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Abstract

Anthropogenic pressures on the marine environment have long impacted the marine
ecosystems and its associated species. All over the world, seabird populations are affected
by these pressures, with significant population declines on all taxa. To attenuate these
populational declines and ensure associated ecosystem conservation, researchers use
tracking devices to identify areas of important seabird conservation, while distinguishing
areas of high human pressure where urgent management is needed. Thus, in this thesis |
used fishermen perceptions and vessel tracking with species distributions to identify
species that are more prone to fishery bycatch, while using seabird multi-species tracking
data to designate areas of marine conservation (Key Birds and Biodiversity Areas — KBA)
inside the Cabo Verde islands Exclusive Economic Zone (EEZ). Main results of this thesis
are: (1) the debate of the current knowledge on the identification of indicator species and
biodiversity hotspots which are important for marine spatial planning and design of Marine
Protected Areas (MPAs) (Chapter 1); (2) fishermen’s’ observations indicated Cabo Verde
shearwaters as having the highest risk of bycatch in the Cabo Verde fisheries, associated
with artisanal handlines, closely followed by brown boobies and red-billed tropicbirds.
Additionally, while fish-landing changes occurred due to variables affecting the marine food
web, shearwater chick development was also correlated with changes in fish-landings
influenced by prey availability in the ocean (Chapter 2); (3) confirming fishermen’s reports,
overlap and foraging response-changes to fishing vessels’ proximity was higher for Cape
Verde shearwaters often attending artisanal boats using handlines, while brown boobies
attended more industrial vessels and red-billed tropicbirds and red-footed boobies had
low response to fisheries’ effort and distribution (Chapter 3); (4) Boobies exhibit plasticity
in their foraging ecology, adapting to different circumstances of environmental conditions
and competitors, while breeding stage and presence of marine physical features play an
important role in their foraging decisions. Interesting ecological outcome was related with
the spatial, behavioural and trophic segregation of female brown boobies in relation to
male brown boobies and male and female red-footed boobies, when the two species co-
exist in sympatry (Chapter 4); (5) current MPA network in the archipelago is not sufficient
5
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for species conservation, requiring large area expansion. However, key areas identified are
very coastal and mainly require national management of seasonal MPA implementation
with an emphasis on local community involvement and active management. Added bycatch
and vessel collision mitigation measures are recommended to decrease direct fishing
pressure impacts on the seabird community of the Cabo Verde archipelago (Chapter 5);
and finally (6) this study shows that the use of species distributions to identify breeding,
feeding and congregating sites, while overlapping with fishing pressure on the surroundings
of their breeding sites is extremely valuable to ensure MPA design, management, and
effectiveness for species protection. As such, areas should be large enough to embrace all
the important features to ensure conservation, while considering temporal and spatial
changes between and within species and ensuring effective and active regulations to
minimize the impact of any existing anthropogenic threats. Overall, this thesis confirms
interactions of Cape Verde shearwater and other species with fisheries inside de
archipelago of Cabo Verde, how coastal species foraging behaviours are influenced by
environmental variability in a tropical region and informs marine spatial planning for the
nation’s EEZ against existing protected areas, highlighting the need to revaluate these areas
also taking into consideration both socio-economic and ecological aspects of updating the

network of MPAs within the Cabo Verde archipelago.

Keywords: Seabird Ecology, Fishery landings, Seabird-fisheries interactions, Bycatch, Key

Bird and Biodiversity Areas, Marine Protected Areas
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Resumo

As pressdes antropogénicas no ambiente marinho ha muito impactam os ecossistemas
marinhos e suas espécies associadas. Em todo o mundo, as popula¢des de aves marinhas
sao afetadas por essas pressoes, com declinios populacionais significativos em todos os
taxa. Para atenuar esses declinios populacionais e garantir a conservagao do ecossistema
associado a essas espécies, os pesquisadores usam dispositivos de rastreamento para
identificar areas de importante conservagao das aves marinhas, enquanto distinguem areas
de alta pressao humana onde a gestao urgente é necessaria. Assim, nesta dissertacao
utilizei a percecao dos pescadores para designar areas de conservagao marinha (Areas
Chave de Aves e Biodiversidade - KBA) dentro da Zona Econdmica Exclusiva (ZEE) das
ilhas de Cabo Verde. Os principais resultados desta tese sao: (1) o debate sobre o
conhecimento atual sobre a identificacdo de espécies indicadoras e hotspots de
biodiversidade que s3ao importantes para o ordenamento do territério marinho e
concecio de Areas Marinhas Protegidas (AMPs) (Capitulo 1); (2) as observacdes dos
pescadores indicaram que as cagarras de Cabo Verde apresentam o maior risco de
captura acidental nas pescas cabo-verdianas, associadas as linhas de mao artesanais,
seguidas pelo alcatraz-pardo e pelos rabos-de-junco. Além disso, enquanto as mudangas
no desembarque de peixes ocorreram devido a varidveis que afetam a cadeia trdfica
marinha, o desenvolvimento de crias de cagarra também foi correlacionado com
mudangas nos desembarques de peixes influenciados pela disponibilidade de presas no
oceano (Capitulo 2); (3) confirmando os relatos dos pescadores, a sobreposicao e as
mudangas de resposta de alimentagao a proximidade dos navios de pesca foram maiores
para as cagarras do Cabo Verde, principalmente para os barcos artesanais usando linhas
de mao, enquanto os alcatrazes-pardos interagiram mais com embarcac¢des industriais e

7
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os rabos de junco e alcatrazes-de-patas-vermelhos tiveram baixa resposta ao esfor¢o de
pesca e sua distribuicao (Capitulo 3); (4) Alcatrazes pardos exibem plasticidade em sua
ecologia de alimentacao, adaptando-se a diferentes circunstancias de condi¢des
ambientais e competidores, enquanto o estagio de reprodugdo e a presenca de
caracteristicas fisicas marinhas desempenham um papel importante em suas decisdes de
alimentagao. Um resultado ecoldgico interessante foi relacionado a segregagao espacial,
comportamental e tréfica de alcatrazes pardos fémeas em relagdo aos alcatrazes-pardos
machos e alcatrazes-de-patas-vermelhas machos e fémeas, quando as duas espécies
coexistem em simpatria (Capitulo 4); (5) a atual rede de AMPs no arquipélago nao é
suficiente para a conservacao das espécies, exigindo grande expansao de area. No
entanto, as principais areas identificadas sao muito costeiras e requerem principalmente a
gestao nacional através de AMPs sazonais. Recomenda-se a aplicagao de medidas de
mitigacao contra as capturas acessoérias (bycatch) e colisdes com navios para diminuir os
impactos da pressao direta da pesca na comunidade de aves marinhas do arquipélago de
Cabo Verde (Capitulo 5); e, finalmente (6) este estudo mostra que o uso de distribui¢oes
de espécies para identificar locais de reproducao, alimentagio e congregacao, e
sobreposi¢ao com a pressao da pesqueira nos arredores de seus locais de reprodugao é
extremamente valioso para garantir o projecao, gestao e eficacia da AMP na protecao das
espécies . Essas areas devem ser grandes o suficiente para abranger todas as caracteristicas
importantes para garantir a conservagao, a0 mesmo tempo considerando as mudangas
temporais e espaciais entre as espécies, garantindo regulamentacdes eficazes e ativas para
minimizar o impacto de quaisquer ameagas antropogénicas existentes. No geral, esta tese
confirma as interagoes da cagarra de Cabo Verde e outras espécies com a pesca dentro

do arquipélago de Cabo Verde, como os comportamentos de alimentagao das espécies
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costeiras sao influenciados pela variabilidade ambiental em uma regiao tropical e informa
o planejamento espacial marinho para o ZEE nacional relativamente as areas protegidas
existentes , realcando a necessidade de reavaliar estas areas tendo também em
consideragao os aspetos socioeconémicos e ecoldgicos da atualizagao da rede de AMPs

do arquipélago de Cabo Verde.

Palavras-chave: Ecologia de Aves Marinhas; Desembarque de peixes; Interagoes de Aves

Marinhas e Pescas, Bycatch; Areas Chave de Aves e Biodiversidade: Areas Marinhas

Protegidas.
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[.] - Importance and human stressors of the marine environment

The extreme importance of the world’s oceans is something that we humans, have
always known to be true, if not for its massive size covering 71% of the Earth’s surface and
holding large quantities of biodiversity, but also for being the main producer of the Earth’s
oxygen (50%), fixate atmospheric carbon dioxide, as well as regulating the climate
(Costanza 1999; Ronconi et al. 2012). Additionally, the oceans have always presented
humanity with many opportunities, which various countries and communities depend on
to sustain economic growth, from fisheries and aquaculture for food and nutrition,
shipping, mineral extraction, energy production, to ecosystem services and activities
related to eco-tourism (Ababouch and Carolu 2015). However, there is clear evidence
that direct and indirect anthropogenic effects such as overfishing and climate change, affect
the equilibrium of marine ecosystems through bottom-up and top-bottom cascading
effects on marine food webs. Simple temperature changes in the ocean, causes shifts in
the planktonic community, collapsing top-communities, the same way unsustainable fishing
activities affect commercially targeted predators, causing changes in biomass and affecting
bottom-communities. Top and bottom communities may also be indirectly influenced by
environmental changes and fishing pressure respectively, through cascading interactions
with directly affected communities, while planktivorous fishes in middle-communities also
play a key role in marine food web changes (Daskalov 2002; Lynam et al. 2017). Both
ocean temperature changes and fishing were identified as the highest threats to marine
ecosystems by Halpern et al. (2007), being the former influenced by land-based activities,

as was most of the threats identified, and the latter based on ocean activities. These threats
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play a lethal role in the equilibrium of marine ecosystems, and yet must be addressed with
caution, to assure the recovery of fish biomass and habitats, and still lookout for the needs
of people and communities that depend on coastal and marine activities for their own
sustenance.

The right to ownership of coastal marine environments can be found in early human
civilization laws, claiming that “...The right of fishing in the sea from the shore belongs to
all men...” (Weinstein et al. 2007). Furthermore, if you consider that 84% of countries
have a coastline with direct access to oceans and seas, it is possible to imagine the amount
of pressure these ecosystems have endured over the centuries (Martinez et al. 2007). The
current situation shows that the world’s oceans are in peril: a) overfishing has dramatically
reduced fish stocks causing negative effects to marine megafauna (Williams 1998; Jackson
et al. 2001; Tsui et al. 2020) and, b) climate change is warming and acidifying marine
ecosystems, inflicting further stress in the oceans wreak havoc on marine life (King et al.
2010; Doney et al. 2012; Huntington et al. 2019; Hastings et al. 2020). Thus, finding
suitable sentinel species of the Human impacts on the Oceans is extremely important to
then anticipate processes disrupting biodiversity patterns and apply conservation

measures to obstruct or mitigate such events.

[.2. Marine Protected Areas (MPAs) effect on marine biodiversity

To alleviate the stress resultant from Human activities (e.g., fisheries, climate change)
on the marine environment, governments are designing Marine Protected Areas (MPAs).
According to the IUCN 2008 Guidelines (Day et al. 2019), “A protected area is a clearly

defined geographical space, recognized, dedicated and managed, through legal or other
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effective means, to achieve the long-term conservation of nature with associated
ecosystem services and cultural values”. The “movement” for MPA network establishment
has been driven by the Convention on Biological Biodiversity (CBD) since 2010, to
improve the status of biodiversity by safeguarding ecosystems, species and genetic
diversity (Strategic Goal C). This goal, intended that “By 2020... 10 per cent of coastal
and marine areas, especially areas of particular importance for biodiversity and ecosystem
services, are conserved through effectively and equitably managed, ecologically
representative and well connected systems of protected areas and other effective area-

based conservation measures, and integrated into the wider landscapes and seascapes”

(Aichi target | 1) (https://www.cbd.int/). These networks are extremely important for
sustainable development from an ecological, social, and economic point of view, by
ensuring marine ecosystem functions, managing conflicts concerning the use of natural
resources and efficiently using them in a sustainable way. Their role in decreasing habitat
degradation, loss of endangered species and restoring fish stocks is one of their many
advantages (WCPA/IUCN 2007).

The growth leap in MPA coverage since the year 2000 (0.7%) has been
unprecedented, from 2 million km? to nearly 28 million km? (>7%) today (UNEP-WCMC
and IUCN 2021), looming the 10% goal of the Aichi target | |. However, the greatest
coverage of MPAs remains within countries’ Exclusive Economic Zones (EEZs) (~18% of
39% total EEZ coverage) in contrast to the ones within Areas Beyond National Jurisdiction
(ABN)) or “High seas” (1% of 61% total ABNJ coverage) (UNEP-WCMC and IUCN

2021). Although this is being adopted by many countries, according to the Marine

Protection Altas (https://mpatlas.org/), only a small percentage (2.7%) of all oceans are

effectively protected and the majority does not receive proper management actions.
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Nevertheless, a new recommendation goal has been proposed to achieve 30% protection
and conservation of the global ocean by 2030, with more than 70 countries, supporting

this new goal appointed by the CBD (https://marine-conservation.org).

But protecting the ocean is not an easy task to achieve. Although it may seem
homogeneous at first glance, this immense water mass is all but static, constantly changing
in time and space (Ballance 2007), requiring certain plasticity from organisms that live
and/or depend on it. In such a highly changing environment, the lack of physical barriers
that prevent species from exiting protective sanctuaries, may be a challenge for MPA
design, considering that most marine animals are highly mobile, travelling long distances
between areas used year-round (Gonzalez-Solis et al. 2007; Block et al. 201 |; Guzman et
al. 2018; Hromadkova et al. 2020). Thus, MPAs must be designed keeping in mind the
needs and habitat preferences of each target species, as well as the Human use of the
marine environment (Catchpole and Gray 2010; Maxwell et al. 2015).

Most MPAs are designed to improve fisheries management (e.g.(Stevenson and Tissot
2013), but recent examples include the use of marine top-predators in the process of MPA
design and marine conservation and planning (e.g.(Handley et al. 2020). The choice
between using single species or multiple-species has been for long, a matter of discussion
to identify MPAs at various scales (Ronconi et al. 2012), but regardless of the chosen
approach, most studies rely on the identification of marine animals “hotspots (Lascelles et
al. 2012). Nevertheless, the effectiveness of MPAs and conservation tools is still under
scrutiny, with many undergoing discussions about the best approaches for identifying and
managing them. Choosing between static and dynamic MPAs, has also been some of the
discussions on MPA effectiveness, with studies showing seasonal variation in species

distributions (Kriiger et al. 2017; Thiebot et al. 2019) and suggesting that dynamic seasonal
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MPAs may similarly and effectively protect species, while causing less impacts on
sustenance anthropogenic activities (Kruger et al. 2017).

Although in the scientific world, there are many papers published on marine animal
tracking for assessing species distributions, it is evident that current marine management
and policy in many areas make little use of such data when implementing marine spatial
planning. There is possibly a barrier between science and policy, either because the two
worlds do not speak the same language or information does not reach legislators and
policymakers as easily as science is spread around their own community (Hays et al. 2019;
Sequeira et al. 2019). Communication obstacles can be as simple as a definition divergence,
e.g., when both the scientific community and policymakers have a slightly different
definition for the term ‘Migratory Movement’. This divergence can and have led to the
exclusion of species, that by scientific and biological standards, should be considered
migratory (Dunn et al. 2019).

Still, tracking marine animals is probably the most effective way to assess marine fauna
distributions, and by overlapping threats with distribution maps, it is possible to identify
areas deserving further protection (Hays et al. 2016, 2019). However, it can also be
problematic if the information does not reach policymakers or does not reach them in a
format that can be translated into policy. This is particularly imperative because marine
species are highly migratory, travelling around the world’s oceans and crossing geopolitical
boundaries such as countries EEZs, as well as depending on international cooperation’s
while travelling along ABN]Js (Block et al. 201 |; Harrison et al. 2018; Dunn et al. 2019;
Hays et al. 2019; Sequeira et al. 2019). An example of this issue is the leatherback turtle
(Dermochelys coriacea) in the Pacific ocean, which was recorded travelling across 32

countries and high seas (Harrison et al. 2018).
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Nevertheless, there are still good examples around the world, where the use of
marine animal tracking effectively informed marine management and conservation,
through the creation of conservational policies. From seabirds, marine mammals, sea
turtles, to fish taxa, tracked individuals or multiple taxa around target areas have been used
by stakeholders to improve conservation management in many areas around the world
(e.g. Augé et al. 2018; Requena et al. 2020). The quality of data provided by species
tracking, has (I) improved and developed bycatch mitigation measures and reduced non-
target species mortality, (2) established or expanded MPAs, (3) banned target-specific
fisheries, permanently or seasonally, if stocks depletion affected populations and/or their
predators, (4) placed fishing restrictions outside EEZs, (5) aided the establishment of
marine spatial plans, (6) redesigned marine reserves, (7) defined sustainable use zones, (8)
recognized the need to preserve certain species, (9) managed fisheries to protect
threatened species, (10) provided ways to assess stocks and identified sustainable harvest
levels, (1 1) minimized impacts of human-built infrastructures along waterways, and created
boat corridors to lessen boat strikes, among others (Hays et al. 2019).

For Pelagic Marine Protected Areas (PMPAs), management is particularly difficult
because they can sometimes comprise EEZs, where decisions and law enforcement
towards marine resources are detained by coastal states within 200 nautical miles (nm),
and ABNJ, where waters must be internationally managed, requiring multiple collaboration
between states, and thus making it a harder task (Game et al. 2009). Although since 2010,
many PMPAs have been established, only 10.8% were considered adequately protected in
2019 compared to a low 2.7% in 2010, and most of them were concentrated in the

Southern Oceans (Brooks et al. 2020).
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The issue with protecting marine migratory species, is that protecting their entire
ranges is not feasible. As threats are not the same everywhere, species can be more or
less protected depending on where they are. Travelling along continental basins (Block et
al. 201 1), across oceans (Guzman et al. 2018), performing pole to pole (Egevang et al.
2010; Hromadkova et al. 2020) or circumpolar (Weimerskirch et al. 2015) migrations,
marine fauna gives an empirical overview of how much the idea of total protection is
virtually impossible to accomplish. Instead, identifying critical areas for each species, such
as breeding and foraging grounds, migration routes, or important migration stop-overs can
be enough to designate MPAs and prevent or decrease mortality probability (Louzao et
al. 2006; Shillinger et al. 2008; Ashe et al. 2010; Dawson et al. 2017).

To evaluate whether protected areas are being managed effectively, it is important
first to understand if management resources are adequate, if management applications
have indeed reduced threats on marine ecosystems, and if established goals have been or
are being achieved when compared to an area with no protection whatsoever (Maxwell
et al. 2020). When it comes to effective management, many studies reveal that marine
protected areas have poor personal and budget capacity to efficiently achieve their goals,
and also low enforcement capacity to implement regulations (Gill et al. 2017). Stakeholder
engagement was also identified as a factor capable of triggering success when present and
failure if absent (Giakoumi et al. 2018).

As to reducing threats, studies have shown that human pressures tend to slow, as
opposed to fully halt, inside MPAs. Zupan et al. (2018) reports on different effectiveness
between fully protected MPAs compared to partially protected, with human extractive
impacts completely eliminated at the former and a significant increase in artisanal and

recreational fisheries inside partially-protected areas when compared to areas not
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protected at all. As 94% of all MPAs allow fishing to occur (Costello and Ballantine 2015),
the creation of ‘partial MPAs’ should be treated cautiously, as the level of regulation may
be the solution for protection effectiveness as well as the presence of a fully protected
area nearby (Zupan et al. 2018b; Claudet et al. 2020). A study with reef sharks inside a
large MPA showed significant protection for individuals that stayed inside the area with
proper enforcement (White et al. 2017).

When talking about achieving goals, MPAs exhibited an increase in species richness,
density and biomass inside sanctuaries, recovery of commercially targeted species (Gill et
al. 2017), while showing that communities located near protected areas, using their
resources for ecotourism, express lower degree in poverty (Naidoo et al. 2019).

Additionally, Zhao et al., (2020) showed that to achieve 30% protection of the global
ocean, protection must be prioritized on continental coasts, island arcs, oceanic islands,
the southwest Indian Ridge, the northern Mid-Atlantic Ridge, the Coral Triangle,
Caribbean Sea and the Arctic Archipelago, more than half of them located inside EEZs but
only 10% located inside MPAs, and less than |% of them in fishing restricted MPAs.

Moreover, to provide better management to these biodiversity sanctuaries, the
continuous development of new technologies has delivered innovative solutions, some of

them available for real-time use (Maxwell et al. 2015).

[.2.1. Dynamic management of marine ecosystems

Tracking studies to address species distributions and aid on MPA design, can also give
information on the species habitat preference, triggering ocean managements that are

called dynamic. One example is the use of daily information on locations with specific
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temperatures preferred by sea turtles to evade the high risk of bycatch (Hays et al. 2019).
A similar pattern was observed in the North Atlantic, with different species of sharks
preferring frontal zone areas, where the overlap with Portuguese and Spanish fisheries was
very high (80%) (Queiroz et al. 2016).

This use of real-time oceanographic data with existing tracking information is
extremely important and can be used as a mitigation measure for bycatch and to avoid
over-exploitation of marine resources. Some of these tools exist today, e.g., TurtleWatch
(Howell et al. 2015) and WhaleWatch (Hazen et al. 2017), and are available for fisheries
along the Pacific Ocean to predict areas where certain species are more likely to occur
and thus avoid them as best as possible.

But even with all these innovations, bridging the gap of knowledge between science
and policymaking is extremely important and that is exactly where efforts have been
directed to lately. Dunn et al, (2019) work summarized most of the issues affecting
information exchange for management and policies focused on marine conservation.
International Conventions, United Nations Organizations, Regional Seas Organizations,
Global Fisheries, International Commissions have all been working towards the inclusion
of the connectivity concept to expand into ABNJ, through workshops, spatial management
measure modifications, implementation of MPA networks, etc. Site-selection (e.g., IBAs,
KBAs), network design (networks of MPAs) and policy recommendations were identified
as the three criteria to fit the purpose of including migratory connectivity in policies. A new
system, to connect researchers’ data outputs to describe migratory connectivity more
effectively to policymakers and management organizations, was created and launched in
2019 at the Second UN Intergovernmental Conference, called Migratory Connectivity in

the Ocean (MiCO - https://mico.eco/system). From published papers to Policy Fora,
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MiCO provides knowledge access in usable formats, synthesizing data referring to
migratory routes and areas of marine migratory species and closing the gap between data
providers and users that will create management tools, recommendations, and policies.
In conclusion, all the efforts towards a future that insures the best conceivable amount
of protection to the oceans are still undergoing, with many challenges still to be conquered
along the way. Perhaps the biggest challenge is achieving ecosystem conservation while
keeping in mind the needs of people associated with coastal and marine ecosystems, in
other words, an equilibrium between marine conservation and ocean-based

anthropogenic activities (e.g., fisheries).

[.3. Fisheries

Throughout the long history of mankind’s existence, ever have we extracted
resources from the oceans to sustain our own needs, often unaware or ignorant of the
potential negative effects of this practice over the marine ecosystems, when practised in
excess. As the human population continues to grow, fishing pressures on the oceans to
deliver sufficient fish to sustain 39 million people employed in the fisheries sector and feed
a population of roughly 8 billion, with an annual consumption rate of fish (3. 1%} significantly
outpacing the population growth rate (1.6%) (FAO 2020), makes this one of the most
concerning issues for the marine environment. Contrastingly, a study performed in 2010
showed that malnutrition of almost 20 million people around the world could have been
avoided in the year 2000 if overfishing losses had been prevented (Srinivasan et al. 2010).
At the same time, fish landings in very poor countries (specially Africa) contrasted greatly

from the actual catches extracted (17% higher than landings) from their waters (Srinivasan
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et al. 2010). This shows that besides being unsustainable, overfishing generates more loss
than actual gains for the human population. In 1999 almost 50% of the world fish stocks
were considered fully fished and nearly 30% were over-fished (Garcia and Leiva Moreno
2003), while today fish stocks within biologically sustainable levels have decreased ~24%
since 1990 (FAO 2020).

The Food and Agriculture Organization’s (FAO) reports on fishery catches, depend
mainly on voluntary submissions of member countries, and although it has suggested
catches of 86 million tons with a small decline since 1996, Pauly and Zeller (2016)‘s Catch
Reconstruction’” project identified 130 million tonnes in catches, with a subsequent
decrease afterwards. Here we come to understand, that besides being a major issue for
marine ecosystems and biodiversity, there isn’t a clear knowledge of the actual amount of
fish harvested from the oceans, since the quantities of fish landings accounted for, are
essentially related to reported fisheries. In areas where policy and law enforcement are
hard to apply (e.g. ABNYJ), illegal, unregulated and unreported fisheries (IUU) is still a major
problem. Estimated in 2009 at | [-26 million tonnes per year, the level of illegal fishing has
a significant correlation with countries governance, with developing countries being the
most at risk. For instance, catches estimation in west Africa were 40% higher than catches
reported (Agnew et al. 2009).

Areas explored by fisheries are usually hotspots of marine top-predators, gathering a
vast a array of megafauna, competing for the same fish prey resources (Davoren 2007).
Competition often leads to mortality and as clearly stated by the WWF, “Whenever there

is fishing, there is bycatch” (https://wwf.panda.org). According to the definition proposed

by Davies et al. (2009) “bycatch is a catch that is either unused or unmanaged”, bycatch

would represent 40.4% of marine catches around the world. Studies on taxon-specific
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hotspots of global bycatch intensities were also identified in the Southwest Atlantic and
the Mediterranean for seaturtles, Eastern Pacific for marine mammals and Southwest
Atlantic for seabirds (Lewison et al. 2014). Gillnets represented the fishing gear that
presented the biggest risk of bycatch in all regions, while longlines and trawls caught more
marine megafauna in the Eastern Pacific Ocean (Lewison et al. 2014). Many other studies
have sought out to find patterns in bycatch around the world across different fishing gears,
concerning a vast array of marine top predators such as sharks and rays (Oliver et al.
2015), seaturtles (Wallace et al. 2010), marine mammals (cetaceans, pinnipeds, sirenians
and otter species) (Read et al. 2006; Reeves et al. 2013) and seabirds (Anderson et al.
201 1; Zydelis et al. 2013; Cortés et al. 2017).

Fisheries interactions with marine megafauna do not only resume to accidental
catches, as many species depend on discarded fish untargeted by vessels (Depestele et al.
2018). According to an 800 paper review (Alverson et al. 1994), an average of 27.0 million
tonnes of fish is discarded every year back to the sea, especially in the Northwest Pacific,
with a higher proportion of discards related to shrimp trawl fisheries. In 2005, an update
on these values was performed, showing a decrease in annual discards to <10 million
tonnes per year (Kelleher 2005; Zeller et al. 2017), while trawl fisheries still appear in the
front line of bycatch risk (Kelleher 2005). As expected, discard rates for small scale
fisheries are lower compared to industrial fisheries (Kelleher 2005; Zeller et al. 2017), with
fleets in the Northwest Pacific and Western central Pacific being responsible for the higher
rate of discarded fish (Zeller et al. 2017).

In the past, to perform studies related with species and fisheries interactions,
researchers relied basically on on-board observations, and had no way of tracking fishing

vessels. Today, innovative real-time technologies have been created to fill this gap and aid
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researchers and policy makers in decisions concerning marine ecosystem conservation.
The Automatic Identification System (AlS), for example, was designed to avoid collision
between vessels and serves the purpose of identifying vessels and intentions, something
that was not possible in the past (Robards et al. 2016). But this provided important
information on vessel traffic in the marine environment, which has been widely used to
assess areas of fishery impacts (Wong et al. 2018; Burger et al. 2019; Rowlands et al.
2019). However, AlSs can be switched off by vessel owners, especially when it comes to
international waters where illegal fisheries are more likely to take place (Weimerskirch et
al. 2020). Other technologies, like the Vessel Monitoring System (VMS) is also used to
monitor vessel movements and locations, generally inside EEZs, aiding also on many
conservation studies (Watson et al. 2018; Weimerskirch et al. 2018; Rowlands et al.
2019).

Another important lack of information that may influence fish stocks are small artisanal
fishery vessels which are not required to use either AIS or VMS tracking systems, instead
they may choose to do it voluntarily by using AIS Class B transceivers, less expensive and
less capable compared to mandatory Class A AlS for bigger vessels (Robards et al. 2016).
In smaller, under-developed or developing countries, the use of these devices on artisanal
vessels is probably null or at least very low. Nevertheless, recent innovative technologies
have been used for monitoring fishing and species, through the use of GPS devices to track
artisanal fisheries (Natsir et al. 2019; Cardiec et al. 2020), use of satellite systems to detect
and count species from space (Cubaynes et al. 2019), drones for surveillance in coastal
areas (Kelaher et al. 2019) and radar vessel detection on tracking devices placed on marine

predators (e.g. seabirds) (Weimerskirch et al. 2018, 2020; Grémillet et al. 2019), capable
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of transmitting information to authorities to detect nondeclared vessels in national and
international waters (Weimerskirch et al. 2020), as well as many others.

Knowing all the impacts, and using all the available technologies, ‘marine no-take
areas’ [areas where extractive activities are prohibited, also known as ‘marine reserves’
(Sala and Giakoumi 2018)] legislatively supported by Marine Protected Areas (MPAs) have
been established in some regions of the world as a way to decrease fishery impacts and
allow ecosystems to recover, protect marine biodiversity, prevent bycatch of underwater
and aerial predators and function as a source of fish stocks to contiguous regions, where
fisheries may still occur (Smallhorn-West et al. 2020). While evidence has proven that
marine no-take areas are the most effective type of MPAs, with a much higher biomass of
fish assemblages when compared to adjacent unprotected and partially-protected areas
(Sala and Giakoumi 2018), their numbers are still very small, as 94% of all MPAs allow
fishing and less than 1% is no-take (Costello and Ballantine 2015; Day et al. 2019).

