporte de espécies exdticas, como gatos
domésticos, ratos e lagartos teil, além da retirada de potenciais locais para
nidificacdo de aves marinhas, notadamente na ilha principal (Catry et al. 2009a ,
Nunes et al. 2017). De fato, o relativo isolamento da Ilha Do Morro do Chapéu (area
de dificil acesso e com fiscalizacdo ICMBio/Econoronha) pode explicar o porqué
deste local, atingido periodicamente por ondas fortes em eventos de swell,
concentrar tantos ninhos de Rabos-de-junco em uma pequena area. Durante nosso
periodo de estudo um numero maximo de 66 ninhos ativos foi contabilizado,
seguindo o padrao assincronico (Ramos et al. 2005, Catry et al. 2009, Catry et al.
2013) de reproducdo da espécie, com casais no periodo de incubacdo de ovos
nidificando lado a lado a ninhos com filhotes de trés a quatro semanas, bem como

filhotes em fase de fleeding, ou seja, prestes a deixarem a colbnia.

As aves saem da colonia ao amanhecer (<05h30 min a. m) para iniciar viagens
curtas ou longas de forrageio, e os filhotes séo deixados sem protecédo durante boa
parte do dia, independente de sua idade. A necessidade de viagens diarias as areas
de alimentacdo mesmo pelo membro do par que é responsavel pelo cuidado
parental naquele momento esta relacionada a aquisicdo de um limite energético
minimo (target payload mass) obtido por aves adultas para proviséo do filhote
(Schaffner 1990), que costuma ser atingido em areas proximas a colénia enquanto
viagens para sitios alimentares mais distantes sao realizadas para provisao prépria

(Weimerskirch et al. 1994, Congdon et al. 2005, Sommerfeld e Hennicke 2010).
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Aves que retornam de viagens de alimentacdo costumam circundar a ilha por horas
enquanto praticam varias tentativas de pouso, comportamento também descrito por
Schaffner (1990) em Porto Rico. A alimentacéo de filhotes ocorre somente durante o
dia (Diamond 1975, Schaffner 1990, Le Corre et al. 2003) e filhotes acima de trés
semanas séao visitados por um membro do casal ou pelos dois pais a cada 72 horas
em média, seguindo um padrdo bimodal de intervalos de alimentacdo (Schaffner
1990, Shoji et al. 2015). Nao ha atividade de chegada e saida de aves na colbnia
apos o entardecer e, portanto, € comum que filhotes passem a noite desassistidos.
Essa caracteristica pode facilitar o consumo de ovos por parte do caranguejo aratu
(Goniopsis cruentata) e filhotes por parte de caranguejos-amarelos Johngartia
lagostroma, nativos do arquipélago (Rodrigues 2016) ou lagartos teiu, uma hipGtese
levantada por Leal et al. (2016).

Nossas observagdes in situ, contudo, apontam que competicdo interespecifica pode
ser um fator determinante no sucesso reprodutivo dos Rabos-de-junco, e
documentamos disputas por ninhos, aves feridas e ao menos um caso de expulsao
de um filhote (prestes a deixar o ninho) por um casal. Esse comportamento esta
relacionado a alta filopatria desta espécie, que parece ocupar anualmente as
mesmas cavidades utilizadas como ninhos em temporadas reprodutivas passadas

(Catry et al. 2009a).
Estratégia dual de forrageio

Rabos-de-junco apresentam estratégia dual de forrageio, quando adultos alteram
viagens curtas para areas préximas a coldénia com viagens longas para areas de
alimentacdo mais distantes. Em adicdo, percebe-se coordenacgéo entre pares, sendo
a ocorréncia simultanea do casal no ninho durante alguns minutos ou horas o gatilho
para que um adulto cuide do filhote e o outro inicie uma viagem longa de
alimentacdo, de acordo com o0 que é descrito em Tyson et al. (2017).Este
comportamento foi previamente observado em rabos-de-palha-de-rabo-vermelho (Le
Corre et al. 2003, Sommerfeld e Hennicke 2010) e indica que a disponibilidade de
presas proxima a colénia pode ndo ser suficiente para alimentacdo do filhote e
manutencdo de necessidades energéticas do adulto (Granadeiro et al. 1998,
Weimerskirch 1998, Congdon et al. 2005, McDuie et a. 2015, Shoji et al. 2015), fato

comumente observado em oceanos tropicais oligotréficos (Schaffner 1990,
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Granadeiro et al. 1998, Weimerskirch 1998, Congdon et al. 2005, Spear e Ainley
2005, Catry et al. 2009a, Fauchald 2009, McDuie et al. 2015).

Métricas de forrageio e atividade no mar

Nossos resultados corroboram estudos anteriores de métricas de movimento
(distancia total e méxima da viagem, duracéo, proporcao de tempo em pouso e vdo)
das espécies da familia Phaethontidae. Em Fernando de Noronha, a duracédo de
viagens curtas teve meédia de 3,9 % 5,3 horas, enquanto viagens longas
(considerando valores obtidos em aparelhos de GPS) tiveram duracdo média de
10,5 £ 8,87 horas. Observacdes in situ, contudo, apontam viagens longas com o
minimo de quatro, maximo de 11 e média de 6,83 + 2,63 dias. No que diz respeito a
distancia total alcancada, viagens curtas atingiram média de 78,2 + 65,2 km,
enquanto viagens longas obtiveram distancia total de 213,8 £+ 99,9. A média de
distancia maxima em relacéo a col6nia foi de 24,6 + 17,0 km para curtas e 104,8 +
47,8 km para viagens longas. Através dos aparelhos de GPS foi possivel também
acessar a velocidade das viagens. Viagens curtas apresentaram velocidade média
de 31,22 + 15,45 km/h! enquanto viagens longas tiveram velocidade média igual a
34,13 + 17,01 km/ht. Quando todas as viagens sdo contabilizadas, a velocidade
média é de 32,58 + 16,26 km/ht, abaixo do observado em estudos anteriores com a
familia Phaethontidae (46,8 km/h-t em Schaffner 1990, 44,28 km/h-1 em Pennycuick
et al. 1990, 44,2 km/ht em Leal 2013).

Considerando as proporcdes de tempo gastas em cada comportamento é possivel
que a baixa velocidade média detectada nos rabos-de-junco de Fernando de
Noronha esteja relacionada ao longo periodo que passam em comportamento de
procura por manchas de alimentacdo, caracterizado por velocidade > 10 e < 40
km/ht. Além disso, é importante observar que estudos anteriores parecem néo ter
determinado um limiar maximo para velocidade, o que significa que pequenas falhas
na precisao de posicionamento de equipamentos rastreadores podem ter induzido
picos de altas velocidades no conjunto de dados e favorecido velocidades médias

acima de 40 km/h1,

Através destas métricas, foi possivel estabelecer o alcance teorico de forrageio
(Theoretical Foraging Radius, Le Corre et al. 2003, Soanes et al. 2016), medida que

avalia, através da duracdo das viagens, velocidade média e proporcdo de tempo
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gasto em v60, 0 qudo distante da colénia aves podem ir em cada saida para
alimentagdo. O valor encontrado para viagens curtas foi de 94,97 km, consistente
com os valores reais de distancia encontrados. Para viagens longas, o alcance
encontrado certamente esta subestimado, jA que apenas uma pequena parte de
cada viagem foi computada nos aparelhos de GPS. Entretanto, os dados obtidos
mostram o valor de 279,52 km, também consistente com os resultados observados.

Este indice é utilizado pela Birdlife International para detectar areas prioritarias para
a conservacao de aves, ja que questdes logisticas impedem o uso de biologging em
boa parte das colbnias reprodutivas de aves marinhas em nivel global e fornecem
subsidios para delimitacdo de poligono de protecédo de fauna ameacada (Soanes et
al. 2016). Ressaltamos que em Fernando de Noronha o poligono atual de protecéo
do Parque Marinho restringe-se a area imediatamente circundante ao Arquipélago,
nao abrangendo as zonas de alimentacdo de rabos-de-junco (Figura 1), tanto em
viagens longas quanto curtas. O conhecimento do comportamento de forrageio e
associacfes entre as aves e caracteristicas do oceano circundante pode ser usado,
portanto, como ferramenta para ampliacdo do poligono protegido e consequente