Overall, marine ecosystems are directly affected by fisheries, sometimes collapsing
food webs and destroying habitats (Lynam et al. 2017). Therefore, these high numbers of
overfished populations and negative impacts on marine ecosystems lead to a clear
consciousness that sustainability was a failed management attempt. Socio-political pressure
still demands for greater harvests, while the ability to predict the amount of harvest that

will cause population collapse is still very much uncertain (Botsford 1997).

| .4. Seabirds as sentinels of human stressors

Seabirds are the most easily studied marine top-predators, which typically explore
vast pelagic regions and habitats of the marine environment throughout their lives

(Schreiber and Burger 2001), making them the best reliable marine fauna group to better
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understand anthropogenic pressures and have an overall view over the state of the marine
ecosystems. Currently, there are around 350 known seabird species around the world
(Croxall et al. 2012; Birdlife International 2018), occupying different niches and habitats,
with various arrays of adaptations for flying (e.g. albatrosses (Weimerskirch et al. 2004)),
diving (e.g. gannets (Croll et al. 1992; Ropert-Coudert et al. 2004)) and swimming (e.g.
penguins (Sato et al. 2007; Fish 2016)). About 28% of these species are globally
endangered (Croxall et al. 2012; Birdlife International 2018), facing direct and indirect
threats at sea (bycatch, vessel light pollution, overfishing, marine pollution, climate change)
and at their nesting grounds (introduced predators, nesting habitat loss and degradation,
human poaching, light pollution) (Birdlife International 2018; Dias et al. 201 9a). These long-
lived organisms spend most of their lives at sea, especially during the non-breeding period.
Most of them never touch land as immature individuals, only returning to their nesting
grounds when they are ready to mate and reproduce (Schreiber and Burger 2001).
However, during this time, they are constrained to their nesting sites due to their central
place foraging behaviour (Orians and Pearson 1979), returning regularly to their nests, and
taking turns incubating the eggs or feeding the chicks, while collecting enough food supply
to store their own energy reserves and maintain body condition (Weimerskirch 1998).
Compared to marine mammals and other less conspicuous marine top predators that
spend the majority of the time underwater, seabirds are easily accessible, especially during
their reproductive period and when colonies are also easily accessible, providing large and
valuable samples collected from external morphometrics to different types of external and
internal tissues (Mallory et al. 2010). These provide important information about species’
body condition (Robertson et al. 2001), presence of contaminants, diseases and parasites

(Gonzalez-Solis and Abella 1997; Mallory et al. 2006; Gilmour et al. 2019b; Lavers et al.
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2019; Philpot et al. 2019), foraging ecology, diet and trophic niche (Kakela et al. 2007;
Ramos et al. 2009; Young et al. 2010a; Phillips et al. 201 |; Neves et al. 2012; Zajkova et
al. 2017; Lerma et al. 2020b). However, to link this information with the state of the marine
environment it is important to know their distributions, by identifying the areas and
habitats they use. In the past, scientists could only rely on observations at sea or at the
colony. Today, the miniaturization of tracking devices has been a major breakthrough in
seabird ecology studies. From Very High Frequency (VFH) radio tags (Lewis et al. 2002;
Wilson et al. 2009; Loring 2016), compass loggers (Paiva et al. 2009), satellite telemetry
(Weimerskirch et al. 2006a) geolocators (GLS) (Gonzalez-Solis et al. 2007; Ramos et al.
2015; Jaeger et al. 2017; Hedd et al. 2018) and Global Positioning System (GPS) loggers
(Steiner et al. 2000; Paiva et al. 2010a, 2015; Ramos et al. 2018), tracking of seabirds
became possible during breeding (e.g. Catry et al., 2009; Paiva et al., 2009, 2010, 2015;
Ramos et al., 2018) and non-breeding phases (Weimerskirch et al. 2006a; Gonzalez-Solis
etal. 2007, 2009; Catry et al. 2009; Ramos et al. 2015). These devices allow the collection
of crucial information about bird foraging behaviour (diving depths, flight altitudes and
speed, turning angles, time of prey intake), physiology, migration, population sizes,
anthropogenic presence and effects on foraging grounds (presence of fishing boats with
radar detection), among others (Burger and Shaffer 2008). These devices range in
accuracy, from >100km (GLS) to a few meters (GPS), weight, lifespan from days to years,
data recovery and costs, being more or less adequate depending on the specie’s biology
and study goals (Lascelles et al. 2012).

With all this information available, seabirds gained a reputation as bioindicators of
marine resources (Cherel and Weimerskirch 1995), with several studies showing

correlations between breeding success and marine prey stocks, mostly pelagic fish
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(Springer et al. 1986; Velarde et al. 1994; Frederiksen et al. 2007; Paiva et al. 2013a). Many
seabird studies reported also important information about ecosystems, indicating regional
habitat differences (lverson et al. 2007), health of the marine environment with the
detection of chemical contamination, overfishing, plastic pollution, etc (Cherel and
Weimerskirch 1995; Mallory et al. 2010; Gilmour et al. 2019a; Philpot et al. 2019; Gatt et
al. 2020). At the same time, areas regularly exploited by these top predators represent
critical ‘hotspots’ of biodiversity and productivity, making seabirds “umbrella species” by
encompassing a huge diversity of marine species which would benefit from seabird
conservation measures. Central place foraging makes seabirds also sentinels of local to
regional environmental processes and human stressors acting at that same spatio-temporal
scale. Moreover, changes in the adults’ body condition (Paiva et al. 2013b), chick-growth
(Quillfeldt et al. 2007) or breeding success (Paiva et al. 2013a) have been used as
measurable traits of human-related impacts on the marine environment, such as fisheries
along their foraging home ranges.

Seabirds are also known to forage near fishing gears, translating into a seabird-vessel
competition. The southern oceans appear to be where the most competition between
fisheries and seabirds occur (Grémillet et al. 2018), with seabird food consumption (e.g.,
cephalopod, euphasiids and small pelagic fish) decrease for diving petrels, terns and
frigatebirds (Grémillet et al. 2018).

Another threat to seabirds is the probability of being bycaught during fishing
operations. Either because seabirds target the same prey as vessels (competition), steal
baits from hooks, or simply feast on discarded whole fish and offal (scavenging) (Soriano-
Redondo et al. 2016), these behaviours have potentially deleterious effects at the individual

and population levels (Table I).
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Table I.1 - Bibliography review on seabird bycatch, across different fisheries and locations around the
globe.
N bird per
Study site Fishery type Most caught seabirds Year Dataset Source
year/hook/trip
Globally
Albatrosses, petrels and
Globally Longline 160 000/yr Articles review (Anderson et al. 2011)
shearwaters
Globally Gill-net Common guillemot and others 40 000/yr Articles review (Zydelis et al. 2013)
North Atlantic Ocean
Scopoli’s, Balearic and
Demersal longline 274-2198/yr 2011-2015 (Cortés etal. 2017)
Mediterranean Mediterranean shearwaters
Longline Gulls and shearwaters - 1985-2014 (Genovart et al. 2017)
Setnets and Demersal
Northern gannets - 2010-2012 (Oliveira et al. 2015)
longline
Portugal Coast
Northern gannets and Cory’s
Longline 0.24/trip 2016-2018 (Calado et al. 2020)
shearwater
Northern fulmar and black
Gillnet and Manual longline >14000/yr 2009 (Fangel et al. 2015)
guillemot
Norwegian Coast
Northern fulmar, common
Gill-net 1589-11500/yr 2006-2015 (Berum etal. 2019)
guillemot
Guill-net Murres 3053-14054/yr 2000-2003 (Davoren 2007)
Northwest Atlantic Shearwaters, gulls, gannets,
Longline - 1992-2016 (Zhou et al. 2019)
petrels
South Atlantic Ocean
Southwest Atlantic Longline Black browned albatross 0.42/1000 hooks 1998-2004 (Jiménez et al. 2009)
White-chinned petrel, shy type
South Africa Longline 450/yr 2006-2013 (Rollinson et al. 2017)
albatrosses
Indian Ocean
Southern West 2009-2010 and
Purse seine Flesh-footed shearwater 0.59-1.10/trip (Norriss et al. 2020)
Australia 2017-2018
Pacific Ocean
(Lewison and Crowder
Central North Pacific Longline Black-footed albatross 100 000/yr 1994-2000

2003)
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Posing a higher risk of bycatch, longlines have long been linked with seabird
populational declines (Lewison et al. 2004), estimating 160,000 seabirds killed every year
around the world, due to longline bycatch, with albatrosses, petrels and shearwaters being
the most affected species (Anderson etal. 201 I). Zhou et al. (2019) studies in the Western
North Atlantic identified the four most important ecological traits that may lead to longline
seabird bycatch: (1) local seabird abundances in a longline targeted area, pose a higher risk
of bycatch, as probabilities of seabird targeting fishing gears are higher, due to competitive
scavenging (Gilman et al. 2016); (2) bigger sized birds appear to be more vulnerable to
longline fisheries, since baits are easier to swallow compared to smaller species (Brothers
etal. 1999); (3) behaviours such as scavenging or plunge-diving were identified as the most
bycatch-prone feeding tactics (Brothers et al. 1999; Calado et al. 2020) and (4) also
connected with the timing-period of hook settlement near the surface, and during hauling,
when birds are most prone to steel untouched baits on hooks (Huin and Croxall 1996).
These periods may be critical if coinciding with the hours where seabirds are mostly active,
frequently around sunrise and sunset (Belda and Sanchez 2001; Soriano-Redondo et al.
2016). For this reason, one of the measures proposed in the Mediterranean sea to mitigate
bycatch (Belda and Sanchez 2001; Sanchez and Belda 2003; Cortés and Gonzalez-Solis
2018) was to settle hooks during the night, when petrels and shearwaters are less active
and/or have reduced visibility to spot baited hooks, as was observed in other studies
(Murray et al. 1993; Melvin et al. 2013).

Discard is probably the most targeted easy-meal birds seek near vessels, followed by
bait when discards are not available. This was observed in the Mediterranean, with
trawlers acting as buffers for seabird and longline vessel interactions, with almost 0%

probability of attendance to longlines when >20 trawlers were present in the area, to 40%
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when only one trawler was present (Soriano-Redondo et al. 2016). Discards are
undeniably a reliable option when natural prey is scarce, which naturally would happen
along areas with high fishing pressure (Maynard et al. 2020), especially for non-breeding
individuals (Grémillet et al. 2008). Other seabird species, like the opportunistic scavenger
yellow-legged gull (Larus michahellis), may actually depend on these fishery unwanted
resources, causing the expansion of their populations (Karris et al. 2018), the same way
other species may rely on most of their energy intake from discards (Arcos and Oro 2002).
As such, fisheries management actions to reduce discards should be treated with caution,
since it can also have negative effects on species (Arcos and Oro 2002; Soriano-Redondo
etal. 2016). Nonetheless, to some seabird populations, reproduction is bound to fail when
the only available food is low-quality fishery discards in contrast with high-quality pelagic
fish (Pichegru et al. 2007; Grémillet et al. 2008). Additionally, compared to pelagic fish,
discards accumulate much higher rates of mercury and other contaminants (Arcos et al.
2002), negatively affecting species in the long-term. Discards also contain certain fish
species, that are not usually available to seabirds, due to depth and nocturnal habits, which
could either be an advantage or a potential threat to seabirds when ingested. A study in
Brazil found many deceased seabirds with signs of choking from feeding on a particular fish
that typically occurs at depths not accessible to most seabirds, and with nocturnal habits,
making it even harder for certain species to have access to it (Benemann et al. 2016).
Other studies show that the use of discards can be a result of intra-specific competition
and not a foraging preference (Cianchetti-Benedetti et al. 2018). Nevertheless, whether
seabirds are indeed attracted to fishing vessels has yet to be determined, as overlap may
be influenced by many different factors, such as individual strategies and specialization

(Votier et al. 2010; Granadeiro et al. 201 |; Patrick et al. 2015), sex-specific foraging
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(Torres et al. 2013; Garcia-Tarrasén et al. 2015; Reyes-Gonzalez et al. 2020), vessel type,
activity and distance or simply by the common use of area and habitat (Torres et al. 201 3;
Bodey et al. 2014; Collet et al. 2017).

Either way, using seabirds as our target species, we end up gaining a more general
view of the associated marine environment, direct and indirect impacts of human activities,
fish stock availability, and other predators feeding in association. Identifying these hotspots
of biodiversity is also extremely important for conservation action purposes and MPA

establishment.

|.5. The importance of tropical marine areas: the example of Cabo Verde

There is a clear relationship between society wealth and ecological zones around the
globe. Temperate regions, with enhanced marine productivity and encompassing most of
the world’s developed countries according to the World Bank, have long been used as
study areas in contrast with tropical ecozones, in which countries are generally very poor
and with lower marine productivity ecosystems (Longhrust and Pauly [987; Sachs 2001).
This fact perhaps explains some of the lack of undergone studies along these regions when
compared to higher latitudes (Weimerskirch 2007).

Tropical oceans comprise 50% of the total area of open water on the planet
(Longhrust and Pauly [987), with temperatures of the sea surface ranging along 15°C to
25°C between sub-tropical and tropical waters (Lalli and Parsons 1997b). Compared to
higher latitudes, these marine areas are typically oligotrophic (Longhrust and Pauly [987;
Lalli and Parsons 1997a; Weimerskirch 2007), with high sea surface temperatures

throughout the year and low chlorophyll-a concentrations, preventing nutrients present in
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denser, cooler and deeper layers of the sea, to reach sunlit areas and made available to
phytoplankton, leaving the nutrient-rich water trapped bellow. This consequently causes
low abundance and production of phytoplankton, which affects the total biomass of
subsequent trophic levels (Ballance and Pitman 1999; Weimerskirch et al. 2004;
Behrenfeld et al. 2006). As such, tropical waters, compared to seasonally productive
temperate waters, are usually unpredictable in terms of prey fish availability and
distribution. In such cases, fish are usually found scattered or patchily distributed across
water masses, usually associated with physical structures (e.g. fronts, continental shelves,
seamounts) (Hunt and Schneider 1987; Xavier et al. 2004; Yen et al. 2004; Weimerskirch
2007; Paiva et al. 2009, 2017) and marine features (e.g. upwelling, eddies, gyres) (Hunt
and Schneider 1987; Kai et al. 2009; Della Penna and Gaube 2020), viewed as spatial
proxies of high marine productivity (Lalli and Parsons 1997a; Ballance et al. 2006; Scales et
al. 2014). Other studies have also connected prey fish with the presence of underwater
predators (e.g. tunas, dolphins, sea turtles), driving them to the surface, through vertical
migration (Hebshi et al. 2008).

The Atlantic is a vast ocean located between the American and the European and
African Continents. The South Atlantic is influenced by warm waters coming from the
Pacific and Indian oceans, travelling northward to the North Atlantic. Colder waters are
fed by the North Atlantic Current (NAC) coming from the poles and travelling southward
towards the equator, across the South Atlantic into the Indian and Pacific Ocean, causing
a permanent exchange of water between oceans. At the centre, the Atlantic is crossed by
the Mid-Atlantic Ridge (MAR), with many large seamounts, dividing the western and
eastern basin of the Atlantic (Steele et al. 2001). The water circulation of the Atlantic is

influenced by the North clockwise warm-water Subtropical Gyre and South counter-
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clockwise warm-water Subtropical Gyre. The North gyre includes the Gulf Stream (GS)
flowing north-east to the NAC, feeding warm waters to the North Atlantic and Europe,
into the Canary Current (CC), in the eastern side of the Atlantic, reaching the North
Equatorial Current (NEC) and finally meeting the GS in a permanent loop (Lalli and
Parsons 1997a; Steele et al. 2001).

At the subtropical East Atlantic, the CC is also fed by the Azores Current (AC),
delivering cool water from the North Atlantic Centre Waters (NACW) to the West
African coast, turning westward and passing along the top northern waters of the Cabo
Verde islands before becoming the NEC (Hagen 2001 ; Fernandes et al. 2004; Mason et al.
201 1; Peha-lzquierdo et al. 2012a). South of the islands, the North Equatorial
Countercurrent (NECC) flows eastward, affected seasonally by the Intertropical
Convergence Zone (ITCZ), and turning north to feed the Mauritanian Current (MC)
(Fernandes et al. 2004). The ITCZ along with trade winds blowing from east to west,
generate Ekman upwelling during summer, driving an offshore upwelling system, extending
from Morocco to the Guinea Gulf, and from the African coast to mid and west Atlantic,
depending on the season (Doi et al. 2009; Pena-lzquierdo et al. 2012a; Faye et al. 2015).
This system causes the formation of a thermal upwelling dome, called Guinea Dome (GD),
fed by cyclonic circulation coming from the NECC and the North Equatorial Under
Current (NEUC) during the summer, as a consequence of the ITCZ moving northward,
and by the NEC (Doi et al. 2009; Pefa-Izquierdo et al. 2012a). During winter the ITCZ
moves south weakening the NECC, forcing the GD to move southeast. This will also cause
the weakening of the MC from summer to winter (Doi et al. 2009). With the influence of
different currents around the islands, receiving waters from the NACW and waters from

de subtropical South Atlantic, this area is the rendezvous point of different water masses
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forming a large-scale productive frontal system, called the Cabo Verde Frontal Zone
(CVFZ) (Zenk et al. 1991; Pérez-Rodriguez et al. 2001), stretching from de archipelago to
Cape Blanc, where pelagic migratory fish aggregate (Fernandes et al. 2004) (Fig.1).
Upwelling in the adjacent coastal area of West Africa is permanent throughout the
year between Cape Blanc and the Canary Islands (Canary Upwelling Current (CUC), 20°N
and 25°N), influenced by the Trade Winds, with a peak during spring and autumn,
constituting one of the four major eastern boundary current (EBC) systems (Barton et al.
1998; Thomas et al. 2001; Peha-lzquierdo et al. 2012). Higher concentrations of
chlorophyll-a are between [0-20°N (2.0-5.0 mg m), while at higher temperate latitudes
(~35°N), approaching the Iberian Peninsula, chlorophyll-a seasonality is weaker, and
concentrations are much lower (< 2.0 mg m?) (Thomas et al. 2001). To the North and
South, the upwelling phenomena is seasonal, occurring during winter and spring below
20°N, extending chlorophyll-a from the coast to open ocean through eddies and filaments
(Pelegri et al. 2005; Aristegui et al. 2009), and during summer and early autumn above
25°N (Lalli and Parsons 1997a; Hagen 2001; Fernandes et al. 2004; Aristegui et al. 2009).
The CC transports cold (=23°C) waters from these upwelling areas, feeding nutrients for
primary production around the islands of Cabo Verde. Additionally, between July and
November, St. Helena and Azores anticyclones cause warm water to reach the southern
islands (24°-27°C), a temperature preference of certain pelagic fish like tuna (Benchimol
et al. 2009b). The presence and activity of these subsurface predators, on the other hand,
attract marine top predators such as seabirds, looking for better feeding grounds and

circumstances that attract prey to the surface (Ballance et al. 2001).

36



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

¥ Morocco

_Cape Blanc

Figure 1.1. Major ocean circulation features around the Cabo Verde islands and West Coast of Africa. NEC — North Equatorial
Current; NECC — North Equatorial Counter Current; NEUC — North Equatorial Under Current; CVFZ — Cape Verde Frontal
Zone; ITCZ — Intertropical Convergence Zone; GD — Guinea Dome; MC — Mauritanian Current; CC — Canary Current; CUC —
Canary Upwelling Current. Map drawn using map information from Fernandes et al. 2004; Izquierdo et al. 201 |; Mason et al. 201 1.

This area, which includes the Capeverdean archipelago (FAO Zone 34), is also a

known hotspot of illegal fishing (https://spyglass.fish/), targeted by non-African and

African vessels (Petrossian and Clarke 2020), where the majority of countries are amongst
the most vulnerable to climate change (Blasiak et al. 2017). The number of MPAs here is

also very low and of small size, located inside countries EEZs, and categorized as less

protected/unknown by the Marine Protection Atlas (https://mpatlas.org/countries). In
1996, tropical MPAs were already considered by managers to have low success (Alder
1996), while inadequate or deficient staff capacity was mainly associated with countries of
low income in all continents (Gill et al. 2017). Nevertheless, effectively establishing,

managing and protecting local MPAs is extremely important to compensate for the lack of
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protective barriers that prevent species from exiting, and because, as mentioned before,
MPAs often work as protective networks by being located in strategic areas corresponding
to foraging habitats of local and foreign species, migration routes and/or corridors and
wintering areas (Davies et al. 2021b). The Cabo Verde archipelago is a clear example of
this, being located near an important area of marine productivity that is the West African
Coast (Lloyd 1971; Demarcq and Somoue 2015), and frequently visited by a vast array of
migrating and foraging species (Camphuysen and Van Der Meer 2005a; Gonzalez-Solis et
al. 2007; Paiva et al. 2015; Polidoro et al. 2017).

In conclusion, a good legislative framework is important to protect biodiversity. There
is a lack of environmental legislative focus, even for most developed countries in Europe,
given the important repository of biodiversity protected under the European directives.
Such issues have not been examined for developing countries, such as Cabo Verde, with
extremely important biodiversity with a relevant role for ecosystems, the economy and
human well-being. The Cabo Verde Government has full legislative powers in the field of
natural protected areas, and in the control of external borders. Development and
enforcement of a legislative framework are important to conserve and restore native
populations and important local habitats and should have a strong positive influence on

many ecosystem services including cultural services such as eco-tourism.

|.6. Thesis objectives and outline

The main purpose of this thesis is to ultimately identify new Marine Protected Areas
(MPAs) and assess the protective power of the existing ones in the Cabo Verde

archipelago, an area where biodiversity ecology studies are still very recent, and effective
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conservation actions rely upon thorough understanding of the overall natural mechanisms
in the everchanging marine environment.

On chapter | discuss current knowledge on the influence/ impact of Human-related
stressors, such as fisheries, on the marine environment and how the implementation of
MPAs can aid mitigate the impact of stressors on marine top predators and also guarantee
sustainability on the extraction of marine resources.

Chapter 2 focusses on the activity of the capeverdean fishing sector, with some effort
on characterizing the domestic fleet operating on the islands, while identifying species that
interact with vessels and have the highest potential risk of bycatch. Additionally, we used
the Cabo Verde shearwater to verify if changes in fish landings could impact developing
chicks.

Chapter 3 used the at-sea distribution of seabird species with higher bycatch on the
Cabo Verde fisheries (Chapter 2), to study spatio-temporal seabird-fisheries interactions,
by measuring the spatial overlap with fisheires and foraging responses to fisheries activities
(fishing effort) using tracked data from domestic small-scale vessels and foreign large-scale
vessels tracked via AlS signal.

As Cabo Verde fisheries and MPAs are very coastal, chapter 4 went a step further
using two species of boobies, one coastal (brown booby) and one comparably more
pelagic (red-footed booby), and concentrated on examining their foraging behaviour at
much finer scales, to understand how their spatial, behavioural and trophic ecology
changes in an oligotrophic environment, verifying intra and inter-specific differences and
competition, identifying environmental marine features driving foraging decisions, habitat

choices and diet preferences.
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Chapter 5 gathers all the available foraging distribution of seabird data collected in this
study and over the years, and pools them together with fishing effort to propose new
Marine Protected Areas that would effectively embrace an important part of the Cabo
Verde seabird population and protect marine species that in association share the same
resources and habitats, with an overall effort to include a huge part of the marine
ecosystem.

Under chapter 6 | highlight the main outputs emanating from chapters 2 — 5, bias
and/ or caveats on those studies and how future work to improve our knowledge on
seabirds’ foraging ecology, to better support decision-making processes of updating the

current network of MPAs of the Cabo Verde archipelago.
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Abstract

Today we are facing a reduction in fish landings due to overfishing, leading to the
collapse of marine fish stocks worldwide. According to the Food and Agriculture
Organization (FAO) the percentage of fish stocks considered to be still within biologically
sustainable levels have decreased with visible negative effects on the health of marine food
webs including upper-trophic level predators such as seabirds. In this study, we conducted
interviews with fishermen from different island ports and fishing communities in the Cabo
Verde archipelago to characterize the activity of domestic fleet and identify seabird
interactions with vessels and bycatch. We also explored the influence of climate patterns
(i.e., North Atlantic Oscillation — NAO — index), fishery landings (2013-2019), marine
primary productivity and abundance of pelagic prey both on the linear growth rate and
asymptotic mass of their growing chicks. Our results showed that handlines and purse-
seines were the most used fishing gears for artisanal and semi-industrial vessels
respectively, targeting mainly sharks, tunas, pelagic and demersal fishes. The Cape Verde
shearwater was the most associated species with fisheries and with higher risk of bycatch,
particularly for artisanal boats operating handlines, followed by brown boobies and red-
billed tropicbirds. Fish landing correlations with environmental predictors (e.g.,
zooplankton and micronekton biomass, euphotic zone depth) were related to the food
web complex, with changes in prey and intermediate species resulting in bottom-up

biomass shifts related to the base of the marine food-web and top-to-bottom changes.
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Asymptotic mass and linear growth rate of chicks correlated positively with landings of
prey species (e.g., small pelagics) and associated predators (e.g., tuna), as well as marine
primary productivity variables. These results show that much attention should be paid to
the artisanal sector in finding ways to apply bycatch mitigation measures to reduce the risk
of bycatch, while changes in fish-landings could be an essential indicator of prey-availability
in the ocean which ultimately might affect seabirds’ chick development and the overall
breeding outcome, with potential demographic repercussion in the mid- to long-term, via

lower recruitment into the breeding population.

Keywords: Cape Verde shearwater; Fishermen interviews; artisanal boats; semi-

industrial vessels; Fish-landings; Small pelagics; Tuna; Chick development
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2.1. Introduction

The practice of harvesting wildlife from water masses by humans, commonly known
as fishing, exists since pre-historic times (about 100000 years ago, (Sahrhage and Lundbeck
2012). This activity increased exponentially since the 1950°s, when new technologies made
fishing much easier and larger vessels were launched every day, and peaked during the
1980°s. Today we are facing a reduction in fish landings because of overfishing, which lead
to the collapse of marine fish stocks worldwide (Pauly et al. 2002). Additionally, vessels
catch enormous amounts of unwanted fish and other marine organisms in their fishing
gears, which are later discarded back to sea and not always accounted for. However, these
discards contribute to the overall proportion of fish caught and affect marine populations
in many ways (Zeller et. al 2017). According to FAO (2020), the percentage of fish stocks
considered to be still within biologically sustainable levels have decreased 24.2% from 1990
to 2017, which places into perspective the impact of human fisheries to fish stocks today,
with visible negative effects on the health of marine food webs (Pauly et al. 1998) including
upper-trophic level predators such as seabirds (Grémillet et al. 2016, 2018).

As volant creatures, seabirds have always been known for their navigational
attributes, travelling enormous distances to reach wintering and breeding areas along
ocean basins and coastal areas (Egevang et al. 2010; Hromadkova et al. 2020). Fishermen
have always looked for the presence of seabirds to locate fishing banks and fish schools,
when other navigational technologies were not available (Montevecchi 2001). Today,
areas with major fishing pressures are identified along the Indian, Pacific and central Atlantic
oceans (Grémillet et al. 2018), and these areas are also often used by seabirds, leading to

potential competition with fisheries (Karpouzi et al. 2007). Grémillet et al. (2018) reported
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a 19% decrease in the global annual seabird food consumption between [970-2010 (~40
years), while fishery catches increased by 10%, a reflection of the competition between
seabird and fisheries. However, the most recent FAO report (FAO 2020) informs of an
even higher increase of > 4% in global fishery captures in only 28 years (1990-2018).
Some areas with a declining seabird prey consumption include the majority of the Pacific
Ocean, Northern Polar Atlantic, the Central American Caribbean waters and Central
East Atlantic, the Mozambique Channel and further south in the West Indian Ocean,
coinciding with fisheries increased catches of taxa targeted by seabirds (Grémillet et al.
2018). The southern oceans appear to be where the most competition between fisheries
and seabirds occur (Grémillet et al. 2018).

These interactions can have negative and positive impacts, affecting seabirds directly
and indirectly. Directly, fisheries may impact seabirds by causing death and injuries as such
species are known to forage near fishing gears, and therefore, are often bycaught during
fishing operations (Montevecchi 2001). These accidents occur when seabirds target the
same prey as vessels (competition), steal baits from hooks, or simply when feeding on
discarded whole fish and offal (scavenging) (Soriano-Redondo et al. 2016), with potentially
deleterious effects at the individual and population levels. Fisheries can also provide fish
discards, a food resource that are often sought by seabird populations that are more
opportunistic (Mullers et al. 2009), while the reduction of fish-stocks can indirectly affect
seabirds by decreasing the amount of available prey for seabird consumption (Grémillet et
al. 2018). Other type of disturbances may occur near vessels affecting seabirds in many
ways (e.g., light pollution, oil spills, vessel waist “ghost nets”) (Lieske et al. 2019). Longline
fishing has been identified as one of most impactful fisheries to seabirds (Lewison et al.

2004), affecting specifically albatrosses, petrels and shearwaters (Anderson et al. 201 1).
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Certain characteristics may lead to higher seabird bycatch such as the timing of fishing
operations (hook settlement near the surface and hauling), and fishing during hours of
higher seabird activity (sunrise and sunset) (Belda and Sanchez 2001; Soriano-Redondo et
al. 2016; Cortés et al. 2017).

When trying to assess interactions between marine species and fishing vessels, many
studies resort to personal interviews with fishermen (Godley et al. 1998; Moore et al.
2010; Oliveira et al. 2015; Lopes et al. 2016; Panagopoulou et al. 2017; Aguilera et al.
2020; Arias-Del-Razo et al. 2020). These have mainly focused on artisanal or small-scale
fisheries, using structured interviews directed to interactions, target species, operation
characterization, bycatch frequency and species identification using photographs. Many
interviews indicate conflicts between fishermen and other natural predators, as they
compete for the same resources or engage in scavenging activities. Furthermore,
competition between industrial and artisanal fisheries also occur, with small-scale
fishermen complaining that fishing conditions have deteriorated over time due to industrial
trawler and longline fisheries destructive activities (Panagopoulou et al. 2017).

When choosing an indicator species for the impact of fisheries, it is important that
both overlap on their fishing grounds, to reflect changes at the same spatial scale as some
types of fisheries may occur at a larger scale, over ocean-basins, while others may operate
at a local scale (Montevecchi and Myers 1995). Seabirds have a collective of specific
characteristics and traits, which make them adequate to study changes influenced by
anthropogenic factors such as fisheries, because they are more accessible during the
breeding season when constrained to their colony sites, and their physiology and
phenology tend to reflect changes in the marine environment, affecting measures such as

breeding success, chick development and foraging effort. For instance, fisheries inducing
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prey-fish depletion were shown to affect seabird foraging ecology, increasing the foraging
ranges of species such as the Peruvian booby (Sula variegata) to cope with regional
resource decline (Bertrand et al. 2012). Seabird-fishery interaction studies in
procellariforms, have revealed high risk of bycatch for shearwaters at the Mediterranean
(Cortés et al. 2017) and off Chile (Carle et al. 2019), where vulnerability to fishing gears is
high. These fishing practices occur in very closed and coastal environments, with large
fishing fleets causing enormous fishing pressure, and seabirds, one way or another, end up
interacting with vessels. However, in more open areas, such as the North Atlantic,
shearwaters appear to forage mostly not in association with fisheries (Oliveira et al. 2015;
Calado et al. 2020; Pereira et al. 2021). This may also be the case in coastal areas with
high fishing pressure outside their breeding period (Bugoni et al. 2008b). Besides
shearwaters, other species such as gannets have been observed to have high interaction
with vessels (Gremillet et al. 2015; Oliveira et al. 2015; Calado et al. 2020), although this
may vary according to food availability (Clark et al. 2020).

In the eastern central Atlantic, West African Coast, where the level of illegal fishing
is very high (Agnew et al. 2009), assessing the amount of megafauna bycatch is not an easy
task, especially in a productive and heavily fished environment as the Canary current
upwelling (Laurans et al. 2004; Camphuysen and Van Der Meer 2005b; Worm et al. 2009).
This area is commonly used for foraging by seabirds breeding nearby (mainly in the
Macaronesia islands) and wintering birds from the northern hemisphere, increasing the risk
of bycatch (Wynn and Knefelkamp 2004; Camphuysen and Van Der Meer 2005b;
Gremillet et al. 2015; Paiva et al. 2015; Grecian et al. 2016; Monteiro 2019). The Cape
Verde shearwater (Calonectris edwardsii), breeds in the Cabo Verde islands, foraging

around the islands EEZ and with incursions to off West Africa (Paiva et al. 2015). Previous
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studies have mapped their distributions, reflecting a marked dual foraging strategy during
the chick-rearing phase, alternating between short forays within the Cabo Verde waters
with longer and distant trips to off West Africa (Paiva et al. 2015). Yet, years with a higher
proportion of longer foraging trips to off West Africa have been related with low marine
productivity regimes within the archipelago (Paiva et al. 2015; Cerveira et al. 2020), and
might be related with a decrease in the abundance of pelagic prey and other marine
predators such as tunas. Interviews with Cabo Verde fishermen estimated high levels of
Cape Verde shearwater poaching annually (Monteiro 2005) and showed that this is the
most vulnerable species to bycatch inside the Cabo Verde EEZ, followed by brown
boobies (Sula leucogaster) and red-billed tropicbirds (Phaethon aethereus) (Monteiro and
Correia 2007; Montrond 2020). Therefore, these should be the best species to reflect
changes in the marine environment as well changes in fisheries inside Cabo Verde EEZ.