protecdo dos sitios de alimentacdo desta espécie ameacada nacionalmente.
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Figura 1- Representacdo de todas as viagens curtas de forrageio de Phaethon
lepturus acessadas. O poligono de prote¢do do Parque Nacional Marinho de Fernando de
Noronha (em volta do Arquipélago, em cinza claro) ndo contém as areas de alimentacéo

escolhidas pelas aves da col6nia do Morro do Chapéu.
Associacdo com caracteristicas oceanograficas

Processos oceanograficos sdo de grande importancia para a ocorréncia de manchas
de presas e sua disponibilidade para aves marinhas (Bertrand et al. 2014, Garthe et
al. 2017). Em oceanos tropicais, contudo, processos fisicos sdo eclipsados pela
importancia de fatores biolégicos, como a utilizacdo de alimentacéo facilitada por
predadores de sub-superficie por aves marinhas (Ballance e Pitman 1999, Jaquemet
et al. 2004, Spear e Ainley 2005). Em Fernando de Noronha a presenca de grandes
grupos de cetaceos (notadamente do Golfinho-rotador Stenella longirostris) (Silva-
Janior 1996) e atuns (Lessa 1997, Dominguez et al. 2016) fornece disponibilidade de
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presas as aves, fendbmeno conhecido na regido como “comidinha” e utilizado por

pescadores para localizar grandes cardumes de peixes-alvo da pesca.

Informacdes coletadas via aparelhos de GPS e junto a pescadores e pesquisadores
de predadores de sub superficie parecem indicar que Rabos-de-junco nao utilizam
esta estratégia de forrageio, ao contrario das espécies de Atobas e Trinta-réis do
arquipélago (Travassos com. pess.). De fato, em escala local caracteristicas
comportamentais da espécie, como aprendizado de areas de alimentacao, amplitude
de forrageio, comportamento social e necessidade de alimentar filhotes influenciam
a distribuicdo dos animais no mar enquanto fatores oceanograficos costumam ser
responsaveis por esta distribuicio em média e larga escala (Garthe et al. 2017).
Dentre os fatores fisicos que influenciam a distribuicdo no mar de aves marinhas a
Clorofila a € o mais utilizado como proxy de produtividade primaria (Grémillet et al.
2008, Monticelli et al. 2014, Grécian et al. 2016, Rayner et al. 2016), assim como a
Temperatura da Superficie Marinha (SST) e, em menor escala, ventos, salinidade e
batimetria (montes submarinos, wakes, zonas de ressurgéncia, frentes oceéanicas
(Thiers et al. 2014, Grecian et al. 2016, Carroll et al. 2017).

Em nosso estudo, a distribuicdo de rabos-de-junco foi nitidamente associada a areas
do mar com baixa turbidez e altos valores de SST durante comportamento de
procura por manchas de alimentacdo, enquanto valores de Clorofila a ndo foram
significantes para o uso da area. A auséncia de associagdo entre as aves e valores
de clorofila é condizente com Gremillet et al. (2008), que explica que ao utilizar
valores de Clorofila a e demais caracteristicas, obtidos in situ ou via imagens de
satélite, pesquisadores tendem a condicionar altos valores dessas variaveis a
respostas positivas de predadores de topo, ignorando o desequilibrio espaco-
temporal existente entre alta produtividade priméria e real disponibilidade e
consumo de presas. E possivel que efeitos bottom-up relacionados a produtividade
ocorram em escala distinta da avaliada em nosso recorte temporal e, portanto, ndo

aparente no presente estudo.