In this study, | conducted interviews with fishermen from 26 ports and fishing
communities in Cabo Verde archipelago to characterize the activity of artisanal and semi-
industrial fisheries and identify which seabird species interact more and which are bycaught
in higher numbers in fishing gears. Plus, we also compiled fishery landings between 2013 —
2019, made available by the IMAR institute in S3o Vicente Island, and analysed the influence
of marine primary productivity and biomass of zooplankton on landings of tuna, other
pelagic predatory fish, and small pelagic prey fish. Finally, also for 2013-2019, we explored
the influence of climate patterns (i.e. North Atlantic Oscillation — NAO — index), fishery
landings, marine primary productivity and abundance of pelagic prey both within the Cabo
Verde archipelago (500 km around Raso Islet) and off West Africa (~300 km from the
coastline) on the linear growth rate and asymptotic mass of their growing chicks. Based on

previous reported information, we made the following expectations: |) from all seabird
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species breeding in the Cabo Verde archipelago, we expect Cape Verde shearwaters and
brown boobies to be those interacting more with fisheries and suffering a higher bycatch
rate, whilst red-billed tropicbirds should interact less with fisheries; 2) tuna landings should
decrease with the decreasing availability of marine productivity at the base of the food-
web (nekton concentration) and small pelagic prey, and 3) linear growth rate and
asymptotic mass of Cape Verde shearwater chicks should be higher with increasing
landings (and availability) of both small pelagic prey and underwater predators, like tuna,
because parents are more likely to increase the amount of fish provisioned to their growing

chick with higher prey availability and facilitated foraging, respectively.

2.2. Methods

2.2.1. Fishermen Interviews

Personal interviews, targeting fishermen from different fishing communities of the
Cabo Verde islands, were conducted during 2018 and 2019 (Figure 2.1.). Surveys collected
information to characterize local fisheries and estimate potential seabird bycatch, using a
questionnaire with 34 questions divided into 3 sections: (1)} General data, with information
on interviewed fishermen, type and characteristics of the fishing techniques and gear used
on the boat; (2) Fishing activity for the type of method used, with details on seasonality,
targeted species and baits; and (3) knowledge on interactions between seabirds and
fisheries, with details on capture of other marine predators (sea turtles and sharks) (Table
S2.1.) . For a better understanding of the questions by local fishermen, interviews were

held in Capeverdean creole (local language), and interviewers had previous knowledge
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Figure 2.1. Twenty-six fishing ports where fisherman interviews were conducted, over 7

islands of the Cabo Verde archipelago. White dotted line represents the capeverdean
territorial land and the red line represents the Cabo Verde Exclusive Economic Zone (see

Table 2.2 for further details

on the field (ONG technicians used to work with fishermen, biology students, etc).
Because many fishermen use the Marine Protected Area (MPAs) to fish, some interviews
took place in such places (e.g., Raso Islet), where they spend the nights in between fishing
trips. This was a good strategy to approach fishermen during leisure time and have a less
formal conversation. Survey time varied in relation to the number of fishing techniques
used on boats, which did not surpass more than two, lasting between 20-30 minutes. To

avoid interference and influence of other respondents, interviews were performed
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individually. Pictures of seabird species and maps were also available to fishermen to better
identify species and fishing grounds (Moore et al. 2010; Oliveira et al. 2015; Lopes et al.
2016; Montrond 2020).

Data collection varied across islands and sampling effort did not always correspond
to fisheries distributions across islands (Table 2.2), as Santiago would be the island where
most boats concentrate (INE 2020). This was more related to the availability of
interviewers on each island, logistical constraints, and port locations. Interviews on most
islands were performed to represent all fishing communities and focused on accessibility
and importance. Although the number of artisanal fisheries interviews (N=209) surpassed
greatly the number of semi-industrial vessels (N=25), the sampling size does seem to
represent the number of existing artisanal (N=1588 boats) and semi-industrial (N=119

vessels) fishing boats on the archipelago (INE 2020).

Table 2.2. Sampling locations and number of surveys conducted along the Cabo Verde
archipelago

N sampling ) Type of
Islands ) Sampling Months Year o
locations fishing N
. Artisanal 39
S&o Vicente 6 Nov-Dec 2018
Industrial 22
Raso 1 June, August and October | 2018 Acrtisanal 6
Sal 2 September 2019 Avrtisanal 4
] Feb, May and December 2018 Avrtisanal 19
Boavista 6 . -
Feb, April, May 2019 Industrial 3
Santiago 2 April-Jun 2019 Avrtisanal 24
Dec 2017
Fogo 7 May, Nov, Dec 2018 Acrtisanal 73
Jan, Feb, Apr 2019 2019
May 2018
Brava 3 Acrtisanal 44
Feb-Mar 2019
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2.2.2.  Fish-landings and shearwater chick data

Fish landing data was provided by the IMAR institute in Sao Vicente, with information
on species caught, weight per month/trimester/year, landings on different islands for
artisanal and semi-industrial fisheries and for different fishing gears. Because gear was not
available for most of our study period (2013-2019), we did not consider this variable.
Additionally, we categorized species into three different groups (tuna, pelagic and small
pelagic) taking into consideration previous work confirming the predator-prey relationship
between seabirds and small pelagic fish (Schreiber and Burger 2001; Engelhard et al. 2014;
Rodrigues 2014) and the facilitator role of tuna and other large pelagic fish to foraging
seabirds (Au and Pitman |986; Weimerskirch 2007).

Data on growth parameters of Cape Verde shearwater chicks have been collected
since 2013 until 2019 in Raso islet (16°36’40.63”N, 24°35’15.81"W): chick body mass and
wing length was measured every 2-4 days to calculate their Linear Growth Rate (g day')
and Asymptotic Mass (g) (Ramos et al. 2018; Semedo 2020). With progressing chick
development, adults will decrease chick-meals so they can achieve optimal flight weight
(asymptotic mass) (Rodrigues 2014). As such, changes in fish landings and environmental
predictors related to prey availability may affect asymptotic mass and linear growth rate,

with the potential to cause development and fledging delay.

2.2.3. Data analysis

Chi-square tests were used to investigate differences among the characteristics of

fishing boats from interviewed fisherman. All responses were coded with binary variables
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| and O representing “yes” and “no” answers, respectively and we used the sum of all
answers to calculate the chi-square test on R.

To provide a better view over the interaction between seabirds and fisheries and
seabird bycatch we used zero-Inflated Models with Negative Binomial distribution (ZINB)
and accounting for overdispersion (Zeileis et al. 2008) to test the effect of the independent
variables: (|) seabird species (2) month of survey (January-December), (3) island (Sao
Vicente, Raso, Sal, Boavista, Santiago, Fogo or Brava), (4) fishing type (artisanal or semi-
industrial), (5) fishing gear (gillnet, handline, purse-seine or longline), (6) fishing moment
(gear set or gear retrieval) on the probability of seabird bycatch. ZINB models use a
reference category against which the remaining data is compared, this was set as the first
category on the previous six variables. Base models were validated, checked for
collinearity among predictors, overdispersion, residual patterns and observed vs. fitted
values using performance (Llidecke et al. 2019) and DHARMa (Hartig 2019) packages. A
set of all possible model combinations were generated using the dredge function within
the MuMin package (Bartén 2019), and best model was selected based on the lowest
corrected Akaike’s information criterion for small sample sizes (AlCc). This evaluation
included the fisherman ID as a random effect, to control for pseudo-replication issues,
because some fishermen were interviewed more than once in different months/ study
years. Duplicate interviews represented less than 7% of the overall sample size.

Generalized Additive Mixed Models (GAMMs) were used to test the effect of (1)
month, (2) monthly NAO, (3) depth of euphotic zone (m), (4) net primary productivity
(mg m?day"), (5) biomass of zooplankton (g m?) and (6) biomass of micronekton in the
epipelagic layer (g m™2) on the amounts of (Model |) tuna, (Model 2) pelagic predators and

(Model 3) small pelagic fish (Tons) landed on the Cabo Verde archipelago. GAMMs are
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commonly used to model multisite-time series data, allowing linear and non-linear
relationships between explanatory and response values. We started running models
including all the main effects, and the best candidate model was selected based on the
second-order corrected Akaike’s information criterion (AIC). A difference of less than 2
was interpreted as competing models receiving a similar amount of support from the data
(Burnham and Aderson 2002). All analyses were performed with R software ver. 3.5.2 (R
Core Team 2018), and significance was set at alpha = 0.05.

A General Linear Model (GLM) was used to test the effect of landings of (1) tuna,
(2) pelagic predatory fish and (3) small pelagic fish, as well as (4) depth of the euphotic
zone, (5) net primary productivity, (6) zooplankton biomass and (7) biomass of
micronekton in the epipelagic layer on the linear growth rate and asymptotic mass of Cape
Verde shearwater chicks from Raso Islet. The depth of the euphotic zone refers to the
area from the surface to the depth with sufficient light (1% of its value beneath the surface)
to support photosynthesis, reflecting water clarity or turbidity, a quality index of an
ecosystem and consequently an important property of primary production (Lee et al.
2007; Soppa et al. 2013; van Ruth et al. 2020). Landings (vars. | — 3) and environmental
predictors (vars. 4 — 7) were extracted for the months May — October (Cape Verde
shearwaters breeding season) between 2013 — 2019, for the area within the Cabo Verde
EEZ (see Fig. 2.1). Environmental predictors belong to the SEAPODYM - Spatial
Ecosystem and Population Dynamics Model (http://www.seapodym.eu) and were
extracted from the Copernicus database (https://myocean.marine.copernicus.eu), at a

0.1° resolution.

2.3. RESULTS
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2.3.1.  Characterization of fishing events

In terms of artisanal fisheries, handlines were the most used fishing gear (88.5%; x%s
= 609.74, p < 0.001), and most boats (87%) had less than 10 m long (Table S2.2). All
boats were motorized and 82% of motors had < 30 horsepower (HP) capacity (Table
$2.2). On the other hand, purse seine was the most used fishing gear on semi-industrial
fisheries (84%; x% = 66.091, p < 0.001), with most boats (84%) more than |0m long and
40% of them had > 30 HP motors (Fig. S2.1, Table S2.2).

Fishing trips of artisanal boats using handlines were in majority < | day (55.5%) (x:=
181.5, p < 0.001), but some of them lasted between 2-5 days or more. Most semi-
industrial purse seiners spent longer periods fishing at sea, 2-5 days (36%) or higher (40%)
(x:>= 11.96, p < 0.01). Time of operating gears for all types of fisheries were mainly
between 6-12h, but this was significant for artisanal fisheries (x% = 106.21, p < 0.001)
(Table S2.3).

The more frequent fish baits used on both artisanal and semi-industrial fisheries were
bigeye scad Selar crumenophthalmus, mackerel scad Decapturus macarellus and
crustaceans. Octopus species and blackspot picarel Spicara melanurus were also used
occasionally on artisanal fisheries. Mackerel scad was the most common bait for artisanal
boats, while semi-industrial vessels preferred to use mackerel and bigeye scads (Fig. S2.3).

Target groups included sharks, tunas, pelagic and demersal fishes, molluscs, and
crustaceans. Artisanal boats targeted more tuna species (71.8%), bluespotted sea bass
Cephalopholis taeniops (76.1%) and wahoo Acanthocybium solandri (58.9%) followed by

Atlantic emperor Lethrinus atlanticus (37.3%), Muraenidae (34%), bigeye scad (31.1%) and

56



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Sphyrnidae sharks (33%). Semi-industrial vessels targeted bigeye scad (88%), mackerel

scad (84%), tuna species (56%) and wahoo (48%) (Table 2.3).

Table 2.3. Frequency of occurrence of target species on the fishing vessels, by fishing type
(artisanal and semi-industrial) in the Cabo Verde archipelago.

Target Group Target Species Artisanal (209)  Semi-Industrial (25)
Sharks Sphyrnidae 33.0 0.0
Acanthocybium solandri 58.9 48.0
Tuna Thunnus sp 71.8 56.0
AuXis sp. 8.1 52.0
Selar crumenophthalmus 31.1 88.0
Decapterus macarellus 20.1 84.0
Spicara melanurus 17.2 24.0
Pelagic Fish Caranx crysos 5.3 4.0
Trachinotus sp. 24 4.0
Trachurus trecae 1.0 4.0
Belone belone 0.5 0.0
Seriola rivoliana 18.2 4.0
Xiphias gladius 144 0.0
Caranx lugubris 4.3 0.0
Elagatis bipinnulata 53 0.0
Diplodus sp. 21.1 4.0
Sparisoma sp. 10.5 4.0
Lethrinus atlanticus 37.3 4.0
Cephalopholis taeniops 76.1 20.0
Parapristipoma humile 24.9 4.0
Muraenidae 34.0 8.0
Lutjanus fulgens 15.8 0.0
Demersal Bodianus sp. 1.9 0.0
fish Makaira nigricans 1.0 0.0
Mycteroperca rubra 2.4 0.0
Coryphaena hippurus 17.7 12.0
Sphyraena guachancho 2.4 0.0
Apsilus fuscus 2.9 0.0
Virididentex acromegalus 0.5 0.0
Pseudupeneus prayensis 0.5 4.0
Sarpa salpa 0.5 0.0
Bothus podas 0.5 0.0
Galeoides decadactylus 0.5 0.0
Priacanthus arenatus 2.9 0.0
Abudefduf sp. 2.9 0.0
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2.3.2. Seabird-fisheries interactions

From all fishermen interviewed, the majority could only identify Cape Verde
shearwater (62%), red-billed tropicbird (64%), and brown booby (65%), which were more
easily recognizable from a distance due to its specific characteristics and high association
with fishing boats (Fig. 2.2A). The majority of fishermen agreed that interactions exist, with
57% of fishermen claiming that the number of seabirds interacting with boats during a
specific fishing operation is higher than 25 individuals for both artisanal and semi-industrial
fisheries, and acknowledging that there is a negative effect of these interactions attributed
mainly to bait loss, and a positive effect when indicating the presence of fish (Fig. 2.3)
However, when asked to quantify their economic losses due to seabird negative
interactions, less than 5% claimed high costs for both types of fisheries (but were unable
to quantify such loss), and 59% of artisanal fishermen and 64% of semi-industrial fishermen
claiming it to be non-existent (x3 = 184.36, p < 0.001; x’3=33.2, p < 0.001).

Concerning their opinion on which type of fisheries more frequently caught seabirds,
most fishermen agree that handlines and longlines are the riskiest gear-types for seabirds
(Fig. 2.2B). However, when questions started redirecting fishermen towards accidental
and intentional catches concerning their own boats, most of them preferred not to answer
and seemed a little uneasy or discontent since, as of 2018 (decree law No 1/2018), sea
turtle catches are prohibited and punishable by law. Seabird species were also nominated
for protection since 2002 (Regulatory decree No 7/2002), like sharks (Resolution No

93/2020), however there are still no punishment measures to insure such protection.
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Figure 2.2. Frequency of occurrence of (A) seabird species interacting with fisheries and
(B) seabirds by-caught on different fishing gears from artisanal (N = 209 interviews) and
semi-industrial (N = 25 interviews) fishing boats operating in the Cabo Verde archipelago.
Sample size above each bar.

59



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

70 -
= Artisanal = Semi-industrial 1
60 -
<50 -
3 127
5
540 4 112
o
o
o
s
> 30 +
1)
c
o
S
T
£ 20 - 6
w
a4
10 - 5
13 17 16
n -1 i
0 -
Bait loss Loss of capture Afects fishing Steal catch Disturb Indicate fishing
space gear areas

Seabird effect on fishery

Figure 2.3. Frequency of occurrence different types of seabird effect on Cabo Verde
artisanal and semi-industrial fishery activities. Sample size above each bar.

The model that better explained the seabird-bycatch probability (ZINB model with
lowest AlCc value, Table 2.4) was the one that included the following variables: species,
fishing type, fishing gear and the combined variables fishing type vs. species and fishing gear
vs species. By comparing each species with the reference species with low vessel
interaction (Bulwer’s petrel), results showed a higher interaction probability for Cape
Verde shearwaters, brown boobies, and red-billed tropicbirds, while for instance the Cape
Verde petrel (Pterodroma feae) had a lower probability of interaction when compared to
the reference species, but this was not significant (Table 2.5). Handlines and longlines were
once again the most significant fishing gears influencing seabird bycatch, while gear retrieval

had a significantly lower probability of catching seabirds when compared to the
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Table 2.4. Summary statistics for zero-inflated negative binomial (ZINB) models testing the effect of the independent variables: species, month,
island, fishing type and gear, fishing moment (gear set or retrieval) and their interactions on fishery by-catch events within the Cabo Verde
Economic Exclusive Zone (EEZ). Fishermen ID included as a random effect to control for pseudo-replication issues. df = degrees of freedom,
logLik = loglikelihood ratio statistic, AlCc = Akaike’s information criterion corrected for small sample size, wj = Akaike weight.

Count component df logLik AICc wi
Species + Fishing type + Fishing gear + Fishing type*Species + Fishing gear*Species 12 398.14 500 0.69
Species + Month + Fishing type + Fishing gear + Fishing type*Species + Fishing gear*Species 17 400.01 519 0.79

Species + Month + Island + Fishing type + Fishing gear + Fishing type*Species + Fishing gear*Species 23 402.23 555 1.10
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Table 2.5. Statistics from zero-inflated negative binomial (ZINB) models testing the effect of the
independent variables: species (Cape Verde shearwater-CVSh, Cape Verde storm petrel-
CVSPt, white-faced petrel-WFPt, red-billed tropicbird-RBTr, Cape Verde petrel-CVPt, Cape
Verde little shearwater-CVLSh, brown booby-BBo, Bulwer’s petrel-BPt), month (January —
December), Island (Sao Vicente, Sal, Boavista, Santiago, Fogo, Brava), fishing type (artisanal,
semi-industrial) and gear (gillnet, handline, purse-seine and longline), fishing moment (gear set,
gear retrieval) and their interactions on fishery by-catch events within the Cabo Verde EEZ.
Reference categories set as the first category of the mentioned (6) before. Significant effects are
shown in bold. Fishermen ID included as random effect to control for pseudo-replication

Parameters Count component
p+SE P (>lz))
Species (CVSh) 4.14+0.24 <0.001
Species (CVSPt) -0.30+0.30 0.30
Species (WFPt) -0.58+0.32 0.07
Species (RBTT) 2.33+0.24 0.01
Species (CVPY) -2.15+0.54 0.08
Species (CVLSh) -0.70+0.33 0.09
Species (BBo) 2.59+0.24 0.01
Fishing type (semi-industrial) 0.69+1.04 0.07
Fishing gear (handline) 3.24+2.11 0.01
Fishing gear (purse-seine) 0.53+0.32 0.25
Fishing gear (longline) 1.99+0.65 0.02
Fishing moment (gear retrieval) -3.23+1.23 0.001
Fishing type (semi-industrial) * Species (CVSh) 3.48+1.28 0.01
Fishing type (semi-industrial) * Species (CVSPt) -0.30+1.47 0.84
Fishing type (semi-industrial) * Species (WFP) 1.31£1.30 0.31
Fishing type (semi-industrial) * Species (RBTT) 2.24+1.16 0.03
Fishing type (semi-industrial) * Species (CVPt) 2.15+1.54 0.16
Fishing type (semi-industrial) * Species (CVLSh) 0.7+1.48 0.63
Fishing type (semi-industrial) * Species (BB0) 1.94+1.15 0.03
Fishing gear (handline) * Species (CVSh) 4.65+0.98 <0.001
Fishing gear (handline) * Species (CVSPt) -0.32+0.24 0.34
Fishing gear (handline) * Species (WFPt) 0.45+0.34 0.43
Fishing gear (handline) * Species (RBTr) 3.09+2.77 0.02
Fishing gear (handline) * Species (CVPt) 0.98+0.55 0.75
Fishing gear (handline) * Species (CVVLSh) -0.13+0.23 0.67
Fishing gear (handline) * Species (BB0) 3.69+2.01 0.01
Fishing gear (purse-seine) * Species (CVSh) 0.68+0.65 0.44
Fishing gear (purse-seine) * Species (CVSPt) 0.76+0.88 0.64
Fishing gear (purse-seine) * Species (WFPt) -0.87+0.22 0.23
Fishing gear (purse-seine) * Species (RBTT) -0.45+0.53 0.34
Fishing gear (purse-seine) * Species (CVPt) -0.34+0.32 0.63
Fishing gear (purse-seine) * Species (CVLSh) 0.63+0.92 0.46
Fishing gear (purse-seine) * Species (BB0) 1.01+0.43 0.09
Fishing gear (longline) * Species (CVSh) 1.83+0.65 0.03
Fishing gear (longline) * Species (CVSPt) -0.53+0.34 0.25
Fishing gear (longline) * Species (WFPt) -0.44+0.56 0.43
Fishing gear (longline) * Species (RBTT) 1.07+0.98 0.07
Fishing gear (longline) * Species (CVPt) -0.45+0.23 0.25
Fishing gear (longline) * Species (CVVLSh) -0.87+0.97 0.44
Fishing gear (longline) * Species (BB0) 1.55+0.59 0.05
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reference category (gear set). In fact, most fishermen stated that bycatch occurred mainly
during hook settlement in both fisheries. Although bycatch probability was higher for semi-
industrial vessels, there was no significant interaction difference between both types of
fisheries. Nevertheless, Cape Verde shearwaters were significantly more caught than the
reference species, followed by red-billed tropicbirds and brown boobies in semi-industrial
vessels. Handlines caught significantly more Cape Verde shearwaters, brown boobies, and
red-billed tropicbirds, while longlines caught only Cape Verde shearwaters (Table 2.5).
Most fishermen claimed that birds are often alive when spotted caught and are
released either dead or alive. Few of them think accidental catches are an inconvenience
by disturbing fishing activities, on the contrary, most of them stated that it is not relevant
(40-50%), and that incidental and intentional catches have decreased, except for sharks,
with 50% of them stating that an increase in intentional shark catches is attributed to

foreign vessels.

2.3.3.  The influence of environmental predictors on fishery landings and chick srowth

parameters of Cape Verde shearwater

The best models concerning landings of tuna species included variables such as
month, marine productivity, and zooplankton biomass (Table 2.6). The effect of month on
tuna landings was significant for the months of July to December (Table 2.7), while
zooplankton biomass seems to have a more significant effect on tuna landings than marine
primary productivity, with a proportional increase of tuna landings with zooplankton

biomass (Fig. 2.4).
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Table 2.6. Best candidate Generalized Additive Models (GAMs) on the effect of different ecological drivers of marine productivity (i.e. month,
monthly NAO, depth of euphotic zone (zeu, m), net primary productivity (npp, mg m? day'), biomass of zooplankton (zooc, g m?) and biomass of
micronekton in the epipelagic layer (epi, g m?) on the amounts of (a) tuna, (b) pelagic predators and (c) small pelagic fish landed on the Cabo Verde

archipelago.
Model structure 12 df AICc  AAIC Akaike weight Dev. Expl.
(%)

a) Tuna

Tuna landings ~ month + npp + zooc 0.63 15.00 101.79 0.00 0.41 63.0 npp: p=0.06 zooc: p< 0.001
b) Pelagic fish

Pelagic fish landings ~ zeu + zooc + epi 0.19 6.00 41.07 0.00 0.11 19.0 zeu: p=0.05 zooc: p=0.03 epi: p=0.12
¢) Small pelagic fish

Small pelagic fish landings ~npp +zeu+epi  0.24 6.00 348.34 0.00 0.32 24.4 npp: p=0.001  zeu: p<0.001 epi: p=0.02
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Table 2.7. Results from the model showing the effect of month on tuna landings
(month was retained as an important variable in the model selection process). All months
(categorical variable) are compared with Month | (January).

S+ SE t value Pr(>|t)
(Intercept) 4.89+0.31 15.90 <0.001
Month2 -0.45+0.34 -1.32 0.19
Month3 0.06+0.48 0.13 0.89
Month4 -0.23+0.47 -0.48 0.63
Month5 -0.01+0.43 -0.03 0.98
Month6 0.34+0.41 0.83 0.41
Month7 1.19+0.37 3.24 0.001
Month8 1.89+0.46 4.09 <0.001
Month9 2.51+0.52 4.84 <0.001
Month10 3.13+0.53 5.86 <0.001
Month11 2.66+0.49 5.47 <0.001
Month12 1.90+0.37 5.17 <0.001

For pelagic predatory fish landings, the best model showed the importance of the
euphotic zone, biomass of zooplankton and micronekton in the epipelagic layer, however
this last variable was not significant. Pelagic fish landings decreased with the increasing
depth of the euphotic zone and increase of zooplankton biomass (Fig. 2.4).

The amount of small pelagic fish landed was significantly influenced by the depth of
the euphotic zone, primary productivity and micronekton biomass in the epipelagic layer
(Table 2.6). Landings increased with a higher depth of the euphotic zone and marine
primary productivity, while a decrease was observed with the increase of micronekton
biomass (Fig. 2.4).

Regarding the variables affecting the linear growth rate of Cape Verde shearwater
chicks, the GLMs showed that this growth rate increased with the increasing of the

monthly tuna and small pelagic fish landings, as well as of the marine primary productivity.
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Figure 2.4. Generalized Additive Model (GAM) smoothers from the best models (see
Table 1) showing the relation between landings of tuna (purple), pelagic predatory fish
(green) small pelagic fish (red) with mass content of epipelagic micronekton (MNKC_EPI;
g m?), euphotic zone depth (ZEU; m), mass content of zooplankton (ZOOC; g m?) and
net primary productivity (NPP; mg m? day™).

The same landing variables contributed positively for the increase of the

asymptotic mass of chicks, as well as the biomass of micronekton in the epipelagic layer

(Table 2.8).
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Table 2.8. General Linear Models (GLM) testing the effect of monthly (1) tuna, (2) pelagic predatory fish and (3) small pelagics landed and (4)
depth of the euphotic zone, (5) net primary productivity, (6) zooplankton biomass and (7) biomass of micronekton in the epipelagic layer on
the linear growth rate and asymptotic mass of Cape Verde shearwater chicks from Raso Islet, between May-October of 2013-2019. Significant

results marked in bold.

Linear Growth Rate

Asymptotic mass

Parameter pESE tvalue  Pr(>|t)) pESE tvalue  Pr(>Jt|)
Landings
Tuna 3.6910.45 3.87 0.0l 2.1940.23 433 0.001
Pelagic predatory fish -0.2510.34  1.32 0.19 -0.13+0.45 0.76 0.14
Small pelagic fish 1.66+0.48 3.13 0.0l 1.99+0.76 3.0l 0.02
Environmental predictors
Depth of the euphotic zone (m) 0.64+£0.56  0.87 0.12 0.07£0.06  0.54 0.31
Net primary productivity (mgC'day") 1.9910.65 2.67 0.03 -0.1410.23  0.45 0.39
Zooplankton biomass (g m™?) -0.45£0.55 1.0l 0.25 0.13£0.20  0.65 0.25
Micronekton biomass (g m?) 0.45x031  0.77 0.19 1.8910.56 1.99 0.04
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24.  DISCUSSION

2.4.1. Characterization of fisheries

The Cabo Verde national fishing fleet is composed mostly of artisanal boats that are
allowed to fish within 3 nautical miles (hereafter referred to as n.m.) and semi-industrial
and industrial domestic boats fishing within |2 n.m. Outside the |2 n.m. foreign vessels
operate longlines and purse seines with fishing agreements to catch large pelagic fish
(Gonzélez et al. 2020). As previously observed by Fortes (2019) and Montrond (2020),
artisanal boats operated a higher diversity of fishing methods, with the identification of six
methods on this survey (Handlines, Snorkelling, Purse Seine, Gillnets, Traps and
Longlines), while only three methods were identified for semi-industrial vessels (Purse
Seine, Handlines and Longlines).

Our results were in line with previous descriptive studies, with artisanal boats using
mainly handlines to catch demersal, large and small pelagic fishes, while some boats
practicing diving to catch lobsters, crustaceans, and molluscs. Montrond (2020) also
showed a similar tendency for artisanal boats to catch a more diverse array of fishes,
targeting more demersal species compared to semi-industrial vessels that targeted mostly
small pelagics. Nevertheless, fish targets were similar for both sectors, composed mainly

of small pelagics and tunas, as observed in other countries in the west African region

(Belhabib et al. 2014, 2016, 2018).

2.4.2. Seabirds-fisheries interactions
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The Cape Verde shearwater, brown booby and red-billed tropicbird continue to be
the most recognized and bycaught species by fishermen in Cabo Verde (Melo and
Monteiro 2016; Montrond 2020). Our values of seabird bycatch for the islands (30%) are
obviously underestimated due to the number of unanswered questions; previous studies
indicated 66% seabird bycatch around the EEZ (Montrond 2020). This was possibly due
to the higher number of fishermen interviewed from semi-industrial fisheries (44
fishermen), including industrial foreign vessels (22 fishermen) that showed increased
bycatch compared to the smaller vessels. Additionally, interviews were anonymous, which
would put fishermen at ease while answering questions. According to our results, bycatch
was mainly related to artisanal handlines, with the Cape Verde shearwater attaining the
highest level of bycatch as observed previously (Montrond 2020). Indeed, seabird bycatch
has been shown to occur mainly in fishing vessels using hooks (Anderson et al. 201 1), and
since handline is practically the only representative of this gear-type in our sample, this
result was expected. In the Mediterranean sea, other congenerous species (Calonectris
diomedea) have been associated with high bait loss of operating gears using hooks (e.g.
longline) (Sanchez and Belda 2003). The Mediterranean Sea, however, is a more closed
and coastal environment compared to the Cape Verde islands, and heavily impacted by
fisheries, increasing the probability of seabirds associating with fisheries. Nevertheless, the
oligotrophic nature of the tropical waters of Cabo Verde and the high density of
shearwaters may explain interactions with handlines (Weimerskirch 2007; Semedo et al.
2020).

Although results showed no significant difference between both types of fisheries in
terms of interactions, bycatch seems to occur more while using the handline fishing gear,

in line with what was previously reported by (Montrond 2020). Perhaps the higher number
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of artisanal fishing boats operating in Cabo Verde offers more opportunities for seabirds
to access fish-baits when compared with a smaller fleet of semi-industrial vessels operating
in the area. Nevertheless, industrial fishing boats from foreign countries, not included in
this study but also operating in the area, might pose a bigger threat as they are usually
responsible for much higher numbers of seabirds bycaught, especially in longlines
(Anderson et al. 201 1), and including to the fact that shearwaters and sulids (boobies and
gannets) bycatch have been recorded in | | different types of gear (Pott and Wiedenfeld
2017).

According to fishermen, the timing to which most bycatch events occurred was
during hook settlement, a behaviour consistent with what is observed around the world
(Brothers 1991; Huin and Croxall 1996; Sanchez and Belda 2003; Brothers et al. 2010;
Wiedenfeld 2016; Hamm 2021), possibly explained by the type of bait that fishing vessels
use, which consists of small pelagic fish targeted by seabirds naturally (e.g. mackerel)
(Neves et al. 2006; Wiedenfeld 2016; Oliveira et al. 2020; Hamm 2021). However,
hooked seabirds are often discovered during hauling, which by intuition, are deduced to
be caught during hook setting and drowned afterwards (Brothers et al. 2010). When this
happens, the number of bycaught birds can be underestimated as dead birds may be
predated underwater and unaccounted for (Brothers 1991; Brothers et al. 2010).

The spotting of often alive seabirds when caught is probably true in our study
because most Cape Verde boats are very small and handline gears are not very long (20-
500m), allowing to keep track of seabirds when caught on lines. Although 40-50% of
fishermen did not think this was a problem during interviews, off the record many spoke
about the inconvenience that shearwaters incite during fishing, by stealing baited hooks,

and sometimes handling them with aggression (Neves et al. 2006; Gianuca et al. 2020).
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The release of birds either dead or alive is however arguable, as shearwater bycatch might
be an opportunity for an additional monetary gain, given that some people still ask for
shearwater meat.

Most fishermen agreed that handlines and longlines are the fishing gears that catches
more seabirds accidentally around this area, a tendency that has been observed in other
studies around Brazil, where some of our species occur naturally during the non-breeding
period (Bugoni et al. 2008a; Gianuca et al. 2019). Hook size and shape has been suggested
to play an important role in seabird bycatch. Larger hooks have a high probability of
catching larger seabirds (Li et al. 2012), coincidently being the mostly caught species on
gears (shearwaters, brown boobies and red-billed tropicbirds) (Montrond 2020). Larger
seabird species usually have a larger bill size, which increases the ability to swallow hooks
(Jiménez et al. 2012; Zhou et al. 2019; Heswall et al. 2021) when compared to smaller
species. For Cape Verde shearwaters, brown boobies and red-billed tropicbirds, body size
makes them the most vulnerable species to bycatch in Cabo Verde, as they are equally
capable of being caught on smaller hooks, frequently used by artisanal boats, as well as
larger hooks used on semi- and industrial boats (Montrond 2020). As procellariforms use
their olfaction capabilities to detect odours at large scales leading them to their prey (e.g.
dimethyl sulfide is produced by phytoplankton and detected by procellariforms), it might
be possible that Cape Verde shearwaters use olfaction to find their prey near vessels and
even be attracted to bait’s odour (Nevitt 2008; Heswall et al. 2021).

The abundance of Cape Verde shearwaters is much higher than that of brown
boobies and Red-billed Tropicbirds (Semedo et al. 2020), which increase their bycatch
probabilities (Zhou et al. 2019). However, brown boobies and red-billed tropicbirds

reproduce all year-round and forage mainly inside the EEZ (del Hoyo et al. 1992; Semedo
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etal. 2020; Almeida et al. 2021), increasing the probability of encounters with fishing boats,
especially at coastal areas. Bycatch reports for sulids occur at south-eastern Brasil and
other locations in a much higher frequency compared to Red-billed Tropicbirds (Pott and
Wiedenfeld 2017; Gianuca et al. 2019). The breeding period of Cape Verde shearwaters
(May-October) is also the same as the tuna fisheries operate, which is related to the
upwelling seasonality off West Africa (Foreign Fishery Developments 1981; Paiva et al.
2015). Other seabirds breeding around this area, are either small and/or nocturnal,
feeding on small crustaceans (e.g. krill), fishes (e.g. myctophids) and squids brought to the
surface during the night through diel vertical migration, most likely decreasing interaction
probabilities with the Capeverdean domestic fishing fleet (Bulweria bulwerii, Hydrobates
jabejabe; Pterodroma feae; Puffinus lherminiery boydi; Pelagodroma marina eadesorum)
(Neves etal. 2011, 2012; Underwood 2012; Ramos et al. 2015, 2016).

The fishermen’s perception that incidental and intentional catches have decreased
must be due to increasing laws and regulations defended by local NGO 's and enforced by
national authorities in recent years, as well as awareness raising campaigns in fishing
communities, which has decreased poaching activities in certain locations or made
fishermen more cautious. Despite this, the inexistence of legal frames to enforce the laws
of protection of seabirds and other species is a clear gap in legislation living room for illegal
practices to occur. It is also common knowledge between Capeverdean artisanal
fishermen that any increases in catches (e.g., sharks) are due to foreign vessels (José Melo
pers. com.). In the West African region, as well as other parts of the world, foreign vessels
are known to compete with small-scale fisheries, perhaps not always on the same spatial
scale but for the same resources. With the new Fishing Agreement between Cabo Verde

and the European Union (2019), foreign vessels are allowed to fish 8000 tons of tuna and
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similar species in in the waters of Cabo Verde for 750,000 euros annually, a weak financial
compensation compared to the price paid by national consumers (6 euros/kg). There are
also no real catch limitations, as penalties for exceeding the 8000 tons threshold is the
same as the one already paid, and additionally, it does not account for mitigation measures

for bycatch (Tommy Melo pers. com.).

2.4.3.  Environmental predictors explaining changes in fish landings and chick growth

measures of Cape Verde shearwaters

The importance of the month on tuna landings was predictable because previous
studies show that tuna occur in tropical marine areas from summer to autumn (Foreign
Fishery Developments 1981). Moreover, as tuna rely on small fishes for their diet, tuna
abundance may be influenced by the planktonic food web, and therefore viewed as a proxy
of prey availability for pelagic predators. In this case, the increase of zooplankton biomass
would guarantee foraging opportunities for tuna and would ensure the availability of this
commercial group for fishery catches. On the other hand, landings were negatively
influenced by the increase of NPP. Although this variable was not significant, tuna landings
occur mainly during the warmer period, when marine productivity is lower in the
oligotrophic waters of Cabo Verde (Foreign Fishery Developments 1981), suggesting that
landings should be lower when NPP is higher, coinciding with the months influenced by
the upwelling off the African Coast (Kouadio et al. 2021), when tuna are less available.

For large pelagic fish, the depth of the euphotic zone and zooplankton biomass were
the most significant environmental predictors. Increasing depth will mean that

photosynthesis and phytoplankton production occur at deeper levels (van Ruth et al.
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2020), working as a proxy of vertical marine productivity. This would affect the availability
of zooplankton feeding on phytoplankton and increase the number of their predators (e.g.,
micronekton) (Brodeur et al. 2002; Engelhard et al. 2014) which in turn are included in the
diet of large pelagic fish (Sabatié et al. 2003; Potier et al. 2007). The micronekton include
small species and juvenile stages of cephalopods, small crustaceans, mesopelagic fish and
pelagic nekton (Brodeur et al. 2002). They are important intermediates between
mesozooplankton and top predators (Receveur et al. 2020) and are also prey to nektonic
commercial species, undertaking vertical migrations to the sea surface at night, where they
are consumed by epipelagic predators such as tuna, sharks and billfishes (Brodeur et al.
2002).

For small pelagic landings, both the depth of the euphotic zone and NPP (proxies of
marine productivity) were the most significant variables, once again affecting this group
through cascading effects, causing an increase in the prey availability (e.g., zooplankton)
(Engelhard et al. 2014; Holland et al. 2021; Kouadio et al. 2021) and at the same time
increasing fish stocks accessible to fisheries. As a proxy of epipelagic predators, the effect
of micronekton on small pelagic landings was not expected, but since this variable was the
least significant to the model there might be a geographical mismatch between the fished
species and the areas where micronekton biomass peaked, within the archipelago. All
these correlations appear to be related to the food web complex, with changes in prey
and intermediate species resulting in bottom-up biomass shifts related to the base of the
marine food-web and top-to-bottom changes if predators are affected (Anela Choy et al.
2016).

As facilitators of prey to seabirds (Au and Pitman 1986; Weimerskirch 2007) or as

prey (Engelhard et al. 2014; Pikitch et al. 2014), higher landings of these species can be
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translated into high availability in the sea, becoming also available to seabirds such as the
Cape Verde shearwater. As stated previously, NPP and EPI are respectively proxies of
marine productivity and prey availability, influencing the general marine food-web and
hence the availability of prey to seabirds. Finally, chick development seems to be
correlated with changes in fish-landings of tuna and small pelagics. During the chick-rearing
period, progenitors perform daily foraging trips around the islands, returning at night to
feed the chick (Paiva et al. 2015). The availability of facilitators and prey in this area
(particularly inside the EEZ) is important to increase foraging opportunities to Cape Verde
shearwater breeders, delivering high energy content meals to developing chicks (e.g., fish)
(Clarke and Prince 1980). The asymptotic mass and linear growth rate of chicks appear to
be affected by these external variables of marine productivity and prey availability, with the
potential to cause development and fledging delay.

Overall, our bycatch results were underestimated due to a lack of confidence on
fishermen responses related to the apprehension with the new regulations for species
poaching, a result that was previously observed by (Montrond 2020). Therefore, studies
with onboard observers would be imperative to assess the right estimation of bycatch, as
it is expected to be of significant amount, considering simple off-record talks with
fishermen and contradictory answers to different questions of the quests. Additionally, we
suggest the adoption of mitigation measures for bycatch in artisanal and semi-industrial
vessels, and the consideration and implementation of fishing closures in the main foraging
areas of Cape Verde shearwater, brown booby and red-billed tropicbird inside the Cabo
Verde EEZ, especially during the chick-rearing period of the Cape Verde shearwater, as
successful results of these measures have been reported elsewhere (Goad et al. 2019;

Swimmer et al. 2020; Gilman et al. 2021; Sydeman et al. 2021b). Fishing closures could
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also benefit the marine ecosystem as landings seem to be affected by shifts in the marine
food-web complex. Fishing down food-webs, has been reported all over the world, caused
by unsustainable fishing, declining the mean trophic level of fish targets (Pauly et al. 1998).
There are also some recent solutions to mitigate bycatch of seabirds and other taxa in
longline fisheries, with relevance for the effectiveness of mini-hookpods (Sullivan et al.
2018; Goad et al. 2019) and tori lines (Jiménez et al. 2020a; Gilman et al. 2021) in driving

bycatch numbers to almost zero.
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Chapter 3

SEABIRD-FISHERIES INTERACTIONS WITHIN
THE CABO VERDE ECONOMIC EXCLUSIVE
ZONE (EEZ)
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Abstract

Fishing vessels and marine top-predators such as seabirds are known to target the
same prey or simply fishing and foraging alongside one another. Thus, as food resources
are patchily distributed in the oceans, particularly in tropical regions, fishing vessels and
marine megafauna overlap in areas of high fish abundance. With the development of
tracking methods and vessel monitoring tools (Vessel Monitoring Systems and Automatic
|dentification Systems) in the last decade, we have access to a vast array of information
concerning seabird ecology inside and outside their breeding season as well as crucial
information on areas of high fishing pressure. In the West African region both artisanal and
industrial fisheries overlap greatly in coastal areas, and target tuna species and small pelagic
fish, vastly consumed by local populations or and seabirds. In this study, we investigated
the spatio-temporal overlap between the distribution of seabird species more exposed to
fishing vessel interaction and the activity of industrial, semi-industrial and artisanal fisheries
within the Cabo Verde EEZ, between 2017-2019. Results showed that Cape Verde
shearwaters exhibited higher overlap with artisanal vessels inside Cabo Verde EEZ,
compared to other species, while brown boobies overlapped more with longline fisheries.
As Cape Verde shearwaters have a more pelagic distribution, travelling to and from the
West African coast, we believe that low overlap is due to industrial vessels turning off their
AlS signal when increasing their fishing effort, while brown boobies foraging areas are
related to high vessel fishing activities near important fishing ports. Cape Verde
shearwaters were also identified to change their behaviours near vessels, suggesting
attraction, possibly related to bait-type, searching for easier meals to overcome the patchy
constraints of an oligotrophic tropical marine area during the breeding period. Also, brown
boobies, known for targeting vessels for discards, were attracted to vessels given its
generalist feeding behaviour, foraging on different fish species, many of which are
commercially targeted. Red-billed tropicbirds low attraction to fisheries was also expected
possibly dependent on oceanographic features related to prey availability as well as red-
footed boobies, who's less energetic constraints compared to breeders, and young age
allows them to explore more and not being influenced by vessel presence. With these
results, we believe that mitigation measures should be applied to fishing vessels in this area
to decrease the risk of bycatch, considering, high seabird attraction during the breeding

79



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

season, particularly for Cape Verde shearwater. And we believe that more attention
should be given to the industrial sector to avoid lllegal Unregulated and Unreported (IUU)

fisheries and potentially higher bycatch camouflaged by disconnected AlS devices at these

vessels.

Keywords: Cape Verde shearwater; brown booby; red-billed tropicbird; red-footed

booby; Fishing vessels; Cabo Verde EEZ; overlap; vessel attraction
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3.1. Introduction

Humans have long shared space with other animals throughout millions of years of
existence on this planet. Whether inland, inshore, or offshore, spatial, and temporal
overlap with anthropogenic activities causes direct and indirect impacts on the surrounding
biodiversity (Montevecchi 2001; Lewison et al. 2004; Pauly et al. 2005; Smith et al. 201 |;
Reeves et al. 2013; Arias-Del-Razo et al. 2020). However, sharing space is not always an
indication of interaction, as species may overlap due to similar habitat and/or prey
preference as well as resource richness and availability (Torres et al. 2013). Especially at
sea, we humans often look for the presence of other marine predators in search of fish
prey patches (Montevecchi 2001) and in such cases, fishing vessels and top-predators may
target the same prey or simply target different marine taxa related to the present food
web, fishing and foraging alongside one another. Thus, as food resources are patchily
distributed in the oceans, particularly in tropical regions (Weimerskirch 2007), fishing
vessels and marine megafauna overlap in areas of high fish abundance. This type of overlap
may occur at large temporal and spatial scales without the occurrence of interactions
whatsoever, which usually takes place at much finer scales (Torres et al. 2013). In the case
of seabirds, they may fly over or forage in the same area where a vessel is fishing during a
certain time, overlapping spatially and temporally, but they are not necessarily interacting
with the vessel. Recent studies have defined vessel encounter to occur at a maximum of
30 km (Soriano-Redondo et al. 2016; Fox et al. 2021), based on the distance to which
birds can be recruited visually to foraging flocks (Haney et al. 1992), while vessel
associations occur at 3 km or less (Collet et al. 2015; Orben et al. 2021). By clearly
differentiating overlap and interaction behaviours, we may be able to clearly establish

management plans that can prevent or mitigate bycatch events.
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Yet, none of this could have been possible without the development of methods to
track the movements of marine predators. In the last decade, the development and
miniaturization of tracking devices have increased rapidly, and today we have access to a
vast array of information concerning species ecology inside and outside their breeding
season. Nevertheless, to identify interactions, vessel tracking is also needed and luckily the
development of technologies, such as the Vessel Monitoring System (VMS) and Automated
Identification System (AIS), has helped to provide such crucial information. Although
improvement is still needed in some fields, this data is available to all at any time
(globalfishingwatch.org), with various information such as type of fishing vessel, type of
gear used and so on (Torres et al. 2013; Robards et al. 2016; Kroodsma et al. 2018;
Watson et al. 2018; Weimerskirch et al. 2018; Rowlands et al. 2019).

When talking about interactions, it is also important to understand that different
species behave differently from one another, present specific behaviours that make them
more vulnerable to bycatch (Zhou et al. 2019), the same way different fisheries attract
different species and cause different impacts (Furness 2003). As such, industrial and
artisanal vessels have different implications for associated species.

Industrial fisheries globally extract large amounts of fish biomass from the oceans,
targeting mainly large predatory fish (e.g. tuna), pelagic fish (herrings, sardines, anchovies,
etc) and krill, with the largest tuna catches in the world at the Pacific Ocean being over 25
million tons annually, while pelagic fish and krill landings in the last 25 years have ranged
around 22 million tonnes per year (Williams and Terawasi 2009; Smith et al. 201 1).
Palomares and Pauly (2019) reconstructed marine catches in a period of 64 years until
2014 and showed a rapid and higher increase in catches for industrial fisheries. Less
changes for artisanal fisheries were due to their insufficient fishing power incapable of

overexploiting fish stocks, as well as their flexible behaviour allowing them to change

82



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

targets and exploit other species if stocks decline. These two types of fisheries operate in
different spatial scales, with small-scale vessels (artisanal, subsistence and recreational)
fishing within 50 km from the coast or at 200m depth (Chuenpagdee et al. 2006), while
large-scale vessels should fish outside this boundary. This, however, is not always the case,
as many large-scale vessels compete with smaller vessels for space (illegally or not), causing
friction between both sectors, and negatively impacting the latter (Leroy et al. 2016).
There are other major differences, as industrial fisheries generate enormous amounts of
discarded fish and other marine biota, consume as much as 20 tons of fuel compared to 5
tons for smaller vessels, employs |0 million less people and receives almost 3 times more
government subsidies compared to small-scale fisheries (Palomares and Pauly 2019).

In the West African region, while gross catches from industrial fisheries are mainly
intended for exports through private companies, artisanal fishery catches are often more
modest and intended for local markets and communities or for subsistence purposes
(MegaPesca 2010; Teh and Sumaila 2013; Belhabib et al. 2015; Fortes 2019), as it happens
on other parts of the world (Dalzell et al. 1996). As such, the economic outcome of these
vessels is very low, and with the added costs of fuel, they do not have the technology
advantage that larger vessels own. However, in west Africa, fishing effort and size may vary
greatly among countries. As expected, industrial vessels are normally larger and have a
much higher fishing capacity compared to smaller artisanal vessels, yet there was an
increase in fishing effort and size of artisanal vessels in countries such as Senegal, Guinea-
Bissau, Gambia and Ghana in the years 2000’s, sometimes surpassing domestic industrial
vessels of surrounding countries from the 1950’s (Belhabib et al. 2018). Other increase in
vessel size and capacity produced vessels known now as semi-industrial, operating in this

region, as part of the small-scale fishery fleet (Belhabib et al. 2018). Thus, it should be
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unwise to believe that small-scale fisheries do not have the power to affect marine fish
stocks if left unregulated and unrecorded (Belhabib et al. 2018).

In tropical areas, such as the West African region, where prey patches are
unpredictable, and marine productivity occurs very close to the coast (e.g. Canary Current
Large Marine ecosystem) (Aristegui et al. 2009; Grecian et al. 2016), both artisanal and
industrial fisheries overlap greatly in coastal areas, and target tuna species (Katsuomys
pelamis, Thunnus albacares, Thunnus obesus) and small pelagic fish (e.g. sardinellas, jacks
and horse mackerels), vastly consumed by local populations or intended for aquaculture
fish-meals (Belhabib et al. 2014, 2016, 2018). Seabirds may also feed on small commercially
targeted pelagic fish (Rodrigues 2014), or follow tuna which drive their pelagic prey to the
sea surface, and thus frequently overlap with fishing vessels along this area and possibly
interact with them. Longline fisheries were identified as posing the highest risk of bycatch
for seabirds globally (Anderson et al 201 1) and are operated by industrial and semi-
industrial vessels in this region, alongside with handlines of the artisanal sector, which also
attract seabirds possibly due to the use of fish and squid baits found on their diet
(mackerels, sardines, anchovies, squid) (Oliveira et al. 2020).

Moreover, concerning spatial scales, species that forage closer to the coasts and
their breeding grounds (e.g., boobies and tropicbirds), or during the chick-rearing period
may interact more with artisanal vessels due to constraints of feeding the chick, performing
mainly shorter trips closer to the colony (Paiva et al. 2009). While pelagic and long-
distance travelling species (e.g., shearwaters and petrels), as well as incubating birds,
known to perform longer trips during this period (Paiva et al. 2009), should interact more
with industrial vessels using pelagic waters. In Cabo Verde however, domestic fisheries
operate at smaller scales compared to the 50 Km area normally accessible to small scale-

fisheries on other countries (Chuenpagdee et al. 2006; Palomares and Pauly 2019).
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Domestic Capeverdean vessels operate within |2 nautical miles [n.m. hereafter] (22.2 km)
comprising the Capeverdean territorial sea (decree law no 126/77 of December), with
possible seabird-vessel interactions occurring very close to the coasts around the islands
for coastal species, and during the chick-rearing phases for pelagic species. Chick
provisioning parents need to forage for prey in the colony surroundings where they are
likely to encounter and interact with artisanal and semi-industrial fisheries, which
necessarily operate at a close distance from shore, especially artisanal fisheries. Outside
this threshold, pelagic and incubating seabirds should interact more with foreign vessels
fishing with tuna pole and line, and with purse-seiners and longliners operating from |8
n.m. (33.3 km) (Montrond 2020).

In this study, we investigated the spatio-temporal overlap between the distribution
of seabird species more exposed to fishing vessel interaction and the activity of industrial,
semi-industrial and artisanal fisheries within the Cabo Verde EEZ, between 2017-2019.
Given the fact that Cape Verde shearwater (Calonectris edwardsii) is the species suffering
higher bycatch rates within the Cabo Verde archipelago, followed by brown and red-
footed boobies (Sula leucogaster and Sula sula) and red-billed tropicbirds (Phaethon
aethereus) (Montrond 2020; Chapter 2), we expect shearwaters to exhibit a comparably
higher spatial overlap with fisheries, especially with artisanal and industrial longliners, when
compared to boobies and tropicbirds. Moreover, spatio-temporal interactions should be
more prevalent during the chick-rearing period of all breeding seabird species and exhibit
a comparably lower overlap with the foraging distribution of non-breeding red-footed

boobies.
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3.2. Methods

3.2.1. Seabird Tracking data collection

Previous studies identified Cape Verde shearwaters, brown and red-footed
boobies and red-billed tropicbirds as the most bycaught species in Capeverdean fishing
vessels (Montrond 2020); Chapter |); therefore we used GPS tracking devices CatTraq
Travel Loggers (Perthold Engineering LLC) to track individuals during incubation (June-July)
and chick-rearing (August — September) for Cape Verde shearwaters, and during chick-
rearing (breeding throughout the year) for boobies and tropicbirds between 2018-2019.
These datasets collected on colonies from Raso Islet were complemented by data
collected from other populations of the same species present in other islets and islands of
Cabo Verde (Table 3.1). Each device tracking configuration was set in accordance with the
species characteristics to collect positions between 5 to 10 minutes. Species were caught
during the night and devices were attached to the four central tail feathers, using Tesa®
tape, and retrieved 5-15 days after deployment. Each GPS weighted 15-19 grams, and
respecting the 3% body weight threshold recommended not to cause negative effects on
the bird’s foraging behaviour (Phillips et al. 2003). Prior to further analysis, all seabird
tracking data was resampled to |0-min intervals, to match the tracking data of Cape Verde
shearwaters, using the track_resample function of the amt package (Figure 3.1) (Signer et

al. 2019).
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Table 3.1. Sample size of tracked individuals and foraging trips and maximum distance to
colony (mean £ SD) by Cape Verde shearwater (Calonectris edwardsii), red-billed
tropicbirds (Phaethon aethereus), and Brown (Sula leucogaster) and red-footed boobies
(Sula sula) from different Cabo Verde colonies, during incubation and chick-rearing

between 2017 —2019. * All tracked red-footed boobies were non-breeders.

. Incubation Chick-rearing
Species Island Colony Year (N birds) N trips] (N birds) [N trips]
2017 382.4 +275.8 229.1+174.1
(16) [40] (27) [203]
- 589.4 + 336.8 236.4+174.0
Sado Nicolau | Raso 2018 (20) [30] (35) [189]
2019 606.1 + 376.2 210.8 + 165.6
Cape Verde (10) [29] (29) [160]
shearwater 387.7 £ 270.9
2017 (35) [37] —
. 562.0 + 231.3 232.6 £170.0
Boavista Curral Velho 2018 (32) [35] (23) [43]
2019 565.2 + 263.2 3915+1914
(56) [63] (27) [58]
107.5+78.3
2017 (5) [27] —
- 312.5+176.0 257.3+154.6
Sédo Nicolau | Raso 2018 (15) [36] (20) [45]
242.2 +189.8 101.6 £ 68.0
2019
(2) 8] (11) [39]
2018 224.3 +133.0 116.4 £ 93.6
Cadjitinha & (15) [38] (15) [39]
Furna 67.5+ 36.8
2019 — (39) [47]
171.5+106.0 75.6 +22.5
2018
Monte Ledo (3) [8] (@) [17]
sal 2019 128.2 +875 46.3+24.0
(3) [12] (5) [18]
2017 118.7 +£82.3 86.3 +46.0
Red-billed (10) [20] (11) [27]
tropichird 134.5 + 109.9 66.9 +51.7
Serra Negra 2018
g (6) [26] (5)[27]
146.4 + 105.8 47.4 +28.3
2019
(3) [10] (5) [12]
2017 125.2 +73.9 137.3+69.7
Ponta (24) [49] (14) [36]
Rincon & 2018 193.0+72.3 144.1 + 115.7
Ponte sol (53) [88] (41) [79]
Boavista 2019 156.3 + 128.2 111.4+76.0
(10) [32] (10) [38]
2017 216.9 +126.9
(7) [23] -
Ponte Roque. 019 942+311 B
(2) [16]
o 193.7 + 106.3 61.6 +36.9
Brava Ilhéu Cima 2019 (12) [32] (10) [31]
2018 29.1+15.1
Y B (38) [370]
Sado Nicolau | Raso 2019 286+ 176
Brown booby — (54) [412]
. 2017 24.0+15.3
Boavista Curral Velho —
(9) [58]
Sao Nicolau | Raso 2018 — 60.5 + 31.7
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Red-footed booby
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Figure 3.1. At-sea distribution of (1) Cape Verde shearwaters, (2) red-billed tropicbird, (3) brown
and (4) red-footed boobies from different study colonies and during different phases of their annual
life cycle, tracked between 2017-2019. Dashed black contour represents the Cabo Verde
Economic Exclusive Zone (EEZ).
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3.2.2. Tracking of artisanal (< 7m length) and semi-industrial (> 8m) fisheries

To locate and map fishing areas of artisanal vessels, we distributed similar GPS
devices used to track seabirds, on fishing boats from different islands, to store location
information on boat movements every 2 minutes. We also distributed a different version
of these loggers, placed in tubular waterproof cases with 3 batteries, capable of collecting
3 months’ worth of data with the same data configuration, to artisanal and semi-industrial
vessels. Additionally, solar-powered transmitters were placed on semi-industrial fishery
vessels from different islands, which came to the Fishing Complex of Sao Vicente to unload
fish. Our final dataset consists of fishing tracks from 7 islands (5 from the “Barlavento”
group and 3 from “Sotavento”) and |5 fishing ports and communities. Both artisanal and
semi-industrial fisheries used the methods ‘handline’ and ‘pole fishing’ (see chapter 1)

(Figure 3.2).

3.2.3. Distribution of industrial fisheries

We collected data from the Global Fishing Watch database
(https://globalfishingwatch.org), which uses the Automatic Identification System (AlS) to
identify fishing activities, to have further information on the foreign vessel fleet fishing inside
the Cabo Verde EEZ. According to (Kroodsma et al. 2018) this database contains a
significant percentage of active vessels larger than 24 and 36 m, which is why it has been
widely used in studies aiming to quantify fishing effort (Afan et al. 2018; Giménez et al.

2021; Pereira et al. 2021).
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Figure 3.2. Average composites of the distribution of industrial (A) trawlers, (B) longliners
and (C) purse-seiners, (D) semi-industrial vessels and (E) artisanal fishery boats between
2017-2019 within the Cabo Verde EEZ (dashed white/ black contour). In A-C fishing
effort varies between 0.1 (blue) and 14.6 (yellow) fishing hours.
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Thus, we extracted daily fishing effort data (fishing hours) from the GFW at 0. | ° resolution,

of the fishing activities of (1) trawlers, (2) longliners and (3) purse seiners.

3.2.4. Seabird-fisheries spatial overlap

The kerneloverlap function with Bhattacharyya’s affinity (BA) method of the
adehabitatHR package (Calenge 2006) was used to compute the overlap between the
seabirds’ foraging distribution and the fishing efforts of industrial, semi-industrial and
artisanal fisheries. The BA Kernel Utilization Distribution (UD) overlap index ranges from
0 (no overlap) to | (identical UDs) (Kochanny and Fieberg 2005b). To test if birds’ foraging
distributions overlapped more than by chance with fisheries’ distributions, correlated
random walks within the individual home ranges were simulated using the simm.crw
function from the adehabitatL T R package (Calenge, 2006). To generate each random
track, we split the real track into two parts: one from the colony to the most distant
location and one back to the colony. We generated 50 simulations per real track [after
(Hindell et al. 2020), (Reynolds et al. 2021)] which were then combined to estimate the
simulated kernel UDs. We then extracted the 50% and 95% kernel UDs for those random
tracks (simulated UDs) and measured the overlap with the distributions of industrial (1)
trawlers, (2) longliners (3) purse seiners and (4) semi-industrial (mostly handline and pole

fishing) and (5) artisanal fisheries (mostly handline fishing).

3.2.5. Spatio-temporal seabird-fisheries interactions

For the periods where both seabirds and artisanal, semi-industrial and industrial

fisheries were contemporaneously tracked, i.e., between January 2018 and November
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2019 (see Table 3.2), we investigated the influence of fisheries on the foraging decisions of
seabirds.

To obtain gridded maps of fishing effort for semi-industrial and artisanal fisheries,
we computed the time spent per unit area by each tracked boat in each fishing event. We
used the tripGrid function from the trip package which resamples each individual trip at a
higher temporal resolution by linear interpolation (every 60 s) to approximate the time
spent in each 0.1 °-size cell. Then, we estimated the percentage of time spent in each cell
relative to the total duration of the fishing trip and obtained a proxy of fishing effort (in

hours), similar to that provided by the GFW for industrial fisheries.

Table 3.2. Number of artisanal (< 7m length) and semi-industrial (> 8 and < |2m) fishing
vessels tracked with GPS-loggers in 8 of the main fishing ports of the Cabo Verde
archipelago. Artisanal fishing boats from S. Vicente mostly operate within the Desertas
Islands Natural Reserve, which includes the Raso Islet area.

Main Island Tracking period N vessels [N trips] Max. dist. from harbour (km)
Artisanal
Séo Vicente Jul. 2018 — Nov. 2019 61 [90] 6.04 £2.47
Santo Antdo Jul. 2018 — Nov. 2019 4 [21] 8.03+1.98
Sal Oct. 2019 — Nov. 2019 3[22] 13.66 + 0.07
Fogo Nov. 2018 — Jul. 2019 29 [69] 12.75+£9.19
Brava Feb. 2019 — Oct. 2019 20 [57] 15.19+£7.66
Semi-industrial
Séo Vicente May 2019 — Nov. 2019 12 [35] 91.23+87.22
Boavista Jan. 2018 — Sep. 2019 16 [41] 56.51 + 57.76
Santiago Dec. 2018 — Aug. 2019 53 [75] 84.84 + 86.77

For the seabird tracking information, three random steps were generated for each

geographical fix using the ‘random_step’ function of the amtR package (Signer et al. 2019).
Daily fishing effort was then extracted at the end of the foraging seabirds’ steps, observed

steps included, in order to conduct a step selection analysis and evaluate which fishing
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activity was likely driving a given step of the animal. Seabird-fishery interactions were tested
as the probability of individuals choosing a specific path (step) within three other possible
paths (random steps) in relation to the fishing effort (h) of industrial (1) trawlers, (2)
longliners, (3) purse seiners (4) semi-industrial and (5) artisanal fisheries. This means that
if birds changed their foraging direction, it will likely be driven by contemporaneously
operating fisheries, through increasing fishing effort on contiguous grid cells. To model the
used steps as a function of the variables, binomial generalized linear mixed models (GLMM)
were built separately for each seabird species and breeding phase using the Ime4 R package
(Bates 2015). Bird ID was included as a random factor to control for pseudo-replication
issues, since each individual was tracked in multiple trips. All analyses were performed

within the R Environment (R Core Team 2021).

3.3. Results

3.3. 1. Seabird-fisheries spatial overlap

Overall, Cape Verde shearwaters were the species showing a higher than expected
overlap with fisheries within the Cabo Verde EEZ, both considering their core foraging
distribution (50% kernel UD) and home range (95% kernel UD). The overlap was
particularly higher with the distribution of artisanal fisheries, with 66% of observed overlap,
and at a lower extent with semi-industrial and industrial longliners (Table 3). Red-billed
tropicbirds exhibited comparably lower overlaps with semi-industrial and artisanal
fisheries, reaching a maximum of 42% of observed overlap with artisanal fisheries. Brown

boobies overlapped significantly more than expected by chance with industrial longliners
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and semi-industrial and artisanal fisheries. Red-footed boobies exhibited rather
comparably smaller overlaps with industrial longliners and the distribution of artisanal

boats (Table 3.3).