A associagao entre rabos-de-junco e areas com baixa turbidez era esperada, ja que
essa espécie utiliza plunge diving (mergulho feito em alta velocidade, a partir do ar),
surface e aerial feeding (alimentam-se de presas a centimetros de profundidade ou

mesmo fora d’agua, no caso de peixes-voadores, Haney e Stone 1988, Pennycuick
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1990, Ballance e Pitman 1999, Catry et al. 2009a), sendo necessario, portanto, local
com boas condi¢Bes de iluminacdo e clareza da agua (Ainley 1977, Henkel 2006,
Baptiste e Leopold 2010). Estudos anteriores corroboram a associacao entre rabos-
de-junco e SST (Pocklington 1979, Le Corre et al. 2003, Mejias et al. 2017). Nosso
estudo hipotetiza que a ocorréncia de sua presa preferencial, peixes da familia
Exocoatidae, (Diamond 1975, Le Corre et al. 2003, Catry et al. 2009b) em é&reas de
temperatura oceanica elevada (Zainuddin 2011, Lewallen et al. 2017) parece ser o

fator responsavel pela relacéo.

O ambiente oceanico de Fernando de Noronha é influenciado por ventos
predominantes de sudeste (Becker 2001) e por duas correntes oceanicas: As aguas
claras e quentes da corrente Equatorial Superficial nas camadas superiores e a
Central do Atlantico Sul na zona mais profunda, esta Ultima contendo estoque de
nutrientes. A rigida estratificacdo térmica entre essas camadas, com formacédo de
termoclina entre 70 e 170 metros de profundidade, dificulta a ocorréncia de
ressurgéncias impedindo a ascensdo de nutrientes a zona eufética e maior
produtividade oceanica (Souza et al. 2013). A temperatura e a salinidade da agua da
zona eufética nesta regido mantém-se > 20 °C e > 35.5, respectivamente (Cordeiro
et al. 2013), e os valores de clorofila a variam de 0.46 a 1.65ug L, caracterizando

aguas oligotréficas (Souza et al. 2013).

Estudos realizados na regido apontam manchas imprevisiveis de produtividade
acentuada, proximas as ilhas e montes submarinos, principalmente na regido oeste
do arquipélago (downstream ou wake da ilha) e ndo atingindo a superficie (Cordeiro
et al. 2013, Tchmabi et al. 2017). Nossos resultados, contudo, apontam viagens de
forrageio atingindo a regido contraria a esta, ou seja, sudeste. Esta aparente
contrariedade entre probabilidade de maior produtividade priméaria e escolha de
habitat pode ser explicada por quatro fatores: Inicialmente, a escala temporal de
produtividade € diferente daquela observada na ocorréncia de presas para
predadores de topo, ou seja, existe incompatibilidade temporal de alguns niveis
troficos entre as escassas oportunidades de maior produtividade primaria e
disponibilidade de presas (Grémillet et al. 2008). Em adi¢do, a disponibilidade de
Exocoatidae pode determinar a escolha de sitios com caracteristicas contrarias as
encontradas no downstream do arquipélago. A ocorréncia de presas nao determina

necessariamente sua disponibilidade para predadores, podendo haver
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incompatibilidade espacial entre locais com maior aporte de presas e areas nas
quais os predadores de fato forrageiam, visto que a escolha de habitat para
alimentacdo perpassa desde caracteristicas oceanograficas até condi¢cbes
individuais, como sucesso prévio, comportamento colonial e estagio reprodutivo
(Weimerskirch 2007, Grémillet et al. 2008, Carroll et al. 2017); Aves prestes a sair da
colénia também podem utilizar, em larga escala, a direcdo em que aves vindas de
viagens bem sucedidas de alimentacdo retornam a colbénia (Boyd et al. 2016). Por
fim, a escolha por areas de forrageio a sudeste pode ser relacionada ao
posicionamento da llha do Chapéu (na face sul do Arquipélago), evitando que
Rabos-de-junco em retorno de alimentagéo voem por cima da ilha principal e tenham
maiores chances de contato com Fragatas (Fregata magnificens) e seu
comportamento de cleptoparasitismo (Duffy 2015). De fato, nenhum Rabo-de-junco
em viagem curta sobrevoou a ilha principal em seu retorno a colénia, embora o

tenham feito durante a partida.