Table 3.3. Metrics of Bhattacharyya’s affinity (BA) overlap between core foraging
distribution (50% kernel Utilization Distribution, UD) and home range (95% kernel UD)
of seabird species and fisheries within the Cabo Verde EEZ, for the overall tracking period
of foraging seabirds and fishery activities (see Tables | and 2 and methods section for
further details). P represents the proportion of randomized overlaps that were smaller
than the observed overlap. Significant differences are shown in bold.

50% UD 95% UD
Comparison Observed Permuted P Observed | Permuted P
overlap overlap overlap overlap
(meanxSD) (meanzSD)
Cape Verde shearwater vs.
Industrial fisheries
Trawlers 0.23 0.29 +£0.11 0.33 0.45 0.51+0.23 0.24
Longliners 0.41 0.34 +0.18 0.02 0.49 0.39+0.17 0.01
Purse seiners 0.18 0.20+0.09 0.45 0.20 0.17+0.19 0.50
Semi-industrial fisheries 0.48 0.23+0.12 0.02 0.32 0.40+0.14 0.02
Artisanal fisheries 0.61 0.32+£0.23 0.01 0.66 0.39+0.19 0.001
Red-billed tropichird vs.
Industrial fisheries
Trawlers 0.19 0.31+0.24 0.34 0.24 0.19+0.34 0.28
Longliners 0.29 0.33+0.25 0.07 0.33 0.28 +0.10 0.06
Purse seiners 0.25 0.29+£0.12 0.08 0.29 0.25+0.15 0.06
Semi-industrial fisheries 0.33 0.26 £ 0.09 0.06 0.36 0.24+£0.18 0.04
Artisanal fisheries 0.40 0.30+0.14 0.05 0.42 0.37+0.14 0.03
Brown booby vs.
Industrial fisheries
Trawlers 0.18 0.15+0.06 0.52 0.20 0.16 £0.13 0.46
Longliners 0.48 0.40 £ 0.07 0.04 0.51 0.42+0.16 0.03
Purse seiners 0.18 0.20+0.13 0.23 0.22 0.20+0.16 0.19
Semi-industrial fisheries 0.42 0.31+0.15 0.05 0.47 0.40 + 0.09 0.04
Artisanal fisheries 0.40 0.37 £0.09 0.07 0.48 0.43+0.13 0.04
Red-footed booby vs.
Industrial fisheries
Trawlers 0.23 0.16 £ 0.08 0.37 0.25 0.18+0.11 0.25
Longliners 0.45 0.37 £0.12 0.05 0.49 0.42+0.14 0.04
Purse seiners 0.25 0.20+0.12 0.33 0.28 0.25+0.16 0.28
Semi-industrial fisheries 0.28 0.26 £0.09 0.12 0.30 0.29+0.21 0.09
Artisanal fisheries 0.49 0.40 +0.13 0.04 0.51 0.43 +£0.08 0.02
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3.3.2. Spatio-temporal seabird-fisheries interactions

Cape Verde shearwater changed foraging direction to interact with fisheries when
in proximity of artisanal boats, semi-industrial vessels and industrial longliners (Table 3.4).
The individuals that shifted chose their foraging direction in response to increasing fishing
effort by artisanal fisheries, and in a less pronounced effect, the increasing fishing effort of
industrial longliners and semi-industrial vessels, especially during the chick-rearing period.
Red-billed tropicbirds responded in their foraging direction to the increasing fishing effort
of artisanal fisheries, particularly during the chick-provisioning phase, although this
response was less marked when compared to that of Cape Verde shearwaters. Chick-
rearing Brown boobies shifted their foraging distribution in response to the increase in
fishing effort by artisanal, semi-industrial and industrial vessels. While non-breeding red-
footed boobies just responded to the increase in fishing effort by artisanal fisheries (Table

3.4).
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Table 3.4. Coefficients and statistics from the Generalized Linear Mixed Models (GLMMs)
testing the effect of fishing effort (h) of industrial (1) trawlers, (2) longliners, (3) purse
seiners and (4) semi-industrial and (5) artisanal fisheries on the probability for seabird-
fisheries interactions by four seabird species during their breeding period (incubation and
chick-rearing). Bird ID was included as a random factor to control for pseudorelication
issues. Significant differences are shown in bold.

Cape Verde shearwater Incubation Chick-rearing
Parameters B+ SE P B+ SE P
Intercept 1.63 £ 0.65 0.06 3.42+1.90 0.01
Industrial trawlers 0.32+0.22 0.34 0.67 + 0.56 0.27
Industrial longliners 223+143 0.02 3.19+1.22 0.01
Industrial purse seiners 0.12 +0.09 0.43 1.07 £ 0.67 0.15
Semi-industrial 243+1.34 0.04 1.84£0.72 0.05
Artisanal 412+101 0.01 5.21+2.10 0.001
Red-billed tropicbird Incubation Chick-rearing
Intercept 1.34£0.32 0.03 2.01+£1.98 0.02
Industrial trawlers 0.72 £0.63 0.14 0.53+0.23 0.16
Industrial longliners 0.96 + 0.35 0.08 1.46 +0.77 0.03
Industrial purse seiners 0.09+0.12 0.23 0.17+0.19 0.20
Semi-industrial 0.85+1.04 0.10 0.89 £0.75 0.09
Artisanal 2.48 £1.08 0.02 3.06 +1.55 0.001
Brown booby Chick-rearing
Intercept — 3.04 £2.17 0.01
Industrial trawlers — 1.03 £0.99 0.13
Industrial longliners — 1.89 + 0.65 0.05
Industrial purse seiners — 0.96 £ 0.60 0.16
Semi-industrial — 2.04£1.07 0.03
Aurtisanal — 2.77+1.43 0.02
Red-footed booby Non-breeding

Intercept 275+1.44 0.01 —

Industrial trawlers 0.15+0.22 0.25 —

Industrial longliners 1.67 £0.99 0.14 —

Industrial purse seiners 0.95+0.76 0.53 —
Semi-industrial 1.74 £0.98 0.07 —

Aurtisanal 2.01£0.53 0.05 —
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3.4. Discussion

3.4.1. Seabird-fisheries spatial overlap

Cape Verde shearwaters exhibited a comparably higher overlap with fisheries inside
Cabo Verde EEZ, particularly with artisanal vessels. Although at a lower extent, other
species also displayed high overlap with artisanal fisheries at their core foraging distribution
and home ranges, except brown boobies that overlapped more with longline fisheries.
Even though this tendency was observed in previous studies (Montrond 2020), it is still
surprising, as Cape Verde shearwaters, red-billed tropicbirds and red-footed boobies have
a more pelagic foraging distribution or travel further distances from the colony, compared
to brown boobies (Figure 3.2) (Paiva et al. 2015; Cerveira et al. 2020; Almeida et al. 2021).
Brown boobies forage practically only inside the Cabo Verde territorial sea (12 n.m.), an
area used exclusively by the domestic fleet (Figure 3.1) (Montrond 2020; Almeida et al.
2021). Cape Verde shearwater is the recognized species by fishermen to present a higher
association with artisanal vessels and higher risk of bycatch, associated with handlines
[(Chapter 2) (Montrond 2020)]. Considering that most semi-industrial vessels tracked
were probably purse-seiners (Chapter 2), shearwaters should be attracted mainly to
vessels using handlines, in this case artisanal boats. Additionally, the fleet size of artisanal
vessels (N=1588 boats) compared to semi-industrial (N=119 vessels) (INE 2020) and
foreign industrial vessels (61-88) [Source: Directorate General of Marine Resources, 2018
in (Montrond 2020)] could also be another reason to explain the high overlap with
shearwaters. The most plausible reason why industrial longlines were not found to attract
Cabo Verde shearwaters should be related to the fact that these vessels choose to turn
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off their AlS signal when increasing their fishing effort (Weimerskirch et al. 2020), especially
in this African region where lllegal Unregulated and Unreported (IUU) fisheries occur in
high frequency (Agnew et al. 2009; Belhabib et al. 2014), and lack of monitorization
compromises policy efficiency (Belhabib et al. 2019). Comparing the number of licences
attributed to foreign vessels by the Cabo Verde government between 2014-2017 (8-14
tuna pole and line, 26-36 purse-seiners and 27-39 longliners) [Source: Directorate General
of Marine Resources, 2018 in (Montrond 2020)], with the number of available vessels
obtained through the Global Fishing Watch website for this study (| trawler, 2 longliners
and 3 purse seiners), it seems that our values should be greatly underestimated and that
vessels are indeed turning off their satellite tracking devices during the tracking period of
shearwaters (May-October) (Paiva et al. 2015), coinciding with high availability of tuna in
these waters (Foreign Fishery Developments 1981).

On the other hand, the high overlap of brown boobies with longlines could be
related to their foraging distribution. Brown boobies from Raso explore a specific area
between Santo Antiao and Sao Nicolau Islands, including the marine reserve of Desertas
(Figure 3.2), which is an area with high traffic of domestic (Figure 3.2D and E) and foreign
vessels (Figure 3.1A), particularly to and from the two important ports in S3o Vicente
Island (Porto Grande harbour and Fishing Complex of Cova d’Inglesa) where semi-
industrial and foreign vessels deliver fish for private companies of canned fish (e.g.
Frescomar and Atunlo CV) (Gonzélez et al. 2020). On the other hand, brown boobies
from Boavista, also forage in an area with high vessel traffic (Figure 3.1D and E), associated
with high habitat and ecosystem structural diversity, as this is the only existing continental
platform, containing important nearby seamounts and fishing banks, with high biodiversity
hotspots and high fishing pressure (Monteiro et al. 2008; Graham et al. 2017; Wenzel et

al. 2020).
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3.4.2. Spatio-temporal seabird-fisheries interactions

By shifting their behaviours in proximity to artisanal boats, shearwaters appear to be
attracted by these vessels. As previously stated, Capeverdean semi-industrial vessels use
mainly purse-seines to fish, not attracting many seabirds as handlines do or other fisheries
that use hooks such as longlines (Anderson et al. 201 I). This possible attraction could be
related to the type of bait used on vessels offering an easy-meal opportunity for seabirds
(Soriano-Redondo et al. 2016). Scad species (Decapterus spp.) and bigeye scad (Selar
crumenophthalmus) are used as bait on artisanal vessels using handlines (Chapter 2) and
were identified in the diet of Cape Verde shearwater (Rodrigues 2014) and reported by
fishermen to cause the majority of seabird bycatch (Montrond 2020). As this behaviour
occurred especially during chick-rearing, when Cape Verde shearwaters change their
foraging strategies to remain closer to the colonies to feed the chick (Figure 3.2) (Paiva et
al. 2015; Cerveira et al. 2020), we may suggest that they could rely on artisanal vessels
during this period, searching for easier meals to overcome the patchy constraints of an
oligotrophic tropical marine area (Longhrust and Pauly 1987; Weimerskirch 2007),
contrasting with results from temperate regions, where high prey availability was suggested
to cause low spatial overlap with fisheries for Cory’s shearwaters (Pereira et al. 2021). On
the other hand, they could simply be attracted by the feeding frenzy occurring around
vessels, drawn visually by conspecific flocks and other megafauna involved (Sanchez and
Belda 2003). Also, similar species such as Cory’s shearwater (Calonectris borealis) and
Scopoli’s shearwater (Calonectris diomedea) in the North Atlantic and Mediterranean sea
were reported to be bycaught (Calado et al. 2020) possibly in association with bait-loss in

longline hooks baited (Sanchez and Belda 2003; Soriano-Redondo et al. 2016) with
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shearwater’s prey-species such as sardines Sardina pilchardus (Dias 201 1). Additionally,
bait may indirectly affect seabirds by attracting fish species which are then swallowed by
seabirds after being caught on hooks (Oliveira et al. 2020).

Brown boobies’ response to all fisheries was also expected as their behaviour has
been described as “fearless toward human activities” (Lépez-Ortiz 2009) targeting floating
hooked baits or feeding on fish discards (Tasker et al. 2000). Frequently recorded bycatch
has been observed at the Brazilian coast (Gianuca et al. 2019), given its generalist feeding
behaviour, foraging on different fish species, many of which are commercially targeted
(e.g., Carangidae, Exocoetidae, Engraulidae) (Lopez-Ortiz 2009).

The low attraction of red-billed tropicbirds to fisheries complies with other studies.
At Madeleine Islet, Senegal, they forage at the shelf slope and beyond, not relying on
available fishery discards from artisanal gillnet and demersal trawlers, but instead possibly
following subsurface predators (Diop et al. 2018). The St. Helena’s population of red-billed
tropicbirds appear to be dependent on oceanographic features related to prey availability,
as they travel northward conceivably constrained by the oligotrophic oceanic waters
around the island and are attracted by areas where Scombridae species occur and are
protected by fishing regulations at the local MPA, which decreases their bycatch risk.

Similarly to its congener masked booby (Sula dactylatra), the non-breeding red-
footed booby is not known to follow vessels or feed on discards (Tasker et al. 2000),
which should explain why their responses to fishing boats were very low. Additionally, the
non-breeding status of these birds while in Cabo Verde might give them more freedom to
explore marine areas, without looking for easy-meals available near vessels, and less
energetic constraints compared to breeders, that must feed the chick and replenish their

own food reserves (Weimerskirch 1998). Furthermore, most individuals were juveniles,
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still acquiring foraging skills in a tropical environment and exploring different environments

while doing so (Mendez et al. 2017b).
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Chapter 4

YEAR-ROUND AT-SEA DISTRIBUTION AND

TROPHIC RESOURCES PARTITIONING

BETWEEN TWO SYMPATRIC SULIDS IN THE

TROPICAL ATLANTIC
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Abstract

In the oligotrophic tropical marine environment resources are usually more patchily
distributed and less abundant to top predators. Thus, spatial and trophic competition can
emerge, especially between related seabird species belonging to the same ecological guild.
Here we studied the foraging ecology of two sympatric species — brown booby (BRBO)
Sula leucogaster (breeding) and red-footed boobies (RFBO) Sula sula (non-breeding)— at
Raso islet (Cabo Verde), across different seasons. Sexual segregation was only observed
during Jun-Oct, when RFBO were present, with larger females BRBO remaining closer to
the colonies, while males and RFBO travelled further and exploited different habitats.
Overall, species appeared to prefer areas with specific oceanic features, particularly those
related with oceanic currents and responsible for enhancing primary productivity in
tropical oceanic areas (e.g., Sea Surface Height and Ocean Mixed Layer Thickness). Female
BRBOs showed high foraging-site fidelity during the period of sympatry, while exploiting
the same prey species as the other birds. However, during the months of co-existence
(Jun.-Oct.), isotopic mixing models suggested that female BRBO would consume a higher
proportion of epipelagic fish, whereas female RFBO would consume more squid
compared to the other birds, possibly due to habitat-specific prey availability and breeding
energy-constraints for BRBO. We conclude that divergent parental roles, environmental
conditions, habitat preference and competition could be mechanisms simultaneously
underlying sexual segregation for BRBO during a period of co-existence, while inter-
specific foraging differences appear to be more affected by habitat preference and different

breeding stages. These results support previous statements that BRBO can adapt their
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foraging ecology to different circumstances of environmental conditions and competition,

and that marine physical features play an important role in foraging decisions of boobies.

Keywords: Living in sympatry; brown booby; red-footed booby; chick-rearing; non-

breeding: foraging; diet; sexual segregation
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l.1. Introduction

Competition for food resources occurs naturally between organisms living in
communities (Huffaker 1966), and between close-related species sharing the same
geographic area (sympatry) for breeding and/or foraging (Hardin 1960; Gause [973).
Higher levels of competition may occur particularly when resources are scarce (Jaeger
1974; Pettex et al. 2019), which is the likely scenario in oligotrophic tropical seas
(Longhrust and Pauly 1987; Weimerskirch 2007; Catry et al. 2009; Young et al. 2010a).
As an evolutionary strategy to avoid high levels of competition, allowing species and
populations to thrive and co-exist in the same environment, adaptations between and
within species are expected to exist, displacing each other in such a manner that each takes
possession of a certain niche, in which it has an advantage over its competitor (Hardin
1960; Gause 1973).

Intra-specific competition can exist in large seabird colonies, especially during breeding
seasons when adult seabirds are constrained by central place foraging (James Grecian et
al. 2018; Pettex et al. 2019), with breeders of some species segregating sexually. This type
of segregation can usually be explained by three factors: (1) Anatomic differences between
males and females (sexual dimorphism) (Surman and Wooller 2003; Weimerskirch et al.
2006b, 2009a; Miller et al. 2018), most frequently related to size of seabird species
(Weimerskirch et al. 2006b, 2009a), influencing flight speed, foraging range and flapping
frequency, as well as diving depth and duration induced by body mass (Weimerskirch et
al. 2009b); (2) Divergent parental roles, influencing nest fidelity; and (3) nutritional
requirements (Miller et al. 2018). Thus, some sulids exhibit Reversed Sexual Dimorphism

(RSD), where the bigger females are the main chick provisioners and the smaller males
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invest more in nest attendance and defence (Gilardi 1992; Lewis et al. 2005; Weimerskirch
et al. 2009a, b, 2010b; Miller et al. 2018). Here, size difference, when present, work as a
limiting factor, by excluding the smaller gender from productive areas closer to the colony
or competing for better resources. Although many RSD sulid species show sexual
segregation, this is not always the case (Weimerskirch et al. 2009a; Castillo-Guerrero and
Mellink 2011; Mendez et al. 2017a; Lerma et al. 2020a), perhaps due to harsher
environmental conditions at their colony surroundings, resulting in fish stock depletion, or
when broods are larger and demand a higher foraging effort (Castillo-Guerrero and
Mellink 201 1).

Boobies and gannets are suitable species to study intra- and inter-specific competition,
because most of the colonies around the world are very numerous, reaching numbers as
high as 750 000 individuals in some places (Carboneras 1992). Additionally, these species
are often found breeding and/ or co-existing in mixed colonies with conspecifics (Lewis et
al. 2005; Weimerskirch et al. 2009a; Young et al. 2010a, b; Kappes et al. 201 I). Although
this co-existence could lead to inter-specific competition, this may also be an opportunity
for foraging information exchange (Thiebault et al. 2019; Courbin et al. 2020) to locate
ephemeral prey patches in tropical areas, as happens with other conspecifics
(Weimerskirch et al. 2010b; Wakefield et al. 2013). This could be a potential foraging
strategy for individuals to contour their patchily distributed prey, because studies of
penguins in different sized colonies, confirmed foraging overlap between individuals of
smaller colonies, while individuals from larger colonies segregated in their foraging areas
(Ainley et al. 2004), possibly after causing prey depletion (Birt et al. 1987). The proposed
(Ashmole 1963) ‘Halo hypothesis’, suggested that tropical and other seabirds populations

are regulated by food supply, creating prey-depleted “halos” near the colonies which affect
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breeding success. These same density-dependent effects that shape seabird colonies
(Ashmole 1963), were observed in Cape gannets (Morus capensis) and Masked boobies
(Sula dactylatra) from larger colonies which exhibited a higher foraging effort, translating
into higher levels of competition when compared to individuals from smaller colonies
(Grémillet et al. 2004; Oppel et al. 2015).

Some sulid species can exhibit high repeatability in foraging behaviour (Zavalaga et al.
2010; Wilkinson et al. 2020), especially adult breeders, in terms of spatial and trophic
ecology (Wakefield et al. 2015; Votier et al. 2017), which is dependent on oceanic physical
structures such as fronts, shelf edges, seamounts and other processes that are related to
marine productivity (Xavier et al. 2004; Paiva et al. 2010a; Scales et al. 2014). However,
most studies on marine tropical realms, have connected the occurrence of tropical
seabirds, such as boobies, with the presence of sub-surface predators in a ‘facilitated
foraging behaviour’ (Weimerskirch 2007), which could translate into low foraging site
fidelity due to prey unpredictability (Hamer et al. 2001; Kappes et al. 201 1).

At Raso Islet, Cabo Verde, RSD brown boobies (hereafter termed BRBO) Sula
leucogaster breed and inhabit the islet year-round. Between June — October of each year,
a recently established population of red-footed boobies (hereafter termed RFBO} Sula
sula also inhabit the islet for moulting (Semedo et al. 2020). This sets the ideal scenario to
investigate spatio-temporal foraging, trophic and dietary segregation within and between
closely-related species, during different periods of the year, using GPS tracking and stable
isotope analysis. Studies between sympatric boobies have long been performed around
the world in tropical waters, with results being influenced by colony and species size (Lewis
et al. 2005; Young et al. 2010b; Kappes et al. 201 1), productivity and environmental

conditions of surrounding waters (Kappes et al. 201 |; Lerma et al. 2020a, b), fish stock

109



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

distributions and reproductive behaviour (Ponton-Cevallos et al. 2017; Lerma et al. 2020a,
b). Most of these studies, however, have worked with sympatric breeding boobies,
because it is much harder to retrieve tracking devices from non-breeding species.

Overall, we expect to observe (1) inter-sexual behavioural and spatial segregation of
bigger-sized female BRBO and RFBO performing shorter trips and foraging near the
colony, while smaller males should forage at a greater distance, driven by RSD size-based
competition; (2) inter-species behavioural and spatial segregation when co-occurring at
Raso Islet, due to differences in size and breeding stage, with RFBO being more pelagic
and with lower repeatability in foraging behaviour given the absence of breeding duties;
(3) the foraging activity of RFBO to be triggered by gradients in environmental predictors
(e.g. gradient in depth), which are known to depict oceanic frontal regimes likely occurring
in pelagic areas that they might exploit in the absence of breeding duties, while BRBO
should rely on local-scale changes of marine productivity patterns (e.g. Sea Surface
Temperature), occurring in the colony surroundings, to frequently return to the colony
for chick provisioning; (4) broader isotopic niches and a more diverse diet composition of
RFBO when compared to BRBO individuals, which may be a reflection of a more generalist

and pelagic diet.

Methods

[.1.1. Study site and logger deployment

Our study took place in Raso Islet (16°36’40.63” N, 24°35’15.81” W) (Fig. 4.1),
located at ~ | 6km from S. Nicolau Island, on the Cabo Verde archipelago. With 5.76 km?

of area, it is the biggest islet of the archipelago, located among the northern islands of
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“Barlavento” and belonging to the Integral Natural Reserve (Natural Reserves,
Decree Law 3/11/03 of February 24) that also includes Santa Luzia Island and Branco Islet
[44]. The islet holds two established colonies of BRBO, with ~289 breeding individuals,
and one small population of RFBO, with ~ 133 non-breeding individuals occurring between
June and October (Biosfera, unpublished data). The BRBO breeds throughout the year,

but a peak in breeding numbers occurs in December-January.

Brown Boobies - Nov.-May Brown Boobies - Jun.-Oct. Red-footed Boobies - Jun.-Oct.

Figure 4.1. Kernel Utilization Distributions (UDs) of female (blue) and male (red) brown
(BRBO) and red-footed (RFBO) boobies, tracked between November 2018 — October
2019 at Raso Islet (star), Cabo Verde. Bathymetric relief in the background (max. 4012m).
Shaded area highlights the period when BRBO and RFBO co-occur in sympatry.

Both sulid species (BRBO and RFBO) were captured using a long pole and net, and
CatlLog2 devices (Perthold Engineering LLC) were attached to their four central talil
feathers. Devices were secured using Tesa® tape, programmed to record locations every
5 minutes, and retrieved 5-7 days after deployment (see Table 4.1 for details on sampling
numbers). Each GPS weighed |19 g, well below the 3% body weight (BRBO weight: 1246

T 227 g; weight: RFBO weight: 1041 £ |78 g) threshold recommended to avoid causing
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Table 4.1. Summary statistics (meanxSD, range in brackets) of trip characteristics, spatial distribution, trophic ecology and body condition of

tracked brown (BRBO) and red-footed (RFBO) boobies from Raso Islet, Cabo Verde.

Species Brown booby Red-footed booby
Season Nov — May June — October June — October
Sex female male female male female male
N tracks [N birds] 136 [22] 189 [29] 175 [17] 207 [48] 36 [11] 98 [26]
Mass (kg) 1.38+0.12 1.19+0.17 1.44 +0.20 1.18+0.16 1.02+0.11 0.95+0.25
(1.26 — 1.54) (1.00 - 1.42) (1.28 — 1.69) (1.09 — 1.49) (0.97 - 1.20) (0.85-1.03)
Trip duration (h) 4.08+0.11 3.12+0.34 4.11+0.42 519+0.21 4.99 +£0.53 5.70+£0.23
(3.87 —4.34) (2.76 — 3.98) (3.52 — 4.60) (4.76 — 5.47) (4.02 - 6.16) (5.09 — 5.88)
Max. dist. colony (km) 24.7+3.21 31.17+£3.32 22.83+£3.93 42.60 + 3.20 63.14 £ 4.2 55.73+5.14
(20.42 — 33.11) (21.67 — 34.65) (21.55 — 32.09) (35.52 — 49.33) (56.87 —69.11) (51.12 - 68.52)
Prop. Travelling (%) 0.30+£0.32 0.31+£0.20 0.29£0.20 0.39+0.13 0.38+£0.10 0.39+£0.35
(0.13-0.49) (0.13-0.69) (0.07 — 0.65) (0.11 -0.55) (0.13-0.59) (0.09 - 0.75)
Prop. Foraging (%) 0.24 £0.15 0.27+0.11 0.26 £0.24 0.29 £ 0.62 0.31+£0.10 0.32+£0.33
(0.08 — 0.65) (0.13-0.59) (0.08 — 0.69) (0.09 - 0.76) (0.11 - 0.45) (0.08 — 0.65)
Prop. Resting (%) 0.22 £0.25 0.23+0.35 0.19+£0.40 0.17+0.51 0.29+£0.19 0.31+£0.13
(0.12 -0.54) (0.11-0.74) (0.07 - 0.78) (0.10 - 0.85) (0.09 - 0.49) (0.09 — 0.45)
Distal latitude (°) 17.14 £ 1.06 17.27 £0.82 16.04 £1.01 16.47 £0.82 16.44+£1.14 16.49 £ 0.94
(15.69 — 17.98) (15.55 - 17.86) (15.67 — 17.06) (15.45-17.70) (14.68 — 17.53) (14.72 - 17.76)
Distal longitude (°) -24.49 + 1.26 -24.26 +1.01 -24.60 + 0.50 -24.32 + 0.69 -24.20+0.91 -24.24 +1.76
(-25.78 —-23.94) | (-25.15—-24.08) | (-25.09 —-24.01) | (-20.22 —-25.69) | (-25.09 —-21.77) | (-26.10—-22.87)
Distal bearing (°) 45.92 +2.98 56.60 + 1.83 181.36 + 1.72 146.23 +2.19 135.3 +2.87 137.46 £ 2.01
(13.21 —59.43) (49.43 -58.04) | (179.31-184.23) | (141.65-149.23) | (131.23-141.99) | (132.01 —139.62)
Plasma & 13C (%) -17.51 £ 0.09 -17.4+£0.12 -16.59 + 0.17 -16.31+£0.10 -16.25+0.13 -16.29 +0.13
(-17.94 —-16.35) | (-18.19--16.10) | (-17.42--14.71) | (-17.52--14.63) | (-16.94—-15.02) | (-17.66 —-13.70)
Plasma & °N (%o) 11.70 £0.10 11.5+0.14 10.93 £0.08 11.03 £0.09 11.77 £0.11 11.37 £0.06
(10.61 —12.87) (10.50 — 12.53) (10.03 -12.13) (10.23 -11.97) (10.49 - 13.07) (10.04 — 12.44)
BodCondition Index (BCI) 0.23 +£0.02 0.20+0.01 0.20+0.03 0.16 £ 0.04 0.12 +0.05 0.13+0.02
(0.17 - 0.28) (0.18 - 0.25) (0.17 - 0.27) (0.08 — 0.24) (0.04 - 0.26) (0.11-0.22)
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negative effects on the bird foraging and feeding success (Phillips et al. 2003). GPS-loggers’
deployment and retrieval were carried out after dark at the colony sites, and biometric
data (wing-length, tarsus-width, body mass) were collected during logger deployment. At
logger retrieval, data on body mass was collected once again to assess individual body
condition, and blood (I ml) was drawn from the wing’s brachial vein and used for stable
isotope analysis. Bird handling time did not exceed |0 minutes to avoid added stress to
the animal. Body Condition Index (BCl) was obtained from the residuals of the linear
regression of body weight on wing length — a measure of structural size (Brown 1996).
BCl is, therefore, a measure of mass corrected for size and is considered an indicator of
energetic reserves in seabirds (Chastel et al. 1995). Both species sex was identified using
chest feather analysis with molecular markers, collected during field work (Weimerskirch
et al. 2006b; Mendez et al. 2017a). Chick-rearing BRBO were tracked between September
2018 and August 2019, and non-breeding RFBO in September — October 2018 and June

— August 2019, when this species inhabits Raso Islet (see further details on Table S4.1).

[.1.2. Characterization of at-sea behaviours

To define individual behavioural modes from movement trajectories of foraging trips
we used the Expectation Maximisation binary Clustering (EMbC) R package (Garriga et al.
2016). This is a robust non-supervised multi-variate clustering algorithm leading to
meaningful local labelling of each GPS location that can be easily linked to biological
interpretations (Louzao et al. 2014). Two input variables (speed and turn angle) were used
from successive individual locations to assign 4 behaviours by the EMbC algorithm: high

velocity/low turning angle (HL), high velocity/high turning angle (HH), low velocity/low
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turning angle (LL) and low velocity/high turning angle (LH) (de Grissac et al. 2017).
Following (Garriga et al. 2016), the behaviours were described as: (I) Resting, when
locations showed low speed and low turn value (LL), indicating that the bird is resting at
the sea surface; (2) Intensive foraging, representing Low speed while searching and High
turn value (LH), when patches of prey are spotted; (3) Travelling, showing High speed and
Low turn value (HL); and (4) Relocating, reflecting High turns at High speed (HH) as a
change between restricted areas of intensive foraging. This technique has been previously
used to interpret ecologically meaningful behaviours from movement data in sulids

(Mendez et al. 2017b, a; Lerma et al. 2020b).

[.1.3. .Habitat use

GPS locations labelled as ‘Intensive Foraging’ were used to generate Kernel
Utilization Distributions (Kernel UD) estimates, considering the 50% kernel UD contours
as the core foraging region (FR) and the 95% kernel UD contours as the home range (HR),
using the adehabitat package in R (Calenge, 2006). The most appropriate smoothing
parameter (h) was chosen via least squares cross—validation for the unsmoothed GPS data,
and then applied as standard for the other datasets. Grid size was set at 0.08° to match
the grid of environmental predictors.

The extent of within-group foraging region (FR) and home-range (HR) overlap
between (1) sexes of the same species and (2) between species when they co-occur (June-
October) was estimated using the Bhattacharyya’s affinity index (BA) kernel UD overlap
index. This is considered the most appropriate measure of overlapping space use and BA
index range from O (no overlap) to | (identical UDs) (Kochanny and Fieberg 2005a). We

used a randomization technique (1000 randomizations of our dataset) to test the null
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hypothesis that there was no difference in the spatial distribution of different groups at
test. If the null hypothesis is true, overlap between groups 50% and 95% kernel UDs should
not differ significantly from that calculated if those groups were randomly assigned. P-
values were determined by the proportion of random overlaps that were smaller than the

observed overlap (see (Cleasby et al. 2015; Clay et al. 2016) for similar approaches).