Pesquisas futuras na regido sdo necessarias para determinar a escala espaco-
temporal e qual a influéncia de cada um destes fatores na escolha por area de
forrageio de Phaethon lepturus e demais aves marinhas, indicando, por exemplo, a
persisténcia direcional destas aves a uma determinada area oceéanica e a
sobreposicao de ocorréncia e disponibilidade de presas em volta do arquipélago. O
conhecimento sobre as estratégias de forrageio, padrées de vb6o e escolha de
habitat podem favorecer mudancas no poligono de protecdo do Parque Nacional
Marinho de Fernando de Noronha, que embora atualmente proteja as colbnias
reprodutivas, ndo abrange as zonas de alimentacdo, seja em viagens curtas ou

longas.

Considerando o alcance te6rico de forrageio estimado e os dados de métricas de
forrageio obtidos nesse trabalho tém-se ferramentas para a discussao de novos
limites de protecdo do Parque Nacional Marinho de Fernando de Noronha e da
criacdo de uma Marine Protected Area, ou Area Marinha Protegida, que englobe
mais do que as aguas circundantes ao Arquipélago (Ronconi et al. 2012, Krlger et
al. 2017) e proteja também as areas de alimentagcdo das aves marinhas que
nidificam em Fernando de Noronha. De fato, um crescente nimero de estudos por
pesquisadores brasileiros e de instituicdes estrangeiras vem sendo feitos na regiao,

possibilitando maior conhecimento sobre a ecologia de movimento, padrdes
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evolutivos e posicao tréfica das aves (como exemplo temos Leal 2013, Leal et al.
2016, Nunes et al. 2017ab, Ramos et al. 2017, Projeto Mafalda), fornecendo
arcabouco tedrico robusto para a tomada de decisdes por autoridades competentes.
O estudo dessas aves em seu periodo ndo reprodutivo também é importante, pois
elucidaria questbes como relacionadas ao tempo que aves marinhas tropicais se
comportam como central place foragers, se o oceano equatorial do nordeste
brasileiro suporta estas aves durante todo o ano, ao uso de areas costeiras por
subpopulacdes vindas de Fernando de Noronha no periodo pés-reproducao e, mais
importante no aspecto da conservagao: Como proteger aves marinhas ameacadas
de interagbes com a industria pesqueira e a ocupacdo humana em é&reas de

ocorréncia?

Tendo em vista o advento de novas tecnologias de marcagao e rastreamento de
aves a cada ano, espera-se que estas questdes sejam em breve sanadas e possam
favorecer a manutencdo das populacbes de aves marinhas no Arquipélago de

Fernando de Noronha.
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Conclusao

Neste estudo foi comprovado que Rabos-de-junco de Fernando de Noronha exibem
estratégia dual de forrageio. Em adicdo, percebe-se, principalmente nas duas
primeiras semanas de vida do filhote, uma coordenacéo entre pares, indicando que
h&a mecanismos que regulam o tipo de estratégia (viagem curta ou longa) que cada
membro de um par realizard a seguir. A utilizacdo de diferentes recursos para lidar
com o0 ambiente e a restricdo espacial imposta pelo periodo reprodutivo causa
também distintos padrdes de atividade no mar, com diferengas significativas entre

procura e voo direto em viagens curtas e longas.

Além disso, ao sobrepor viagens de Rabos-de-junco e caracteristicas
oceanogréficas comumente utilizadas como proxy de produtividade priméaria e
ocorréncia de presas, viu-se que o ambiente disponivel para forrageio desta espécie
é altamente oligotréfico, impondo as aves a necessidade de constante procura por
manchas de alimentacdo em oceano aberto. De fato, embora outras espécies de
aves marinhas de Fernando de Noronha utilizem as pequenas zonas de
ressurgéncia na plataforma do Arquipélago (< 8 km) e associem-se com predadores
de sub superficie (notadamente atuns), Rabos-de-junco buscam alimento em areas
mais distantes, tanto em viagens curtas diarias para alimentar o filhote quanto em

viagens longas para provisao propria.

bY

Esta estratégia pode estar relacionada a preferéncia da espécie por altas
temperaturas superficiais do mar, propicias a ocorréncia de peixes-voadores,
principal presa de Rabos-de-junco. E interessante notar que embora as aves
parecam conhecer a direcdo em larga escala onde manchas de alimentacdo estao
(talvez por observarem grupos de individuos que acabaram de voltar de viagens de
alimentacdo bem sucedidas ou mesmo através de uma memoria compartilhada pela
colonia), mais da metade do tempo gasto em viagens € de atividade de procura por
presas, ou area restricted search. Isto indica a imprevisibilidade do alimento em
curta escala espago-temporal e evidencia a necessidade de alternar seus padrbes
de atividade a fim de adquirir alimento o suficiente para suprir sua demanda

energética e a do filhote.

Novos estudos na area devem focar no comportamento de coordenacéo entre pares,

distinguindo que mecanismo (hormonal, demanda do filhote, vocalizagédo, encontro



96

na colbnia, encontro na toca ou no mar) desencadeia a alternancia de estratégias de
forrageio e diferentes atividades no oceano. Além disso, o0 rastreamento de
determinados individuos durante varios periodos reprodutivos, a insercdo de
acelerobmetros e o0 uso de GLS em adultos e juvenis podem enriquecer o
conhecimento sobre Rabos-de-junco em sua maior colbnia brasileira. De fato, o
rastreamento de aves marinhas ameacadas tem grande potencial para elucidagéo
de questdes relacionadas ao seu comportamento colonial, reprodutivo e de
forrageio, bem como fomenta acBes de conservacdo como extensdo de areas

protegidas ou mesmo a criacdo de novas areas de conservacao ambiental.

Em face dos desafios impostos por mudancas climéticas, uso insustentavel de
recursos pesqueiros e ocupagdo humana em areas historicamente mantenedoras de
colonias reprodutivas, iniciativas globais para compreensdo dos padroes de
forrageio e areas de ocupacdo de aves marinhas tem sido recorrentes, notadamente
as capitaneadas por organizagées como Seabird Tracking Database e MoveBank.
Sendo assim, a identificacdo de éareas de forrageio, padrdes de movimento de
Phaethon lepturus e inferéncias sobre causas destes padrbes na zona oceanica
brasileira, reconhecida internacionalmente como importante area de protecdo as
aves marinhas, € peca importante para a compreensdo da interacdo entre aves

ameacadas e seu ambiente circundante.
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APENDICE

Figura 1- Ilha do Morro do Chapéu (direita) e llha Cabeluda (esquerda) em baixa-mar.
Baia do Sueste, Fernando de Noronha, Brasil.

IR R P T T

Figura 2- Formacéo Caracas, rochas utilizadas como area de nidificagdo por Phaethon
lepturus na llha do Morro do Chapéu, Fernando de Noronha, Brasil.
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Figura 3- Phaethon lepturus adulto durante voo de aproximagdo da coldnia. llha do
Morro do Chapéu, Fernando de Noronha, Brasil.

Figura 4- Manipulacdo de Phaethon lepturus para individualizacdo com anilha
metalica CEMAVE. llha do Morro do Chapéu, Fernando de Noronha, Brasil. Fonte:
Daniel Lomonaco.



Figura 5- Filhote de Phaethon lepturus com um dia de vida, fase ideal para
acompanhamento de viagens parentais. llha do Morro do Chapéu, Fernando de
Noronha, Brasil.

Figura 6- Aparelhos de GPS Gipsy 4 (Technosmart, Italia) e tubos termocontrateis.
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Figura 7- Colocacéo de aparelho de GPS em Rabo-de-junco. Ilha do Morro do Chapéu,
Fernando de Noronha, Brasil. Fonte: Arthur Barbosa.
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Figura 8- Phaethon lepturus com GPS acoplado as retrizes. Ilha do Morro do Chapéu,

Fernando de Noronha, Brasil.

Figura 9- Phaethon lepturus com GPS acoplado as retrizes em vdo. Ilha do Morro do
Chapéu, Fernando de Noronha, Brasil. Fonte: Arthur Barbosa.

Figura 10- Casal de Phaethon lepturus. Fonte: Arthur Barbosa.
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Figura 11- Resultado de acoplagem-teste de Time Depth Recorder (TDR) em Phaethon
lepturus. Fonte: Sophie Bertrand.
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