I.1.4. Environmental predictors

To map the environmental conditions of the foraging areas and the surrounding
colony, we used Seafloor depth as our static variable (DEP, blended ETOPO| product,
0.01° spatial resolution, m), and the following dynamic oceanographic variables:
Chlorophyll-a concentration (CHLA, 0.04°, mgm=), Sea Surface Temperature (SST, 0.04°,
°C), Sea Surface Height (SSH, 0.08°, m), and Ocean Mixed Layer Thickness (OMLT, 0.08°,
m). DEP was downloaded from http://ngdc.noaa.gov/mgg/global/global.html, SST and
CHLA were extracted from http://oceancolor.gsfc.nasa.gov, while SSH and OMLT were
downloaded from http://marine.copernicus.eu. Monthly averages composites were used
for all dynamic predictors. Spatial gradients of all former variables (GDEP, GCHLA, GSST,
GOMLT, GSSH) were obtained by estimating the proportional change (PC) within a
surrounding 3 X 3 cell grid using a moving window as follows: PC = [(maximum value —
minimum value) X [00/maximum value]. Gradients of dynamic variables are believed to
be good indicators of oceanic fronts, while the GDEP was used as a proxy for slope. All
oceanographic raster layers were rescaled at a spatial resolution of 0.08° prior to the
habitat modelling exercise. Environmental predictors were processed with various

functions within the raster package (Hijmans 2020).
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[.1.5. Stable isotope analysis of bobbies’ blood samples

Blood samples were separated into red blood cells (RBC) and plasma by
centrifugation at 12000 rpm for 5 min. Plasma has a half-life of about 3-5 days (Cherel et
al. 2005b) (i.e. fast turnover rate), therefore it represents prey ingestion and trophic
ecology of tracked individuals during the last trips before sampling (Cherel et al. 2005b).
We used plasma samples collected during field work to perform a stable isotope analysis
(SIA) for 6N (>N / "*N) and 6"C ('3C / '2C). As 6"N values increase continuously (3-
5%o) in marine food webs, conferring different isotopic signatures to different prey
consumed by seabirds, the trophic level is recognized, while 6"3C values increase at a
slower step (~0.8%o), indicating birds feeding habitat (Quillfeldt et al. 2005; Inger and
Bearhop 2008; Phillips et al. 201 |). There is a gradient of high to low values of 6'3C from
benthic and inshore to pelagic and offshore food webs, because the organic enrichment at
the coast is gradually diluted towards the open ocean (France 1995). Each of the tracked
birds was sampled upon return from a foraging trip, during logger retrieval.

In the laboratory, plasma samples were dried at 60 °C for 24 h and homogenized.
Successive rinses with a 2:1 chloroform-methanol solution was performed on the plasma
for dilapidation (Cherel et al. 2005b). Approximately 0.25-0.30 mg of each sample were
weighed and encapsulated into tin foil cups for posterior processing. The carbon and
nitrogen isotopic ratios of these were determined from continuous-flow isotope ratio
mass spectrometry (CF-IRMS). Results were presented in the common 6 notation as parts
per mil (%o0) and compared with values from the international standards Pee Dee
Belemnite (PDB) for 6'°C and atmospheric N2 for §"°N. Replicate measurements of
internal laboratory standards (acetanilide) indicate precision < 0.2%. for both 6"*C and

6"N.
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.1.6. Stable isotope analysis of prey samples

Prey species were collected in 2018 and 2019 in Cabo Verde waters, by local
fishermen operating in the surroundings of Raso Islet or at local fish-markets, between
June-October of each year, and therefore are contemporaneous with tracking of BRBO
and RFBO. We selected the prey species that could be part of BRBO and RFBOs’ diet,
according to the data available in the literature for these and other similar taxa (Ancona et
al. 2012; Connan et al. 2017; Miller et al. 2018; Donahue et al. 2020). All prey individuals
were measured, weighted, and identified to the lowest possible taxonomic level. Fish
species were identified with local guides, while squid specimens were identified using the
lower beaks (Xavier and Cherel 2009). Approximately 0.5 gr of muscle of each prey were
dried at 60 °C for 24 h, submitted to successive rinses with a 2:1 chloroform-methanol
solution for tissue’s dilapidation (Cherel et al. 2005b), and weighed and encapsulated into
tin foil cups for SIA. Due to the high similarity between some prey isotopic signatures, we
opted to pool them in three different groups: epipelagic fish, juvenile fish, and squid.
Epipelagic fish was composed by fish species that inhabit in the epipelagic layers of the
ocean (i.e., the upper 200 m): Sardinella aurita (N = 4), Platybelone lovii (N = 4), Sardinella
maderensis (N = 4), Selar crumenophthalmus (N = 4), Cephalopholis taeniops (N = 4),
Cheilopogon sp. (N = 4), Sparisoma cretense (N = 3), Decapterus macarellus (N = 4),
Myripristis jacobus (N = 4; mean £ SD: §*C = —16.98 + 0.50; 6"°N = 10.05% 0.78).
Juvenile fish was composed by young fingerlings identified as epipelagic species (mean £

SD: 6C = —18.47 £ 0.24, 6"°N = 8.38 £ 0.43, N = 10). Squid comprised specimens of
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Todarodes sagittatus (N = 6) and Callimachus rancureli (N = 4; mean * SD: §3C = -

17.02 £ 1.56,6"N = 11.66 +2.18).

[.1.7. Diet reconstruction using SI mixing models

Diet reconstruction of BRBO and RFBOs was carried out by combining predator
and prey isotopic signatures, and computing Bayesian mixing models with functions within
the simmr R package (Parnell 2020). Two models were run separately for each season
(Nov.-May and Jun.-Oct.), computing the predicted consumption of three main groups of
prey (epipelagic fish, juvenile fish and squid) for males and females BRBO and RFBO. We
used adult plasma isotopic signatures as our predator data and prey muscle isotopic
signatures as our sources data (Phillips et al. 2014; Parnell 2020), with no prior diet
information being added to the model.

To the best of our knowledge there are no diet-tissue discrimination factor
(DTDF) calculated for BRBO or RFBOs. These factors are often specific for taxon, tissue,
and even diet-specific (Phillips et al. 2014; Jenkins et al. 2020), making them one of the
largest sources of bias for isotopic mixing model practices (Phillips et al. 2014). In this study
we used the DTDF calculated for Atlantic puffins (Fratercula arctica) in a captive
experiment developed by (Jenkins et al. 2020); we chose the DTDF calculated for plasma
6"C and 6"N isotopic ratios (— 0.18%oc for 6'°C and + 1.72%o for 6'°N) to compare
directly with boobies’ plasma 6'*C and 6'°N values and minimize the error of the models.
Although puffins and boobies have different ecology and live in different environments
(temperate vs tropics), we believe that these DTDF are the most adjusted values for this
study, considering other values available in the literature (Cherel et al. 2005a; Ciancio et

al. 2016). We considered a standard deviation of £ [.0%o, in an attempt to further reduce
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the bias of DTDF, and account for possible differences between boobies and puffins

(Votier et al. 2010).

1.1.8. Data analysis

Generalized Linear Mixed Models (GLMMs) were built to test the effect of the
independent variables (1) sex, (2) season (Jun.-Oct. or Nov.-May), and (3) their interaction
on the mean values of (I} trip duration (h), (2) maximum distance to colony (m),
proportion of time (3) travelling (4) in intensive foraging and (5) resting, distal (6) latitude
and (7) longitude of forays, plasma (8) 6"C, (9) 6"°N values and (10) Body Condition
Index. (i.e., dependent variables). Differences between sex and season on the (| |) bearing
of foraging trips (i.e. circular data) were tested with circular ANOVAs through the circular
package (Agostinelli and Lund 2017). Dependent variables of GLMMs were transformed
when they did not meet normality and homogeneity assumptions. Separate models were
developed for BRBO and RFBOs aiming at simpler interpretations of their outputs (i.e.,
interactions with the variable sex would be difficult to interpret in complex models). Both
(1) trip identity nested within bird identity and (2) month of sampling was included as a
random effect to control for pseudo-replication and temporal variability in the productivity
of the marine environment, respectively. This also helped to account for unbalanced
sample sizes per month. Gaussian distribution of error terms and a log-link function were
used in the modelling. Post-hoc multiple comparisons with Bonferroni correction were
used to identify significant differences between categories of each independent variable. R
packages used in the GLMMs were Ime4 (Bates 2015) and ImerTest (Kuznetsova et al.

2017).
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GLMMs we also used to calculate “individual-level repeatability” (R) in each of the
former behavioural and foraging parameters (except for distal bearings), with the rptR R

package (Nakagawa and Schielzeth 2010; Stoffel et al. 2017) as:

Rina=S?A/ S%a+ S

where S ?ais the inter-individual variance and S %4 the intra-individual variance of
each individual over time. Thus, inter-individual and intra-individual variances reflect the
variances between foraging trips between individuals and the same bird, respectively.
Repeatability index (0 — |') can be classified as low (Rin¢ < 0.25), moderate (0.25 > R >
0.5) and high (Rns > 0.5) (Potier et al. 2015; Traisnel and Pichegru 2019). For visual
comparison, we also computed the “population-level repeatability”, which is a variation of
the former formula: Ryop = S24/ S% + S%s; where S %4is the inter-individual variance and S
2 is the global within-individual variance. We compared the adjusted repeatability
(repeatability calculated in the full fixed- and random-effects models) with models including
only the individual as random effect, without any fixed effect.

Generalized Additive Mixed Models (GAMMs) were used to test the effect of (1)
sex and (2) all environmental predictors on the presence/ absence of foraging behaviour
(grid cells with ‘intensive foraging’) by tracked BRBO during (model 1) Nov.-May and
(model 2) Jun.-Oct. and RFBO during (model 3) Jun.-Oct. Sex was included as a categorical
variable in the fixed effects part of each model using the argument “by” of the mgcv
package (Wood 2017), allowing smoothers to be built for each sex and environmental
variable combination. Smoothers were fitted to each environmental variable using 3 to 5

regression splines with shrinkage to avoid overfitting (Wood 2004; Wood et al. 2016).
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Multi-collinearity among covariates was assessed using variance inflation factors (GVIFs,
AEDForecasting library in R (Claster et al. 2016)), with variables exhibiting a value higher
than 3 being excluded from the modelling exercise (Table 54.2). GAMMs were built with
a binomial family and logit link function for presence/absence (of ‘intensive foraging’) data.
Bird identity and sampling month were included to control for individual and monthly
environmental variability effects, respectively. We started running models including all the
main effects, and the best candidate model was selected based on the second-order
corrected Akaike’s information criterion (AIC). A difference of less than 2 was interpreted
as competing models receiving a similar amount of support from the data (Burnham and
Aderson 2002). As with GLMMs, the three separate models were developed to attain
comprehensive interpretations of the outputs and easily compare the effect of different
environmental predictors on foraging between study seasons (Nov.-May vs. Jun.-Oct.) and
species (BRBO vs. RFBO).

To establish the isotopic niche between sexes, study species (BRBO vs. RFBO) and
season (June-October vs. November-May) with the plasma stable isotope data, we used
SIBER (Stable Isotope Bayesian Ellipses in R), which is based on a Bayesian framework that
confers a robust comparison to be made among data sets concerning different sample
sizes (Jackson et al. 201 |). The area of the standard ellipse (SEAc, an ellipse having a 40%
probability of containing a subsequently sampled datum) was adopted to compare isotopic
values among groups (sexes, species and seasons) and their overlap in relation to the total
niche width (both groups combined), and a Bayesian estimate of the standard ellipse and
its area (SEAg) was used to test whether the isotopic niche of one group was narrower
than that of other group (Jackson et al. 201 |). We further compared other isotopic niche

metrics between species, sex and seasons, such as (1) carbon range, the distance between
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max. and min. 6"*C values; (2) nitrogen range, the distance between max. and min. §'°N
values; (3) total area (TA), as the convex hull area encompassed by all values in a §"*C -
6"°N bi-plot space; (4) mean distance to centroid (CD), as the average Euclidean distance
of each isotopic value to the 6'3C - 6'°N centroid, where the centroid is the mean 6'3C -
6"°N value for all values in the food web; (5) mean nearest neighbour distance (NND), as
the mean of the Euclidean distances to each value nearest neighbour in bi-plot space, and
thus a measure of the overall density of ‘values packing’; (6) SD nearest neighbour distance
(SDNND), as a measure of the evenness of ‘values packing’ in bi-plot space that is less
influenced than NND by sample size.

All data are presented as mean * SD, unless otherwise stated. Results were

considered significant at P < 0.05.

[.1.9. Compliance with ethical standards

This project was authorized by the "National Directorate of the Environment" of
Cabo Verde (DNA) to be carried out at Raso Islet, Desertas Islands Natural Reserve. All
sampling procedures and/or experimental manipulations were reviewed and specifically
approved as part of obtaining the field license. All tracking information included in this
publication is stored at BirdLife International Seabird Tracking Database

(www.seabirdtracking.org) under IDs 44| and 1442. Supporting data are available from

the corresponding author upon reasonable request.

|.2. Results

1.2.1. Living without conspecifics
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During Nov.-May, repeatability (r) of foraging behaviours and distribution was
generally low (r < 0.25) to moderate (0.26< r < 0.5) for most of the parameters, and it

was similar between male and female BRBO (Fig 4.2).
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Figure 4.2. Population-level (Ruop.; black) and individual-level (Rig) repeatability values
(£SE) of behavioural parameters for female (blue) and male (red) brown (BRBO) and red-
footed (RFBO) boobies.
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Overall, GAMMs showed a good predictive capacity, explaining 32.2%, 42.1% and
35.1% of the deviance in the probability of birds to switch between foraging and travelling
behavioural modes (Table 4.2). Foraging probability of both female and male BRBO
increased with decreasing ocean mixed layer thickness (OMLT) and increasing gradient in
SST (GSST) and gradient in OMLT (GOMLT) (Fig 4.3).

Estimated diet composition of female and male BRBO was similar, with a higher estimated
proportion of epipelagic and juvenile fish (including flying fish), and lower proportion of

squids.

1.2.2.  Living in sympatry

During Jun.-Oct., male BRBO spent on average 1.42 hours more during each
excursion, travelled ~17 km significantly further from their colony, and spent respectively
10.0 % and 8.1 % more time travelling and foraging, when compared to female BRBO.
Plus, male BRBO exhibited |.| %o significantly lower plasma 8"*C values and 7 % lower

body condition when compared to female BRBO (Fig 4.1; Table 4.1 and 4.3A; Fig.54.1).
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Table 4.2. Generalized Additive Mixed Models (GAMMEs) fitted to the probability to switch between foraging (1) and travelling (0) behavioural
modes of tracked individual birds. Three different GAMM models were built: (A) brown boobies during Nov.-May, (B) brown boobies during
Jun.-Oct. and (C) red-footed boobies during Jun.-Oct. All evaluated models included individual identity and month as a random factors, to control
for pseudo-replication and environmental variability, respectively; DEP — depth (m); CHLA — chlorophyll a concentration (mgm?); SST - sea
surface temperature (°C); OMLT — ocean mixed layer thickness (cm); SSH — sea surface height (m); GDEP — depth gradient (%); GCHLA — CHLA
gradient (%); GSST — SST gradient (%); GOMLT — OMLT gradient (%); GSSH — SSH gradient (%). — Variables excluded after collinearity results.
Significant results in bold.

Nov.-May Jun.-Oct.

Brown boobies (BRBO) Brown boobies (BRBO) Red-footed boobies (RFBO)
Term edf Chi.Sq P edf Chi.Sq P edf Chi.Sq P
s(DEP): female — — — — — — — — —
s(DEP): male — — — — — — — — —
s(CHLA): female 0.34 0.43 0.87 — — — 0.44 0.34 0.21
s(CHLA): male .12 0.65 0.10 — — — |.49 |51 0.11
s(SST): female 0.0l 0.0l 041 .36 2.42 0.001 0.0l 0.0l 0.79
s(SST): male 2.93 25.45 < 0.001 2.53 9.28 0.001 0.64 4.78 0.10
s(OMLT): female |.57 2.74 0.0l 2.02 4.00 0.001 0.11 0.19 0.39
s(OMLT): male 0.75 0.86 0.02 0.14 0.60 0.92 0.0l 0.17 0.65
s(SSH): female 0.99 0.43 0.23 0.09 0.30 0.57 0.06 0.09 0.96
s(SSH): male 0.80 0.47 0.08 .95 2.73 0.0l 0.77 2.51 0.04
s(GDEP): female 0.83 |.45 0.0l 0.04 0.23 0.34 0.98 13.27 | <0.001
s(GDEP): male 0.38 0.16 0.19 2.3 8.53 0.001 0.97 18.82 | <0.001
s(GCHLA): female — — — [.1] 0.70 0.12 0.14 0.19 0.35
s(GCHLA): male — — — .33 1.02 0.05 2.19 14.83 0.001
s(GSST): female 2.44 10.99 < 0.001 |31 1.20 0.03 — — —
s(GSST): male 3.12 26.69 < 0.001 0.69 0.72 0.06 — — —
S(GOMLT): female l.16 20.12 < 0.001 0.12 0.09 0.48 2.50 2423 | <0.001
s(GOMLT): male |.54 2041 < 0.001 2.64 22.61 < 0.001 2.64 12.74 0.001
s(GSSH): female — — — 0.17 0.05 0.50 0.15 0.08 0.50
s(GSSH): male — — — |.63 |.69 0.0l 0.76 |.24 0.04
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Figure 4.3. Response curves of the most important smooths resulting from generalized
additive mixed models (GAMMs), explaining the foraging distribution of male (red) and
female (blue) brown boobies (BRBO) and red-footed boobies (RFBO), during November
—May and June — October. Shaded area highlights the period when BRBO and RFBO co-
occur un sympatry at Raso Islet, Cabo Verde.
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The observed foraging overlap between sexes and the overlap of females’ foraging
distribution between seasons was similar to permuted overlap (Table 4.4). Yet, observed
male-male foraging overlap between seasons and female-male foraging overlap during Jun.-
Oct. was significantly lower than randomly expected (Table 4.4).

During this period, when both BRBO and RFBO inhabit Raso Islet, female BRBO spent |.2
hours less during each excursion, travelled ~29 km closer to the colony, and spent
respectively 9.3 % and 6.1% less time travelling and foraging, when compared to male
BRBO and male and female RFBO. Moreover, female BRBO foraged over significantly
lower latitude, longitudes, and distal bearings. Plus, they also exhibited 0.5%o lower plasma
8"3C values, though a 4% higher body condition when compared to male BRBO and male
and female RFBO (Fig 4.1; Table 4.1 and 4.3B; Fig S4.1). The observed foraging overlap
between sexes and between species was generally significantly lower during Jun.-Oct. than
permuted overlap (Table 4.4).

Repeatability of female BRBO generally increased significantly to high (r > 0.6), while
male BRBO and both sexes of RFBO remained on low to moderate repeatability of
foraging behaviours and distribution (Fig 4.2).

In terms of habitat preference, foraging probability in female BRBO increased with
decreasing SST and OMLT and increasing GOMLT. However, male BRBO and male and
female RFBO generally increased foraging probability with increasing sea surface height
(SSH), and gradients in seafloor depth (GDEP), chlorophyll a concentration (GCHLA),
OMLT (GOMLT) and SST (GSST) (Table 4.4, Fig 4.3).

Models suggest that female BRBO did increase the consumption of epipelagic and
juvenile fish, and similar patterns were found for female RFBO. On the other hand, males

of both species fed on a slightly lower proportion of these food items when
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Table 4.4. Observed and randomized overlap (Bhattacharyya’s Affinity) at the 50% and 95% Kernel utilization distributions (UDs) between (A)
female and male brown boobies during November — May and June — October and (B) female and male brown (BRBO) and red-footed boobies
(RFBO) during June — October. P represents the proportion of randomized overlaps that were smaller than the observed overlap. Significant
differences are shown in bold.

50% UD 95% UD
Comparison Observed | Permuted overlap P Observed | Permuted overlap P
overlap (mean + SD) overlap (mean + SD)
(A) Between sexes and seasons
female BRBO Nov.-May vs. male BRBO Nov.-May 0.38 0.35+£0.04 0.69 0.71 0.75+0.03 0.56
female BRBO Nov.-May vs. female BRBO Jun.-Oct 0.39 0.41+£0.05 0.61 0.68 0.70 £ 0.05 0.59
male BRBO Nov.-May vs. male BRBO Jun.-Oct 0.25 0.40 £ 0.03 0.02 0.51 0.79 £ 0.05 0.01
female BRBO Jun.-Oct. vs. male BRBO Jun.-Oct. 0.27 0.30 £0.05 0.06 0.49 0.76 £0.03 0.04
(B) Between sexes and study species
female BRBO vs. male BRBO 0.29 0.36 £ 0.06 0.06 0.50 0.69 £0.04 0.04
female BRBO vs. female RFBO 0.22 0.38+0.04 0.02 0.46 0.64 = 0.06 0.01
female BRBO vs. male RFBO 0.26 0.41+£0.05 0.02 0.43 0.61£0.05 0.01
female RFBO vs. male RFBO 0.42 0.33+0.06 0.05 0.44 0.59 £0.04 0.03
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Table 4.3A. Generalized Linear Mixed Models (GLMMs) testing the effect of (A) the interaction between sex and season (November-May vs. June-October) and
(B) the interaction between sex and species (brown boobies-BRBO vs. red-footed boobies-RFBO) on trip characteristics, spatial distribution, trophic ecology and
body condition shown in Table 4.1. Both (1) trip ID nested within bird ID and (2) Month of sampling were set as random effects to control for pseudo-replication
and temporal variability on the environmental proxies of productivity, respectively. Significant results in bold. Effect was evaluated with Post-hoc multiple
comparisons with Bonferroni correction. * Differences between means of circular data variables were analysed with circular ANOVAs.

Model A
Sex Season Sex : Season
Variables 703 P Effect F.699 P Effect F.699 P Effect
N tracks [N birds] — — — — — — — — —
Mass (kg) — — — — — — — — —
Trip duration (h) 2.17 0.09 — 2.77 0.05 Nov-May 2.83 0.04 male, Jun-Oct
< Jun-Oct > all others
Max. dist. colony (km) 5.48 0.001 females 2.69 0.05 Nov-May 2.71 0.05 male, Jun-Oct
< males > Jun-Oct > all others
Prop. Travelling (%) 3.39 0.02 females 2.29 0.08 — 2.80 0.04 male, Jun-Oct
< males > all others
Prop. Foraging (%) 3.8l 0.0l females 3.90 0.01 Nov-May 3.30 0.02 male, Jun-Oct
< males < Jun-Oct > all others
Prop. Resting (%) .59 0.19 — 2.8 0.04 Nov-May |.65 0.18 —
> Jun-Oct
Distal latitude (°) 3.69 0.04 females 3.09 0.03 Nov-May l.19 0.33 —
< males > Jun-Oct
Distal longitude (°) 6.0l 0.001 females |.76 0.18 — |.44 0.27 —
< males
Distal bearing (°)* [.11 0.33 — 3.88 0.0l Nov-May 2.26 0.08 —
< Jun-Oct
Plasma & *C (%o) 3.89 0.01 females 3.85 0.01 Nov-May 2.73 0.05 male, Jun-Oct
< males < Jun-Oct < all others
Plasma 8 "°N (%o) .37 0.25 — 2.75 0.05 Nov-May .95 0.12 —
> Jun-Oct
Body Condition Index (BCI) 2.78 0.04 females 34| 0.02 Nov-May 2.62 0.05 male, Jun-Oct
> males > Jun-Oct < all others
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Table 4.3B. Continuation of Table 2.

Model B
Sex Species Sex : Species
Variables F3_507 P Effect F3'699 P Effect F3‘(,99 P Effect
N tracks [N birds] — — — — — — — — —
Mass (kg) — — — — — — — — —
Trip duration (h) 3.33 0.02 females 3.82 0.01 BRBO 2.63 0.05 female, BRBO
> males < RFBO < all others
Max. dist. colony (km) 8.02 < 0.00l1 females 5.60 0.001 BRBO 7.18 < 0.001 female, BRBO
< males < RFBO < all others
Prop. Travelling (%) 2.19 0.09 — |.85 0.14 — 3.09 0.03 female, BRBO
< all others
Prop. Foraging (%) |.78 0.15 — 3.35 0.02 BRBO 5.6l 0.001 female, BRBO
< RFBO < all others
Prop. Resting (%) |.68 0.17 — 2.83 0.04 BRBO 237 0.07 —
< RFBO
Distal latitude (°) 3.87 0.0l females 3.67 0.04 BRBO 2.88 0.03 female, BRBO
< males < RFBO < all others
Distal longitude (°) 3.0l 0.0l females 1.98 0.1 — 3.99 0.0l female, BRBO
< males < all others
Distal bearing (°)* .52 0.21 — 5.59 0.001 BRBO 5.59 0.001 female, BRBO
> RFBO < all others
Plasma & '3C (%o) 2.10 0.10 — 2.69 0.05 BRBO 3.00 0.03 female, BRBO
<RFBO < all others
Plasma 6 "°N (%) [.15 0.33 — 3.14 0.03 BRBO .91 0.13 —
< RFBO
Body Condition Index (BCI) .79 0.13 — 2.79 0.04 BRBO 2.8l 0.04 female, BRBO
> RFBO > all others
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compared to females. The models also showed that while feeding on high proportion of
epipelagic fish, female RFBO would rely also on comparable higher proportion of squid

(Fig4.4).”
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Figure 4.4. Estimated proportions of main prey items in the diet of male and female brown
boobies (BRBO) and red-footed boobies (RFBO) from Raso Islet, Cabo Verde during a
phase when only brown boobies occur on the colony (November-May; left panels) and
when the two species co-occur in sympatry (June-October; right panels). Epipelagic fish —
Sardinella aurita, Platybelone lovii, Sardinella maderensis, Selar crumenophthalmus,
Cephalopholis taeniops, Cheilopogon sp., Sparisoma cretense, Decapterus macarellus,
Myripristis jacobu; Juvenile fish — young fingerlings of epipelagic species; Squid — specimens
from the Ommastrephidae and Onychoteuthidae families.
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Both male and female BRBO enlarged their isotopic niches from Nov.-May to Jun.-Oct.
Female RFBO exhibited the larger SEAc (Table S4.3) and lower isotopic niche overlap in
relation to male and female BRBO, but higher overlap with male RFBO isotopic niche (52

Fig, S4 Table).

|.3. Discussion

1.3.1. Living without conspecifics

During Nov.-May, spatial segregation was very low between sexes of BRBO, a period
when this is the only booby species occurring on Raso islet. Our results showed similar
habitat use and repeatability of behavioural foraging parameters and distribution between
sexes, as well as diet patterns, in line with brown boobies from islands in the Gulf of
California (Castillo-Guerrero et al. 2016). There, colonies of BRBO are much larger
(2,400-6,000 individuals) than those at Raso (~289 individuals) (S5 Table), but still no
significant differences were observed in sexual foraging patterns in either place, meaning
that density-dependent competition is not likely to drive sexual segregation.

Differences in sex-specific foraging patterns have mainly been related to marine
productivity in the surrounding colonies (Weimerskirch et al. 2009b; Young et al. 2010b),
allowing for flexible parental investment to occur during breeding (Weimerskirch et al.
2009b). In our case, neither differential parental roles (Thaxter et al. 2009), niche
specialization associated with sexual dimorphism and competitive exclusion (Phillips et al.
2004), or nutritional requirements (Lewis et al. 2002) affected foraging behaviour between
sexes (Castillo-Guerrero et al. 2016),because no segregation was observed. Other related
species, such as Masked boobies have also shown similar foraging trip parameters,

suggesting that local oceanic conditions and food distribution and availability are important
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factors leading to sexual segregation. Thus, these studies, imply that competition may not
be an option when species are feeding on ephemeral prey, consequently compelling sexes
to share food resources and foraging areas (Lerma et al. 2020a, b). Therefore, as tropical
marine regions such as the Cabo Verde Islands, are associated with oligotrophic waters
and patchily distributed fish (Longhrust and Pauly 1987), this equal sharing of resources
and habitats within species can be expected here. Similar environmental conditions at
Tromelin Island in the Western Indian Ocean (Kappes et al. 201 1) and Palmyra Attol in
the Central Pacific Ocean (Young et al. 2010b), have also been suggested to partly explain
the lack of inter-sex differences observed in masked and red-footed boobies (Table 54.5).
Additionally, we stress that during this period (Nov-May), a higher annual peak of breeding
occurs for this species (Biosfera unpublished data), which could lead to a higher number
of breeding pairs competing for food, but still, no differences were observed between
sexes.

In terms of foraging habitat, as both sexes stayed relatively close to their colonies,
certain physical features may occur around Raso Islet, allowing the occurrence of discrete
productive habitats for subsurface and aerial predators year-round. Thus, both sexes of
BRBO showed a preference for areas with decreasing OMLT and increasing gradients of
SST and OMLT, during Nov. - May. The OMLT has often been related to the depth of the
vertical temperature gradient (thermocline), located right beneath the Ocean Mixed Layer
(OML), possibly working as a physical and biological barrier for fish species (Ballance et al.
2006; Pelletier et al. 2012). Gradients of SST have also been connected with ocean fronts,
where prey is known to concentrate and made available to top-predators (Schneider
1990; Scales et al. 2014). Stretching from Cabo Verde Islands to the coast of Cape Blanc

(West Africa), an important frontal system occurs, mixing waters coming from the north
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and south hemispheres with different gradients of temperature, salinity, and velocity (Pena-
lzquierdo et al. 2012b). Even though, CHLA concentration was not identified by the
models as a variable influencing foraging habitat preference during this period, it is
important to note that at the adjacent African coast, the upwelling phenomena leads to a
higher concentration of chlorophyll between [0-20°N (Thomas et al. 2001), especially
during winter and spring, stretching long filaments and eddies of chlorophyll-rich waters to
the open ocean and to the Cabo Verde archipelago (Pelegri et al. 2005; Aristegui et al.
2009) (Fig S4.3). This could provide better foraging opportunities closer to the colonies

during this period.

[.3.2. Living in sympatry

During this period (Jun.-Oct.), intra-specific segregation was observed within both
sexes of BRBO, and inter-specific segregation occurred between two sulid species living in
sympatry (Weimerskirch et al. 2009b; Young et al. 2010b; Kappes et al. 201 |; Ponton-
Cevallos et al. 2017) in Raso Islet. Although several studies concerning BRBO (Table 54.5)
(Gilardi 1992; Weimerskirch et al. 2009b; Miller et al. 2018) and other sulid species
(Weimerskirch et al. 2009b; Castillo-Guerrero and Mellink 201 1) found that bigger
females frequently perform longer and farther foraging trips than smaller males, our study
showed the exact opposite, with female BRBO maintaining their previous foraging areas,
whilst male BRBO and both sexes of RFBO looked for different foraging opportunities.

Many papers on sex-specific foraging behaviour have pointed out that males and
females may adopt different foraging strategies in response to different factors, such as
competition, prey and habitat preference, parental involvement, among others (Le Boeuf

et al. 2000; Breed et al. 2006; Weimerskirch et al. 2006b, 2009b; Cleasby et al. 2015;
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Miller et al. 2018; Pereira et al. 2018). Differences found in sexual foraging at Raso are in
line with those found (Lewis et al. 2005) at Johnston Atoll, Central Pacific, where male
BRBO foraged in far distant areas than females (Table S4.5). In our study, when both
booby species were living in sympatry on Raso, inter-sexual differences in foraging
behaviour and distribution may be explained by divergent parental roles, as females tend
to stay closer to the colony, showing high repeatability to foraging grounds, feeding more
rapidly and quickly returning to the colonies to feed their offspring. Several studies of
boobies (Zavalaga et al. 2010) and other seabird species exhibiting high foraging site fidelity
(Pettex et al. 2010; Passadore et al. 2018) were carried out in highly productive marine
environments (temperate regions), where prey distribution is more predictable, while in
tropical areas, it has been pointed out that the presence of bathymetric features may be
an important variable in increasing site fidelity (Wilkinson et al. 2020). Social cues, by
gathering information from previous foraging trips (Carroll et al. 2018), information
transfer at sea (Weimerskirch et al. 2010b; Thiebault et al. 2016, 2019) and at the colony
(Courbin et al. 2020), have also been suggested to increase site fidelity, however all were
from studies in temperate areas. As females simply kept using the same areas, increasing
repeatability of foraging parameters compared to the first period, and no important
bathymetric features seem to be present or influencing utilized areas, this further suggests
that parental involvement during this period, should be a factor explaining sexual
segregation (Gilardi 1992; Weimerskirch et al. 2009b; Miller et al. 2018). As all tracked
BRBO were rearing chicks, feeding on higher proportions of epipelagic and juvenile fish
could explain female’s better body condition, and also mean high energetic meals delivered
to the offspring, further supporting this conclusion and explaining site fidelity (Wojczulanis

et al. 2006; Pereira et al. 2018).
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Males on the other hand, would probably invest less on the chick, preferring to travel
farther and using different foraging habitats, while taking advantage of winds to minimize
flying costs (Shaffer et al. 2001) and increase flying efficiency (flight speed, foraging range
and flapping frequency) (Lewis et al. 2005; Weimerskirch et al. 2009b). Intuitively, this
could also indicate a male habitat preference (Cleasby et al. 2015) during a period of
sympatry. Lower body condition in males could indicate that they have a harder time
foraging, and therefore invest less in chick provisioning (Pereira et al. 2018). Additionally,
low repeatability to foraging grounds could reflect prey-patch unpredictability in the
oligotrophic waters of Cabo Verde (Weimerskirch 2007).

(Miller et al. 2018) also pointed out a possible division of labour between sexes at
Reine Island (Great Barrier Reef, Australia), where males stayed longer at the nest and
females travelled longer to bring food to the growing chick and returned later at sunset to
avoid klepto-parasitism by frigate birds (Miller et al. 2018). This suggests that inter-specific
competition could also play a role in affecting intra-specific segregation of sulids living in
sympatry with other species. In our study, because other sulid species moves to the Islet,
competition pressure may contribute to sexual segregation. Thus, we also suggest that the
presence of other seabird species, such as the Cape Verde shearwater (breeding from
June-October) (Paiva et al. 2015) and the Cape Verde little shearwater (prospecting)
(Biosfera unpublished data), could also affect the foraging behaviour of BRBO. To further
support this theory, at Raine island, BRBO were shown to exhibit intra-specific niche
partitioning during breeding peaks (Miller et al. 2018), while during a period of low
breeding effort no intra-specific niche segregation occurred (Ponton-Cevallos et al. 2017).
This clearly demonstrates that BRBO can modify their intra-specific foraging behaviour to

counterbalance possible competition for feeding resources. In our study, although the
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breeding peak of BRBO occurs between December-February, it is undeniable that the
overall seabird breeding peak at Raso occurs during the summer period (Jun-Oct)
(Hazevoet 2015; Paiva et al. 2015; Ramos et al. 2018; Cerveira et al. 2020; Semedo et al.
2020). Adding that a second colony of breeding Cape Verde shearwater and other species
occur at less than 6.5 km away, in Branco islet (Hazevoet 2015; Semedo et al. 2020), is
enough to suppose that competition is a possibility between species.

In summary, regardless of whether female BRBO travelled longer than males, or
stayed closer to the colonies, all studies agreed that differential breeding involvement,
division of labour or sex role partitioning, in addition to competition, could have a double
effect on sexual segregation (Gilardi 1992; Weimerskirch et al. 2009b; Miller et al. 2018).
Contrary to (Lewis et al. 2005), body size does not appear to be the factor explaining
intra-specific segregation, because seasonal variations in foraging parameters and isotopic
niches were observed for this species, implying foraging plasticity inferred by surrounding
environmental characteristics affecting prey abundance and habitat preference, as well as
inter-specific competition due to co-existence and breeding peaks.

Foraging patterns of RFBO were also generally similar between sexes, following with
the former literature on this species (Lewis et al. 2005; Weimerskirch et al. 2006b; Mendez
et al. 2016, 2017a). The similitude of these patterns might have been driven by low intra-
specific competition due to the small population size of RFBO inhabiting Raso Islet (Ainley
et al. 2004; Young et al. 2010b), or more likely driven by an unbalanced female:male
sample size (N=4:17) (Ponton-Cevallos et al. 2017). Nevertheless, a difference in size
does not seem to affect intra-specific foraging distributions here, and the lack of breeding

seems to be a reasonable explanation for the low intra-specific competition.
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Concerning inter-specific differences, RFBO showed a tendency to fly further and longer
compared to BRBO due to its pelagic nature and smaller size (Young et al. 2010b; Ponton-
Cevallos et al. 2017). Similarly, at Palmyra Atoll, in the Central Pacific Ocean, RFBO
undertook more pelagic trips than bigger-sized Masked Boobies, although in this case there
was an established breeding colony with a much greater number of RFBO (1000-2500
pairs) (Table 54.5) (Young et al. 2010b), which could imply a higher foraging effort. This
higher effort was also observed in larger colonies of Cape gannets (17,000-70,000 pairs)
(Grémillet et al. 2004) and Masked boobies (4,600 individuals) (Oppel et al. 2015), as
competition is expected to be higher. On the other hand, at Tromelin Island (Indian
Ocean), where colonies of both species are much smaller and fairly similar in numbers
(RFBO=180 pairs; MB=250 pairs), Masked boobies travelled further than RFBO (Kappes
etal. 201 I'), which was not expected, as the larger size of Masked boobies would probably
confer them the ability to outcompete the smaller RFBO from foraging areas in the colony
surroundings (Gonzalez-Solis et al. 2000). In that case, environmental characteristics
appeared to have a high influence on resource partitioning in an extreme oligotrophic
environment (Gonzalez-Solis et al. 2000).

In our study site, however, regardless of its tropical location and its less productive waters
compared to the first period (Fig S4.3), foraging bigger-sized female BRBOs seem to have
relied on locations near the colony during both study periods, while smaller male BRBO
and RFBO individuals foraged farther from the colony, in a more diverse array of areas,
and exhibited lower repeatability in their foraging behaviour. From June to October,
female BRBOs foraging probability increased with decreasing SST and OMLT, depicting
good environmental conditions in areas closer to the colonies and a thinner mixed layer,

which should allow prey fish to be closer to the surface and more accessible to predators
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(Ballance et al. 2001, 2006; Spear et al. 2001; Eeden et al. 2016; Cerveira et al. 2020).
Contrastingly, male BRBO and both sexes of RFBO preferred areas with higher gradients
of SST (i.e. ocean fronts), chlorophyll a concentration (CHLA) (i.e. upwelling phenomena),
and seafloor depth (i.e. steep locations), possibly along seamounts or shelf edges. Birds
also showed a preference for areas with higher SSH values. High values of SSH usually
depict the presence of Anticyclonic Eddies (Weimerskirch et al. 2010a; Poli et al. 2017),
which are also known to be associated with enhanced productivity (higher CHLA values),
especially in tropical environments (Dufois et al. 2016). (Cardoso 2017) showed the
frequent occurrence of eddies inside and outside the Cabo Verde archipelago, which drive
CHLA-rich waters from off West Africa and enhance CHLA within the archipelago.
(Meunier et al. 2012) also reported the formation of big anticyclonic eddies influenced by
the Cabo Verde Frontal Zone (CVFZ). Similarly, studies in the Mozambique Channel
(Europa Island) have shown the preference of the local seabird community (e.g. RFBOs)
to forage in productive waters associated with the presence of mesoscale anticyclonic
eddies, preferably around the edges of such oceanographic structures (Weimerskirch et
al. 2004; Jaquemet et al. 2005; Mendez et al. 2016).

Both species explored the same prey species (squid, epipelagic and juvenile fish) which
was expected, because sympatric tropical boobies studied in other locations exhibit similar
dietary preferences (Table S4.5) (Weimerskirch et al. 2004; Cherel et al. 2008; Young et
al. 2010b, a; Lerma et al. 2020a). During winter and spring months, both sexes of BRBO
had a similar expected diet, however, during the months of co-existence female BRBO
showed a higher consumption of epipelagic and juvenile fish. This may be related to a
greater availability of fish than squid in their foraging areas (Clarke and Prince 1980), and

as suggested before, a possible selection of higher energetic-content prey to provision
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their chicks (Kappes et al. 201 ). Flying fish have also been described to occur at the edges
of rapidly rotating eddies (Bakun 2006), a type of habitat present in the waters of the Cabo
Verde Islands, used by male BRBO and both sexes of RFBO. Nevertheless, results shown
here on diet preferences evaluated from isotopic mixing models should be interpreted
with caution, given the small sample size for each prey species. Ideally, future studies
should sample potential prey all year-round, and increase sample size of each prey species
to ascertain BRBO and RFBO dietary preferences, if possible, at the family- or species-
levels.

Although intra-specific and inter-specific isotopic niches overlapped during the Jun.-
Oct. period, there was a significant difference in §"°N values for females RFBO, as squid
was expected to be more consumed by RFBO. This could be related to the higher
abundance of squid during the summer months, main spawning and growth season
(Arkhipkin et al. 2015), or even related to the use of different habitats (Kappes etal. 201 I).
Previous studies have connected the occurrence of squid (e.g. Ommastrephidae) with sea
surface temperature and productivity connected to frontal zones (Pearcy et al. 1996; Ichii
et al. 2004) such as the one occurring in Cabo Verde (Pefa-lzquierdo et al. 2012b). A
similar diet pattern was observed in two islands (Weimerskirch et al. 2006b; Kappes et al.
201 1) of the Indian Ocean, where prey items of red-footed booby were mainly composed
of squid, confirming the different trophic position of their prey. The fact that RFBO are
not breeding may also be a contributing factor, because this species is not constrained by
the need to feed chicks (Bugge et al. 201 I).

While BRBO expanded their isotopic niches across seasons, perhaps due to enhanced
inter-species competition, there was a lower niche overlap of female RFBO in relation to

BRBO, but higher when compared to that of male RFBO. This confirms the expected
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broader isotopic niche in a more generalist species like the RFBO during the non-breeding
phase. Also, a high overlap in RFBO may indicate low intra-specific competition due to
low individual numbers and non-breeding phase if reproductive duties are relaxed
(Ponton-Cevallos et al. 2017), or in this case inexistent, allowing adults to focus on their

own nutritional needs.

[.3.3.  Conclusion

The current study provides the first view over the foraging ecology of a resident booby
in Cabo Verde, with a second overview of changes when the pressure of another similar
species is added to the study area. We conclude that divergent parental roles,
environmental conditions, habitat preference and inter-specific competition could be
mechanisms simultaneously underlying sexual segregation for BRBO during a period of co-
existence. These results agree with the idea that BRBO boobies have a certain foraging
ecology plasticity (Castillo-Guerrero et al. 2016; Ponton-Cevallos et al. 2017; Miller et al.
2018), capable of adapting to different circumstances of environmental conditions and
competition. Foraging similarities in RFBO sexes, although confirmed in other studies,
could possibly be related to the non-breeding phase or even biased sex sampling (Ponton-
Cevallos et al. 2017). As such, inter-specific foraging differences, appear to be more
affected by habitat preference and different breeding stages between species.

The results obtained here, are also pivotal for the identification of core foraging areas
of both species, as an important input for future conservation plans to be applied within

the Natural Reserve of Desertas Islands.
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Chapter 5

QUANTIFYING THE SENSITIVITY OF
IDENTIFIED IMPORTANT AREAS FOR MARINE
TOP PREDATORS’ ASSEMBLAGES (POTENTIAL
MARINE PROTECTED AREAS; MPAS) TO
ENVIRONMENTAL PRESSURES
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Abstract

The ocean is a very dynamic and complex ecosystem, hosting a wide range of
marine biodiversity, on which coastal human communities rely upon. Knowing that all the
global ocean is influenced by human impacts and affected by multiple stressors, brought
the need to create Marine Protected Areas (MPAs) for better management of marine
ecosystems and resources. Seabird at-sea distribution has been used for designing MPAs,
identifying “hotspots” of biodiversity and productivity in marine areas, as well as
anthropogenic activity pressure. It has been 26 years since the Cabo Verde government
compromised, through the Biodiversity Convention ratified in 1995, to a goal of achieving
| 0% protection of the national marine territory (12 n.m.), but only 5.8% has been declared
since then. In this study we identified core foraging areas for each seabird
population/species and described important seabird hotspots for the Cabo Verde EEZ
while evaluating potential stress effects exerted by artisanal, semi- and industrial fisheries
in the region. We also evaluated the suitability of existing MPAs, KBAs and a proposed
LMPA for the Eastern side of the islands, concerning seabirds and fisheries distribution,
using seven years’ worth of 8 seabird species’ tracking data (2013-2019) collected during
field work in different colonies and islands of the Cabo Verde archipelago. Results showed
moderate to high intra- and inter-annual variability in the at-sea distribution of the Cabo
Verde seabird community, posing a challenge when delineating areas for applied
conservation, as many factors must be taken into consideration (species, colony, and
breeding phase). Key marine areas for seabirds in this study showed a clear lack of
protection efficiency by the existing MPAs and recommends large area increase for current

MPAs (157.2%) and KBAs (97.2 %) for effective conservation. Four important areas stood
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out, each containing at least one existing KBA and only one overlapped, to a small extent,
with the proposed eastern LMPA. One major advantage to management is that these key
areas fell well within the island’s coastal surroundings, and very few locations were
considered important in the pelagic marine EEZ, possibly due to the presence of island
breeding colonies having a strong influence on species distribution. For wide-ranging
species, like the Cape Verde shearwater, cross-nation marine spatial planning is needed
during the incubation period, while most other species will only require national protection
legislation, by the Cabo Verde government authorities. Temporal variability in foraging
distribution was also observed within populations and between species recommending
seasonal MPAs, known to provide socio-economic benefits while achieving ecological
goals. Industrial fishing pressure overlap on key areas, was great for Bulwer’s petrel and
Cape Verde shearwater during incubation. However, we suggest that for petrels,
mitigation measures for artificial light pollution should be enough to avoid vessel collision,
as well as bycatch mitigation measures for other species (shearwaters, boobies and

tropicbirds) on vessel gears within the archipelago, particularly for artisanal fisheries

Keywords: MPA; KBA; hotspots; Marine EEZ; Cabo Verde archipelago
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5.1. Introduction

Oceans cover 71% of the Earth surface, present a great variety of dynamic and
complex ecosystems, and host a wide range of marine biodiversity, which coastal human
communities have always relied upon. Thus, it is of major concern to acknowledge that all
the global ocean is influenced by human impacts and 97.7% is affected by multiple stressors
(Halpern et al. 2015). All these human impacts have brought the need to create important
areas for conservation, i.e. Marine Protected Areas (MPAs), and to better manage the
marine ecosystems and resources (Hooker et al. 201 |; Lascelles et al. 2012; Ludynia et al.
2012). MPAs are described as “a clearly defined geographical space, recognized, dedicated
and managed, through legal or other effective means, to achieve the long-term
conservation of nature with associated ecosystem services and cultural values” (Wilkinson
2008). There is a total of 16,409 designated MPAs representing 6.6% of the global ocean,
however, 2,670 of these areas have almost no management regulations, and only 2.7% are
fully/highly protected (Marine Conservation Institute, 2021). Additionally, there are still
244 areas that have already been proposed or committed (Marine Conservation Institute,
2021), and many more are needed to reach the 30% ocean protection target set by the
IUCN for 2030.

Many MPAs are created for fisheries’ management (Roberts et al. 2005; Stevenson
and Tissot 2013), or even to protect species that are considered threatened, endemic or
rare (Gilman et al. 2011). But the use of these areas for the conservation of multiple
species, such as marine top-predators (Hooker and Gerber 2004; Hooker et al. 201 1),
also provides protection to associated species and to the overall ecosystem (Hooker and

Gerber 2004). Thus, the decline of these marine top predators may cause cascading effects
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on lower trophic levels of coastal or open waters, with negative effects such as the spread
of disease, carbon sequestration, among others (Scheffer et al. 2005; Estes et al. 201 |).

Among the marine top predators, the use of seabird at-sea distribution as a primary
source of information for designing MPAs has increased in recent years (Lascelles et al.
2012; Le Corre et al. 2012; Dias et al. 2017; Kriiger et al. 2017; Beal et al. 2021; Davies et
al. 2021a, b), providing also important knowledge on their distribution, abundance,
breeding biology and behaviour (Furness |982). Seabirds have high longevity (20-60 years),
delayed maturity (up to 10 years), small clutch size, of which the majority only lays one egg
per year and have long periods of chick rearing (up to 6 months) (Schreiber and Burger
2001). They are also very conspicuous animals, and for all these reasons, many studies
have considered them as sentinel species of the marine environment, and any changes they
may suffer in terms of numbers, breeding success or health, indicates marine
environmental issues directly related to human stressors, such as pollution or overfishing
(Furness and Camphuysen 1997) but also related to climate and ecosystem changes
(Hazen et al. 2019; Sydeman et al. 202 | a; Paiva 2022). Other taxa may also be related to
the presence of seabirds, for instance by sharing the same prey and/ or habitats, further
recognizing seabirds as umbrella species (Bugoni et al. 2008a; Catry et al. 2009).

The presence and role of seabirds as bio-indicator species, might not only identify
“hotspots” of biodiversity and productivity in marine areas (Karpouzi et al. 2007), but also,
marine ecological problems and environmental changes in the oceans (Weimerskirch et
al. 2003; Hazen et al. 2019), as well as changes in prey stocks (Barrett and Krasnov 1996),
making them suitable species for MPA design and implementation (Lascelles et al. 2012;
Ludynia et al. 2012). Nevertheless, long-distance travelling and multiple-ecosystem

reliance are challenging attributes when it comes to effectively protecting ‘static’ MPAs,
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especially when pelagic species cross jurisdiction boundaries (Block et al. 201 |; De Santo
etal. 2019; Dunn et al. 2019). Nonetheless, site fidelity has been exhibited by many species
and populations regardless of their foraging movements (Baylis et al. 2015; Wakefield et
al. 2015; Patrick and Weimerskirch 2017; Wilkinson et al. 2020), thus validating the use of
multiple seabird taxa for the identification of candidate Large Pelagic Marine Protected
Areas (LMPA), inside national waters (Lubchenco and Grorud-Colvert 2015) or at “high
seas” in Areas Beyond National Jurisdiction (ABNJ) (Lubchenco and Grorud-Colvert
2015; Brooks et al. 2021; Davies et al. 2021a). LMPAs have increased in number over the
years since their emergence in 2005, with various sizes, some exceeding 2 million km?
(Alger 2021; Brooks et al. 2021).

Yet, MPAs have been the object of much criticism by the scientific and
environmental community, with growing concerns on whether these areas are indeed
created to effectively protect marine biodiversity and achieve sustainable global use of
marine resources, or simply to achieve political goals (e.g., Aichi Target | I) (Singleton and
Roberts 2014). For instance, the establishment of MPAs in remote areas where fisheries
are not a problem, does not mitigate fish stock declines (Leenhardt et al. 2013; Singleton
and Roberts 2014; Devillers et al. 2015; Langton et al. 2020); prioritizing no-take areas
over fisheries management or effects of climate change does not promote sustainable
development (Caveen et al. 2013; Leenhardt et al. 2013); creating “untouchable™ MPAs
does not take in consideration the needs and rights of local and indigenous communities
(De Santo 2013; Singleton and Roberts 2014; Sowman and Sunde 2018).

MPA size is also important, allowing spillover (biomass export) to occur, by
transporting egg/larva and adult commercial species to adjacent areas where fisheries are

permitted (Roberts et al. 2001; Gonfi et al. 2008). Small areas, for example do not
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effectively protect highly mobile species, introducing the idea of MPAs’ networks being the
most effective way to protect and sustainably exploit marine resources (Palumbi 2003;
Gaines et al. 2010; Singleton and Roberts 2014; Hilborn 2018). As such, it appears intuitive
to say that MPA size and species mobility are critical variables for effective MPA function
and fishery success if we are to achieve sustainability as well as conservation. According to
Cabral et al. (2019), for species with low mobility and low-commercial interest, small to
moderately-sized MPAs are sufficient to optimize fisheries and food provision, while
maintaining ecosystem integrity and resilience, whilst highly mobile and targeted species
might benefit from MPAs that are 50% larger than the total area used for fishing them. It
is, however, unwise to say that small MPAs, with open-access and low budgets, cannot be
capable of securing ecological and economic benefits, as the use of aspatial policies such
as gear restrictions, taxes, licenses restrictions, livelihood programs can be important if
some level of enforcement exists, to redirect fishing efforts when necessary (Albers et al.
2021).

Therefore, the biggest challenge is to know how effective these areas are for
conservation and sustainable use of resources in the marine realm (Jones and De Santo
2016). According to (Hilborn 2018) no-take areas do not particularly reduce fishing effort,
but simply displace it to somewhere else. Additionally, the author argues that the increase
of fish abundance outside MPAs will increase only in cases where fishing pressure is very
high and fish stocks have been highly affected, thus fisheries management is probably the
best way to ensure the decrease of overfishing, bycatch, and habitat damage (Hilborn
2018). Particularly at high seas, MPAs in Europe have been shown not to reduce harvesting
when fishing management is dependent on international agreements (Dureuil et al. 2018).

On the other hand, well enforced surveillance within EEZs have been suggested as a much
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more effective way to protect marine resources when compared to large MPAs. Thus, in
multizone LMPA, negative impacts on marine food webs were clear inside the MPA and
the EEZ, implying a larger effort in terms of management and enforcement for such areas
(Dureuil et al. 2018). The same study also suggests that it would be much easier to perform
monitorization and surveillance in these areas if Automatic Identification tracking Systems
(AIS) were enforced on all industrial fishing vessels. Also, creating MPAs with no
restrictions whatsoever when it comes to domestic industrial fisheries is the same as
creating “Paper parks” where domestic vessels have the same capacity to generate harm
in local fish stocks, food webs and habitats, as foreign vessels (Relano et al. 2021). Clearly,
more studies are necessary to evaluate the conservation effectiveness of MPAs, while
taking into consideration that effective fishing management, monitorization, surveillance
and enforcement seem to be the key to success towards marine conservation and
sustainability.

In Cabo Verde, Protected Areas were recognized by the Decree-Law n°3/2003
of February 24, designating a National Network (RNAP), classified in 6 categories. Of the
46 designated areas, 22 are Marine Protected Areas with a total of 1.321 km? of marine
areas. These include all the major reproductive seabird colonies on the islands, except for
Rombos islets, which, despite all the conservation and protection work performed by local
NGOs from Fogo and Brava, still does not have a delineated protection area designated
or an elaborated management plan to support their effective protection. It has been 26
years since the Cabo Verde government compromised, through the Biodiversity
Convention ratified in 1995, to a goal of achieving 10% protection of the national marine
territory (12 n.m.), but only 5.8% has been declared since then. Though 44% (8 MPAs)

have an approved plan and implementations have been undergoing with or without
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approvals, the majority is not effectively protected due to many problems, such as the lack
of law enforcement, human resources, funding, or effective funding management, etc.
Additionally, while these protected areas do exist in Cabo Verde, there is no
correspondence between the national categories and the Council of the International
Union for Conservation of Nature’s (IUCN) Protected Areas, which shows a clear gap in
legislation (PNUD 2010). Some of these areas, however, are located inside Key
Biodiversity Areas (KBAs) recognized for the islands by the IUCN through applied criteria
(I'1) and thresholds (IUCN 2016). These are sites that contribute significantly to the global
persistence of biodiversity, but contrastingly to Protected Areas, they have no legal status
and are not managed by any type of governance.

Seabird species breeding in these islands are mostly pelagic species, foraging within
the Cabo Verde EEZ or travelling to the coast of Africa to feed during the breeding season
(Paiva et al. 2015; Ramos et al. 2016, 2017; Cerveira et al. 2020). Cabo Verde EEZ area is
fairly large (804,694 Km?) with species feeding on pelagic waters to the North, influenced
by the productivity of the Canary Current (Pefa-Izquierdo et al. 2012b; Almeida et al.
2021); to the East, where many important seamounts occur and the upwelling
phenomenon from the African coast stretches long filamented fingers to the islands
seasonally (Pelegri et al. 2005; Monteiro et al. 2008; Aristegui et al. 2009); as well as to the
South and West, with other important seamounts and ocean features (Monteiro et al.
2008; Benchimol et al. 2009a). Since the MPAs implemented here are very small and
almost exclusively coastal, the only seabirds that might benefit from them spatially would
be species with a marked coastal foraging behaviour, such as the brown booby (Sula
leucogaster). However, even rather coastal species might move outside the boundaries of

these MPAs (Almeida et al. 2021) and their core foraging grounds may be under stress if
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fishing activities are high there. Therefore, we believe that the identification of larger and
pelagic MPAs in Cabo Verde might be crucial for the conservation of its rich and endemic
marine biodiversity (Freitas 2014; Rocha et al. 201 5; Semedo et al. 2020). Considering that
Cabo Verde relies greatly on the ocean for food resources and employment (FAO 2018),
it is also important to improve surveillance and enforcement in this area, and promote
governance to local communities to manage their own resources to achieve sustainable
use.

In this study, we identified core foraging areas for each seabird population/species
and described important seabird hotspots for the Cabo Verde Islands while evaluating
potential stress effects exerted by artisanal, semi-industrial and industrial fisheries in the
region. Overall, this information contributed to test the protection efficiency conferred to
seabirds by the current MPAs and KBAs around the Cabo Verde EEZ. Additionally, we
evaluated the suitability of a proposed LMPA for the Eastern side of the islands, concerning
seabirds and fisheries distribution. To do this, we used seven years’ worth of seabird
tracking data (2013-2019) collected during fieldwork in the main breeding colonies and
islands of the Cabo Verde archipelago. This tracking data includes information from the
eight seabird species breeding in Cabo Verde (Cape Verde shearwaters Calonectris
edwardsii, brown boobies Sula leucogaster, red-billed tropicbird Phaethon aethereus,
Bulwer’s petrel Bulweria bulwerii, Cape Verde little shearwater Puffinus lherminieri boydi,
Cape Verde petrel Pterodroma feae, white-faced storm petrel Pelagodroma marina
eadesorum; Cape Verde storm petrel Hydrobates jabejabe), and one non-breeding
species (red-footed booby Sula sula). Contemporaneous information on the at-sea

distribution and effort of industrial, semi-industrial and artisanal fisheries was also gathered

153



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

as one of the main Human-related sources of stress imposed on the foraging seabirds,

either through competition for food or bycatch.

5.2. Methods

5.2.1.  Tracking data: deployment and processing

Nine seabird species from |2 breeding locations were tracked during their
incubation and chick provisioning periods and one species during non-breeding period,
during the last 7 years (2013 — 2019), totalizing 1239 individuals and 3682 foraging
excursions (see Table S5.1 and Figs. S5.1 — S5.8 for further details). Birds were tracked
either  with  CatlLog2  devices (Perthold  Engineering;  http://www.mr-
lee.com/science.htm) for bigger species (Cape Verde shearwaters, red-billed tropicbird,
brown and red-footed boobies) or with nanoFix mini-GPS (Pathtrack Ltd;
https://www.pathtrack.co.uk/products/product-range.html) for smaller species (Cape
Verde petrel, Cape Verde storm-petrel, Cape Verde little shearwater, Bulwer’s petrel and
white-faced storm petrel). Devices were attached to the bird’s back feathers using TESA
tape model 1640 and the overall process did not take more than 10 minutes (see Table
S5.1 for further details). Prior to further analysis, all seabird tracking data was resampled
to 10-min intervals, to homogenize tracking data periodicity among study species, using
the track_resample function of the amt package (Signer et al. 2019).

To define individual behavioural modes from movement trajectories of foraging

trips we used the EMbC (Expectation Maximisation binary Clustering) R package (Garriga
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et al. 2016). Four behaviours are assigned to each location by the EMbC algorithm: high
velocity/low turning angle (HL) — travelling, high velocity/high turning angle (HH) —
extensive foraging, low velocity/low turning angle (LL) — resting and low velocity/high
turning angle (LH) — intensive foraging (de Grissac et al. 2017). This technique has been
previously used to interpret ecologically meaningful behaviours from movement data in
different seabird species (Cerveira et al. 2020; Almeida et al. 2021). All locations except
travelling (HL locs) were used to analyse the use of KBAs and MPAs areas of Cabo Verde

(see below).

5.2.2.  Interannual consistency of area use

To assess the consistency in area use (|) within and (2) between study years by
diverse populations of different seabird species, the kerneloverlap function and
Bhattacharyya’s affinity (BA) method of the adehabitatHR package (Calenge 2006) was
used to compute the overlap between the seabirds’ foraging distribution (all at-sea
locations except travelling, see previous sub-chapter). We analysed populations that had
been tracked in multiple years to compare the distribution of the core foraging areas (50%
Kernel UD) of the birds from the same year with the distribution of the core areas in
different years with an ANOSIM (analysis of similarity) analysis from the vegan package in
R (Oksanen et al. 2013). ANOSIM uses a bootstrap randomization procedure (1,000
repetitions) to test for differences between groups (i.e., years). Results vary between -|
(When within-year is more variable than between-years distributions) and | (when
between-years is more variable than within-year distributions). A value of O reveals no

difference between and within year distribution.

155



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

5.2.3.  Level of coverage offered by current KBAs and MPAs within the Cabo Verde EEZ

Shapefiles of current KBAs within the Cabo Verde EEZ were provided by BirdLife

International upon request (https://www.keybiodiversityareas.org) and MPA files within

the Cabo Verde EEZ were obtained from the Cabo Verde governmental authorities
(INGT - Instituto de Nacional de Gestao do Territdrio) and from different organizations
(e.g., University of Cabo Verde, Lantuna). To quantify the use of current KBAs and MPAs
and proposed KBAs, custom build R scripts were built using functions from the sp (Bivand
et al. 2013) sf (Pebesma 2018), raster (Hijmans 2021) and spatialEco (Evans 2021) R

packages.

5.2.4. Identifying important sites for biodiversity — Key Biodiversity Areas (KBAs)

We used the track2KBA R package (Beal et al. 2021), based originally on the
method to identify Marine Important Bird and Biodiversity Areas (mIBAs) (Lascelles et al.
2016), to delineate areas of importance to local seabird populations from tracking
information, and assess how important these locations are for the overall regional
biodiversity against standardized criteria (KBA standard;
https://www.keybiodiversityareas.org) (IUCN 2016).

The first part of our analysis was to identify individual core areas using the Kernel
Density Estimation (KDE), a nonparametric technique more accessible to different users,
using animal point locations to calculate the probability of an animal occurring in space,

known as the Utilization Distribution (UD). To do this, we used the function estSpaceUse
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to set the smoothing parameter h to reflect the resolution of our data and species ecology.
Using the findScale function, several h values are calculated, giving us a wide range of h
values to be selected as the best representative for our species. Afterwards, we used 50%
UD as reflecting track core areas (‘UDLeV’) (Dias et al. 2017, 2018).

The second part of our analysis addressed whether our tracking data is
representative of local population distributions (Lascelles et al. 2016). Because it is hardly
feasible to track the entire population, only a small part is tracked and thus it is necessary
to evaluate the level of representativeness of the sample population to capture the
variability that naturally occurs within individuals (Lindberg and Walker 2007). Thus, very
small samples are likely to miss the identification of important areas for
species/populations with a more variable distribution and habitat preference (Delord et
al. 2014). Using the repAssess function, the program iteratively selects a subsample of
random individual trips, pooling them into a 50% UD, and calculate all out-of-sample
tracking located within this area (i.e., ‘inclusion rate’). A nonlinear least squares regression
is then fitted showing a relationship between the sample size and inclusion rate until it
reaches a plateau (horizontal asymptote), indicating the sample size which best represents
the population distribution. This means that no matter how many more individuals are
added to the sample, the space use of the population will remain the same. The estimated
representativeness must be > 80% to confidently say that the sample is representative of
the population. Samples with representative values lower than 70% must be treated
carefully or eliminated.

Finally, using the findSite function we delineated areas substantially used by the
sampled population, identifying regions where individual core areas (50% kernel UDs)

overlap in each grid cell, multiplied by the representativeness of the sample, giving us an
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estimate of the proportion of the whole population that uses each grid cell both spatially
and temporally. We then identified important areas by aggregating grid cells used by a
significant amount of the source population. Small, isolated polygons were removed and
wholes within a large polygon (5% smaller than the overall area) were filled. Additionally,
we multiplied the population size (when known) by the population estimated to use each
grid cell to estimate the predictable number of individuals or species using this site.
When tracking information from a breeding phase (incubation or chick-rearing) of
a specific population did not reach the minimum sample size for KBA estimation, data was

polled for the overall breeding phase (see Dias et al. 2019 for a similar procedure).

5.2.5. Identification of candidate MPAs off west Africa

To identify priority areas for conservation off west Africa, the proposed KBAs (see
Figs. S5.9 — S5.29), obtained through the Track2KBA method (see above), were included
in the spatial conservation prioritization algorithm ‘Zonation” (Moilanen et al. 2005;
Moilanen 2007), which has been used successfully to prioritize conservation efforts in
coastal (Oppel et al. 2012) and pelagic (Kruger et al. 2017) regions using the distribution
of seabird species. Since species distributions tend to overlap over time and space, it is
important to highlight the need to identify areas that maintain high connectivity for a vast
array of species. For this purpose, the Zonation algorithm starts by protecting the
landscape as a whole, and progressively removes locations (grid cells) of least conservation
value, leaving the areas or cells that are more relevant to conservation, with the most

important areas remaining last (Moilanen et al., 2005; Leathwick et al., 2008). The method
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is designed to work with multiple species, which adds weight when justifying the
designation of marine reserves (Nur et al. 201 1).

We added species’ weight to the Zonation exercise based on the [UCN
Conservation Status, with endangered species with a higher value: least concern (LC) = [;
near threatened (NT) = 2; vulnerable (VU) = 3; endangered (EN) = 4 and critically
endangered (CR) =5 (Pereira et al., 2018a). Areas of high fishing effort were also included
in the analysis as cost layers, because fisheries constitute one of the most impactful Human-
related stressors for seabirds (see Chapters | and 2). Gridded maps of average annual
fishing effort (2013 — 2019) were built following methods described in Chapter 2 to map
the distribution of (1) artisanal, (2) semi-industrial and (3) industrial fisheries and included
in the Zonation analysis. Zonation outputs should find areas where pelagic reserves should
be generated, as well as areas with high impact of stressors, although very productive and
ecologically rich, where management measures should be applied (further details on

Kriiger et al. 2017).

5.3. Results

5.3.1. Interannual consistency of area use

The spatial ecology of all Cabo Verde seabirds varied greatly among data-group
combinations (i.e., seabird-colony-breeding phases), with Bulwer’s and Cape Verde
petrels usually engaging on longer and more distant forays when compared to the rather
coastal brown boobies and Cape Verde little shearwaters (see Table S5.1).

Cape Verde shearwaters and brown boobies were the species revealing higher intra

and inter annual variability in space use, across populations and different phases of their
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breeding period. Different populations of red-billed tropicbirds revealed an intermediate
level of inter-annual consistency in space use, during different phases of their breeding
cycle (see Fig. 5.1). Comparably, lower interannual consistency was a pattern for almost
all populations and breeding phases of Bulwer’s petrels and Cape Verde — petrels and —
little shearwaters. While Cape Verde storm petrels, brown — and red-footed — boobies

exhibited higher intra-annual variability in their at-sea area usage (Fig. 5.1).
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Figure 5.1. Results of the ANOSIM analysis, showing the variability in R values in the datasets
analysed for the Bhattacharyya’s affinity index. ANOSIM R values can potentially vary between - |
(within-year variability > between-years variability) and | (between-years variability > within year-
variability). Data-groups of single year tracking or lower annual sample sizes were excluded from
these analyses (see Table S5.1)

5.3.2.  Level of coverage offered by current MPAs and KBAs within the Cabo Verde EEZ
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The protection offered by the current network of MPAs within the Cabo Verde EEZ
is generally low for all data-group (i.e., seabird-colony-breeding phases) combinations. The
at-sea distribution of brown boobies from Raso Islet had the highest coverage by the MPA
network, while Cape Verde — petrels, — storm petrels and — little shearwaters presented
the lowest overlap with existent MPAs (Fig. 5.2). The current network of KBAs offered
moderate to high protection to the at-sea seabirds’ distribution, especially in terms of the
% of birds overlapping with KBAs (see Fig. 5.3). Nevertheless, different populations of red-
billed tropicbirds showed the lowest coverage by KBAs and brown— red-footed— boobies
and the two populations of Cape Verde shearwaters were the species that benefited more

from the current network of KBAs (Fig. 5.3).
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Figure 5.2. Percentage of birds (grey) and foraging locations (black) within the current network
of Marine Protected Areas (MPAs).
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Figure 5.3. Percentage of birds (grey) and foraging locations (black) within the current network of
Key Biodiversity Areas (KBA) and percentage of foraging locations covered by the (new) proposed
network of KBAs (blue)

5.3.3. Identification of candidate MPAs off west Africa and protection coverage by proposed

KBAs

Almost all seabird species and populations benefited in their foraging distribution
(foraging locations) with the protection coverage offered by proposed/ candidate KBAs,
with increases in coverage varying between 9.8 % for brown boobies breeding on llhéu
Raso and 40.1% for red-billed tropicbirds breeding in Cadjetinha and Furna, during the
incubation period. Noticeably, different populations of red-billed tropicbirds were among

the taxa benefiting more from the proposed network of KBAs, both during their incubation
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and chick-rearing phases (Fig. 5.3). The Zonation exercise drew an extension of rather
coastal areas and some regions between islands, with an increase in area of 97.2% from
the current network of KBAs and 157.2% from MPAs within the Cabo Verde EEZ (see
Fig. 5.4).

KBAs estimated from the distribution of Bulwer’s petrels showed comparably higher
overlaps with industrial fisheries, while those estimated from the foraging distribution of
red-billed tropicbirds exhibited higher overlaps with artisanal fisheries. Brown and red-
footed boobies’ KBAs showed higher overlaps with the areas of higher fishing effort by the
artisanal fleet. Cape Verde shearwaters’ KBAs exhibited higher overlap with artisanal
fisheries, especially during the chick-rearing period, and increased the overlap with semi-

industrial and industrial fisheries’ during the incubation phase. (Table 5.1).

5.4. Discussion

Here we provide empirical evidence on where the seabird community of Cabo
Verde concentrate its core foraging range inside the national Exclusive Economic Zone
(EEZ), to inform the design of Marine Protected Areas and evaluate possible fisheries’
management actions. These areas act as indicators of biological importance, and if well
managed, can lead to effective conservation of the local seabird community and other
marine-taxa inhabiting those areas (Lascelles et al. 2016; Kriiger et al. 2017; Requena et al.

2020), whilst providing economic gain for local communities (Masud et al. 2017).
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Figure 5.4. (A) Current network of Key Biodiversity Areas (KBAs) and Marine Protected
Areas (MPAs) off west Africa; (B) marine areas off west Africa with the highest value for
the conservation of nine seabird species breeding/ inhabiting the Cabo Verde archipelago;
outputs of the trackZKBA method (Beal et al. 2021) and (C) Four areas identified as the
0% most important regions (i.e. scoring 2 0.9, for a max. of 1) using the systematic
conservation-planning “Zonation’ algorithm. Dashed black contour represents the Cabo
Verde EEZ, black polygons are current network of Key Biodiversity Areas
(https:/ /www.keybiodiversityareas.org), red contours are Marine Protected Areas of
Cabo Verde and off West Africa and the orange polygon sets a potential pelagic MPA
(Oceania) under designation. Bathymetry in the background
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Table 5.1. Spatial overlap of Key Biodiversity Areas (KBAs) with the artisanal, semi-industrial and industrial fishing effort off west Africa.

% of KBA % of KBA overlapping % of KBA

overlapping with with semi-industrial overlapping with
Species Main Island Colony Breeding phase artisanal fisheries fisheries industrial fisheries
Bulwer’s petrel Fogo Ilhéu de Cima incubation 15.8 2.7 311
Bulwer’s petrel Fogo Ilhéu de Cima chick-rearing 10.7 1.8 334
Bulwer’s petrel S. Nicolau Raso incubation 119 1.7 25.7
Bulwer’s petrel S. Nicolau Raso chick-rearing 10.9 23 29.6
Cape Verde shearwater S. Nicolau Raso incubation 21.2 28.7 41.7
Cape Verde shearwater S. Nicolau Raso chick-rearing 46.9 22.7 10.9
Cape Verde shearwater Boavista Curral Velho incubation 19.7 21.8 38.6
Cape Verde shearwater Boavista Curral Velho chick-rearing 418 240 115
Red-billed tropicbird Boavista Ponta Rincon incubation 38.7 114 6.8
Red-billed tropichird Boavista Ponta Rincon chick-rearing 336 15.7 114
Red-billed tropichird S. Nicolau Ilhéu Raso breeding 31.0 18.6 19.8
Red-billed tropichird Sal Serra Negra breeding 24.8 16.9 115
Red-billed tropicbird Sal Cadjetinha e Furna | breeding 26.9 10.0 8.4
Cape Verde petrel Fogo Fogo breeding 14.3 26.7 10.7
Cape Verde storm petrel Fogo Ilhéu de Cima breeding 18.9 2.4 2.9
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Cape Verde little shearwater | Fogo Ilhéu de Cima incubation 26.7 18.7 3.1
Cape Verde little shearwater | Fogo IIhéu de Cima chick-rearing 224 116 5.4
Cape Verde little shearwater | S. Nicolau 1lhéu Raso breeding 29.7 8.7 6.9
Brown boobies S. Nicolau Ilhéu Raso breeding 51.9 39.6 8.1
red-footed boobies S. Nicolau Ilhéu Raso non-breeding 48.7 33.7 10.7
white-faced storm petrel Boavista Ilhéu dos Passaro breeding 31.8 25.7 6.7
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The moderate to high intra- and inter-annual variability in the at-sea distribution of
the Cabo Verde seabird community poses a challenge when delineating areas for applied
conservation, as many factors must be taken into consideration (species, colony, and
breeding phase), and are possibly influenced by interannual variation in oceanographic
conditions (Ballance et al. 2006). Additionally, we must also consider the high distribution
variability between species, belonging to diverse ecological guilds, and ranging from coastal
to long distance travellers.

Our results show a clear lack of protection efficiency by the existing MPAs inside
the archipelago. Apart from the coastal brown booby, whose foraging range may benefit
to some extent from these areas (Almeida et al. 202 1), the foraging ranges of most seabird
species/populations/ breeding phases fell way beyond these boundaries, especially for
Cape Verde petrel, storm-petrel, and little shearwaters.

Additionally, although brown, red-footed boobies and Cape Verde shearwaters
foraging ranges overlapped more with KBAs, these areas are not supported by legislation
and thus not managed by any kind of governance. Thus, proposed KBAs in this study
dictate a large area increase for current MPAs (157.2%) and KBAs (97.2 %) for effective
conservation. Other studies have also shown the unsuitability of existing protected areas
for the conservation of specific species and justified the expansion or additional key area
designation (Fuentes et al. 2019; Heerah et al. 2019; Giménez et al. 2021). Recent public
list of measures and estimated needs of finance for the implementation of the 2020-2030
target (Paris Agreement and United Nations Framework Convention on Climate Change)
pinpoints the expansion of Marine Protected Areas in Cabo Verde as one of the

adaptations needed to achieve this goal (Resolution n® 107/2021).
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Four important areas stand out, each containing at least one existing KBA and only
one overlapping, to some extent, with the proposed eastern Pelagic Marine Protect Area.
Two areas are located at the Barlavento group, one to the west another to the east. The
first area comprises the south-western parts of Santo Antdo, Sao Vicente and surrounds
the marine reserve of Desertas and S3o Nicolau Island, stretching southward and
northward. Here we find two important islets which are breeding sites for several and
numerous seabird populations (Semedo et al. 2020). The Raso Islet, located in the
Desertas marine reserve, holds colonies of 7 species of seabirds, of which 6 are breeders
and comprising perhaps the largest colony of Cape Verde shearwaters (Almeida 2014;
Semedo et al. 2020). Adjacent to this area, a second islet (the Branco Islet, not included
in our sampled population) contains important colonies of 5 of the species found at Raso
Islet (Hazevoet 2015). This area is also characterized by high vessel traffic, due to the
presence of important fishing and cargo vessel ports located in the island of Sao Vicente
(Gonzalez et al. 2020).

The second area surrounds the islands of Sal and Boavista, where other important
colonies occur, specifically red-billed tropicbird, brown boobies, and white-faced storm
petrels (Semedo et al. 2020). The island of Sal and Boavista contains many protected areas,
and Sal holds today the largest known colony of red-billed tropicbird (Semedo et al. 2020).
However, red-billed tropicbirds and brown boobies suffer from habitat loss, predation of
invasive species and likely human harvesting (Semedo et al. 2020). Both islands are located
in the vicinity of very important bathymetric features, congregators of marine species
diversity and productivity (Monteiro et al. 2008; Mangas et al. 2015; Graham et al. 2017;

Wenzel et al. 2020), and because they are the most important islands for tourism in the
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archipelago (INE 2020) they are frequently explored by fishing vessels and game fishing
vessels (Freitas et al. 2018).

The third important area is located around the westward islands of Sotavento
surrounding the islands of Brava, Fogo and west of Santiago. Here, another important
group of islets occur (the Rombos islets), which hold important breeding colonies of 5
species (Semedo et al. 2020). The island of Fogo holds an important population Cape
Verde petrel, breeding mainly at high altitude in Cha das Caldeiras (Militdo et al. 2017) and
foraging in marine areas surrounding the island. Additionally, the newly designated marine
protected area of Bafa do Inferno in Santiago (Decree-regulation n® 3/2021), is now being
surveyed to characterize the seabird community (personal observations). This area holds
important breeding populations of brown boobies and red-billed tropicbirds (Semedo et
al. 2020) and was recently reported the first breeding attempt recorded by red-footed
boobies in the archipelago (Loureiro et al. 2021). Overall, this area contains breeding
colonies of all seabird species occuring in Cabo Verde (Teresa Militao Pers. Comm.).

The fourth area is located on the west African coast, close to Senegal. This area is
highly used by species from the African coast, Macaronesia islands and wintering seabirds
from the northern hemisphere (Wynn and Knefelkamp 2004; Camphuysen and Van Der
Meer 2005b; Gremillet et al. 2015; Paiva et al. 2015; Grecian et al. 2016; Monteiro 2019),
attracted by the marine productivity driven by the Canary Current and coastal upwelling
(Laurans et al. 2004; Camphuysen and Van Der Meer 2005b; Worm et al. 2009), and the
scenario for intense year-round industrial fishing activities (Agnew et al. 2009; Belhabib et
al. 2018; Li et al. 2021).

Key marine areas for seabird species fell well within the island’s coastal

surroundings, and very few locations were considered important in the pelagic marine
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EEZ. This result was also observed for other archipelagos in the south Atlantic (Falkland
and Tristan da Cunha islands) (Augé et al. 2018b; Requena et al. 2020) and Australian
waters (Kerguelen islands) (Thiers et al. 2017), with core areas of species distributions
falling within the countries EEZ. Similarly, this was mostly due to the strong influence of
the island breeding colonies location on the species distribution. While breeding, many
seabird species are central place foragers, commuting between the colony and the foraging
patches (Paiva et al. 2010b, 2015). Pelagic, long travelling species use areas closer to the
colonies as commuting corridors when travelling from the colonies to foraging areas,
although they might feed opportunistically along the travelling path (Weimerskirch et al.
2007). Movement corridors have been proposed by Hooker et al. (201 1) as overlooked
potentially important areas for seabird protection. However, in the case of wide-ranging
species, like the Cape Verde shearwaters (Paiva et al. 2015), cross-nation marine spatial
planning is imperative to provide the necessary protection (Augé et al. 2018a) during their
long excursions in the incubation period and less frequently during chick-rearing phase
(Paiva et al. 2015; Cerveira et al. 2020). Coastal species, on the other hand, mostly use
their colony surroundings as foraging areas (Almeida et al. 2021) and will thus benefit from
national protection legislation defined by the Cabo Verde government authorities.
Moreover, species main foraging areas have been associated with seamounts
diversity hotspots (Lascelles et al. 2016; Requena et al. 2020). Cabo Verde has a
considerable amount of seamounts (Mangas et al. 2015) and although most of them were
not included in the final designated key areas, the seamount located south of Brava
appeared to be frequently used by seabird populations of the southern Islands, as well as
the Jodo Valente fishing bank located at the eastward island’s platform, suggesting some

degree of association with marine bathymetric features. This is also observed by species
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travelling to the coast of Africa to the highly productive continental shelf and slope
(Cerveira et al. 2020).

Concerning temporal use, the Cabo Verde seabird community presents different
breeding strategies among species and colonies, suggesting temporal variability in foraging
distributions. Red-billed tropicbirds and brown boobies, for instance, breed all year round
(Hazevoet 2015), and although the tropicbirds perform longer and wider trips to pelagic
areas inside the EEZ, designated KBA were mainly coastal and between islands, similar to
the KBAs highlighted for brown boobies. This suggests that these species could benefit
from MPAs that are not very extensive and still very much coastal around the main island
breeding colonies.

Other species in this study should benefit from seasonal MPAs with protection
during the breeding period which mostly occurs from January to April (winter breeders)
and May-December (summer breeders) depending on the population (Semedo 2020).
Kriiger et al. (2017) found that the use of seasonal protected areas would cost less to
human activities, ensuring at the same time high conservation value by simply decreasing
fishing densities by half. Species breeding during the first part of the year include year-
round breeders (brown boobies, red-billed tropicbirds), smaller species with possibly two
breeding populations (Cape Verde storm petrel), and winter breeders (white-faced storm
petrel, Cape Verde petrel and little shearwater) (Semedo 2020).

In terms of fishing pressure on key areas, industrial vessels overlapped greatly with
Bulwer’s petrel and Cape Verde shearwater during incubation. For Bulwer’s petrels,
fishing pressure may not cause a significant impact because this species feeds mainly during
the night, targeting bioluminescent prey migrating to the surface during the night (Zonfrillo

1986; Neves et al. 201 ). This type of fish is not usually targeted by fisheries and vessel
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impacts might be related to artificial light at night, disorienting birds which might collide
against vessels (Glass and Ryan 2013; Ryan et al. 2021), causing injuries, possibly due to
their phototrophic feeding behaviour. Procellariiformes, such as petrels and shearwaters,
have been identified as the most attracted species to artificial lights, especially fledglings
(Le Corre et al. 2002; Troy et al. 201 I; Rodriguez et al. 2014, 2015). In such cases, simple
mitigation measures during the fledging period, such as reduced lighting or avoiding fishing
in the proximity of seabird colonies, and the use of shielded light to illuminate smaller areas
should suffice to avoid these events, without compromising vessel crew safety (Lukies et
al. 2019).

Cape Verde shearwaters overlapped with the distribution of industrial vessels, and
require protection over the African continental shelf, which demands actions between
countries, particularly between Cabo Verde and Senegal during the incubation period.
During chick-rearing, their key foraging areas are included in two of the designated areas,
overlapping with artisanal vessels inside the EEZ and industrial vessels beyond its
boundaries. For these and other species overlapping with fishing vessels, mitigation
measures should be important to decrease bycatch risk, such as the use of mini-hookpods
and tori-lines (Sullivan et al. 2018; Goad et al. 2019; Jiménez et al. 2020a; Gilman et al.
2021). Particularly for artisanal fisheries, blue-dyed bait might potentially be a cost-effective
mitigatory effect, though trials with the Cabo Verde fishing fleet are advisable, since its
efficacy is dependent on the bait used and fishing context (Cocking et al. 2008).

Breeding species from Brava, Rombos, Fogo and Santiago should benefit from
protected areas in the southern waters of these islands, where fishing activity is probably

less marked and overlap with fisheries was generally low.
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In legal terms, this work shows that Implementation of an effective legislation is still
needed is needed to designate MPAs to effectively protect and manage seabird
populations breeding in the Cape Verde archipelago. It is important that local authorities
regard that this as a priority to ensure that marine resources are used sustainably and will

be available for future generations.
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Chapter 6

GENERAL DISCUSSION
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6.1. Overview of the thesis and main results

From the findings of this work, | highlight the following:

(1) According to fishermen’s’ observations Cabo Verde shearwaters have the highest
risk of bycatch in Cabo Verde, associated with artisanal handlines, followed closely by
Brown boobies and Red-billed tropicbirds. Additionally, while fish-landing changes
occurred due to variables affecting the marine food web, shearwater chick development
was also correlated with changes in fish-landings influenced by prey availability in the ocean
(Chapter |); (2) confirming fishermen’s reports, overlap and foraging response-changes to
vessel proximity was higher for Cape Verde shearwaters often attending artisanal boats
using handlines, while brown boobies attended more industrial vessels and red-billed
tropicbirds and red-footed boobies had low response to vessels (Chapter 2); (3) Boobies
exhibit plasticity in foraging ecology, adapting to different circumstances of environmental
conditions and competitors, while breeding stage and presence of marine physical features
play an important role in their foraging decisions (Chapter 3); (4) The current network of
MPAs does not cover a high percentage of the foraging distribution of the Cabo Verde
seabird community. This scenario would shift to a comparably higher protection if the
KBAs emanating from this study contribute to update the current network of MPAs. More

insight on each chapter is discussed below.

6.2. Chapter 2
This chapter gives us good insight on the fishing sector of the Cabo Verde islands and
renewed certainty when it comes to identifying indicator-species of marine and fishing

changes around this area. The connection between fish-landings, environmental features
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related to marine productivity and prey availability, to changes observed in chick
development, ensures the potential of the Cape Verde shearwater being a good indicator
of marine and fishing changes around this area and it’s sensitivity to overfishing.
Fishermen have life-long experience and ancestral Local Ecological Knowledge (LEK)
of the marine environment and its species (Silvano and Valbo-Jgrgensen 2008; Silvano and
Begossi 2012). By going directly to the source, we not only have a better picture of what
is happening at sea, but we can also have a better understanding of the struggles that these
men face during fishing in terms of monetary losses, especially when competing with large-
scale vessels (Leroy et al. 201 6) and the impact of bait-loss by seabirds (Sanchez and Belda
2003; Kumar et al. 2016). Yet, even though fishermen’s interviews continues to be used
and is a common method for bycatch assessment (Moore et al. 2010; Oliveira et al. 2015;
Lopes et al. 2016; Montrond 2020), the real bycatch scenario can only be quantified in
addition with direct visual methods, such as onboard observers (Jiménez et al. 2020a; Da
Rocha et al. 2021) and electronic monitoring (EM) videos (Glemarec et al. 2020). Because
fishermen, are sometimes reluctant to answer questions honestly, in fear of losing fishing
spots or infracting regulations (Torres 2018; Montrond 2020), unwanted catches can be
somewhat underestimated. On board observers or EMs would give us direct observation
access of bycaught species, near-vessel interactions and the attitude of fishermen towards
bycaught species (Neves et al. 2006; Gianuca et al. 2020). Additionally bird-borne video
cameras would give us clear certainty on whether species are indeed attracted to vessels
or simply overlap spatially and temporally due to the attraction of other visual cues such
as seabird flocks or subsurface predators (Tremblay et al. 2014). Taking into consideration

off record talks with fishermen, and existing video recordings showing the amount of Cape
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Verde shearwaters around operating fishing vessels it might be wise to use these methods
in the future.

Concerning bycatch, many studies have focussed on finding solutions to mitigate such
events. The design of protected cases for hooks as safety measures for seabirds (mini
hookpods), was trialled in New Zealand allowing baited hooks to be sunk to certain depths
that are safe for diving seabirds, maintaining target catch rates and reducing seabird bycatch
(Goad et al. 2019). Other methods involve the use of scaring devices such as tori-lines
(Jiménez et al. 2020b; Gilman et al. 2021), and bird-scaring kites keeping birds away from
baited gear (Oliveira et al. 2020). Integrated weight longlines have also been adopted in
demersal longlines (Dietrich et al. 2008), or by switching fisheries to operate during the
night or at midday have also been shown to decrease bycatch by avoiding hours of high
seabird activity (sunrise and sunset) (Sanchez and Belda 2003). A combination of some of
these measures could also have a better effectiveness on seabird bycatch (Jiménez et al.
2020b). Many have been the developed tools and many more are still in development and
should be adopted by vessels around this area.

Species and ecosystems have also been shown to benefit from the absence of fishing.
Specific fishing closures in areas of primary foraging range of African penguins showed
increased breeding productivity (Sydeman et al. 2021c). Studies based on simulations
showed that choosing lightly fished areas for closure in addition with reduction of effort
should reduce fishing impacts on benthic communities (Hiddink et al. 2006). Fishing
closures can also be implemented periodically to allow ecosystem recovery while
sustaining livelihoods. In the Indo-Pacific ocean, periodically-harvested closures are used
to reduce fishing pressure, however, studies show that frequent and long duration

openings, when paired with intense and destructive exploitation, can cause unsustainable
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harvesting (Cohen et al. 2013). Moreover, periodic fishing closures in the Bay of Bengal,
Blangladesh, caused significant distress over fishing communities with significant loss of
income and food security for fishing crew members, suggesting that the community
involvement in decision-making of fishery changes is necessary (Islam et al. 2021).
However, these measures can also benefit domestic fisheries with the potential to
decrease foreign industrial fisheries’ overexploitation of resources. This off course can
never be possible without ensuring monitorization and surveillance to enforce legislation

and keep illegal practices from happening.

6.3. Chapter 3

Results from this chapter are part of a continued research from the first chapter,
assessing identified species with the highest risk of bycatch, interacting with tracked vessels.
Using Cape Verde shearwaters, boobies, and red-billed tropicbirds we observed high
overlap of Cape Verde shearwater related to artisanal vessels using handlines. Studies have
shown that seabird overlap with fisheries can vary among seabird populations and species.
Studies in temperate regions show low overlap related to high availability of food, with
congeners preferring to forage instead of looking for easy meals (Pereira et al. 2021), while
other areas with high fishing pressure and food competition, showed that similar species’
population attend fishing vessels (Laneri et al. 2010; Louzao et al. 201 |; Soriano-Redondo
et al. 2016; Carle et al. 2019; Reyes-Gonzalez et al. 2020) and others don’t (Cianchetti-
Benedetti et al. 2018). This suggests an overlap variability among seabird populations. In
the case of this study, in a tropical marine environment where resources are patchily
distributed (Longhrust and Pauly |1987), species could search for easier meals near vessels

specially when constrained by breeding duties (VWeimerskirch 2007).
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Looking ahead, interaction studies should be performed at much finer scales,
addressing maximum vessel encounter distance (Soriano-Redondo et al. 2016; Fox et al.
2021), based of visual recruitment (Haney et al. 1992), and minimum vessel association
distance (Collet et al. 2015; Orben et al. 2021) in order to clearly differentiate between
overlap and interactions (Torres 2018). Specific tracking tools, such as bird-borne video
cameras (Tremblay et al. 2014) and GPS radar detector on seabirds should be important
tools for verifying the extent of seabird-vessel overlap and identify interactions (Grémillet
et al. 2019), while contouring AlS signal turn-offs by vessels and detecting IUU fishing
activities (Weimerskirch et al. 2018). These would be important results to take in
consideration when designing area’s management plans and for specific-species

conservation planning.

6.4. Chapter 4

This chapter delivers important information on conservation planning at the species
level. When analysing species tracking data, we have close view on species ecology and
phenology, which is imperative in informing MPA designers, stakeholders and managers
(Hays et al. 2019; Augé et al. 2018; Requena et al. 2020). Knowledge on species foraging
habitat preference and site-fidelity will aid on the identification of important habitats that
should be included inside MPAs (Wilkinson et al. 2020). The representation and
replication of different habitats is key to successfully insure the survival of the ecosystem
and offer connectivity for highly mobile species (Watts et al. 2017). Inter-specific
differences in at-sea distribution can address what species and what proportion of the
population is being protected by existing MPAs and inform new MPA creation or

expansion if the current one is not effectively protecting a significant proportion of the
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population. It should also inform species-specific vulnerability to anthropogenic activities
(Soanes et al. 2016).

However, our results were solely related to the chick rearing phase, as the capture of
boobies while incubating proved to be too risky for the egg, taking into consideration the
catching method (e.g., pole-net) and the species aggressiveness. Tracking of birds during
the incubating phase would probably give us a wider view of Brown boobies” home ranges
since seabirds are known to forage farther during this period, when they are not yet
constrained to feeding the chicks (Paiva et al. 2015; Cerveira et al. 2020).

Future studies should also make an effort on securing an even sample of females and
males to better assess sexual segregation, as parental roles can also be important in spatial
planning, knowing that sexes will sometimes have different strategies at sea, different space
use and diet (Weimerskirch et al. 2009b; Miller et al. 2018). Species with wide distribution
and habitat preference can also lead to area identification bias if population samples are
too small (Delord et al. 2014).

Age and non-breeding stages, are also important matters to ponder on when planning
(Mendez et al. 2017b; Lerma et al. 2020a), as species may benefit from seasonal MPAs or
fishing closures during their breeding period, or benefit from MPA habitat connectivity for
migration purposes.

Finer-scale studies of interactions of these species with fisheries should be imperative to
address bycatch risk considering their frequent attendance to boats and boldness toward
anthropogenic activities at sea (Tasker et al. 2000; Lépez-Ortiz 2009; Gianuca et al. 2019).
Methods such as GPS radar to detect vessel radar, should be an important tool for
addressing illegal fishing (Weimerskirch et al. 2018) and bird-borne cameras should better

give us and understanding of these interactions (Tremblay et al. 2014).

182



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

6.5. Chapter 5

Completing the main objective of identifying areas that are suitable for marine
protection inside the Cabo Verde EEZ, this chapter gives gross information on species
distribution hotspots (Ronconi et al. 2012) as well as the overall domestic and foreign fleet
operating here.

Existing MPAs and KBAs were proven to be insufficient to cover a significant
proportion of the seabird community, demanding substantial area increase to effectively
have the potential to achieve species protection.

Interannual consistency variability observed between species, suggest seasonal
variation in species distributions (Krlger et al. 2017; Thiebot et al. 2019), related to the
species needs, colonies and breeding periods. This fact is indeed challenging for marine
preservation and indicates that the best way to achieve conservation goals is to establish
seasonal and dynamic MPAs, that take in consideration the best timing and associated key
foraging habitats.

Designated key areas were mainly coastal, around and between islands, giving us a
rather costal and less extensive area to work with, compared to the overall size of the
Cabo Verde EEZ (734.000 km?) This can have its own advantages and disadvantages for
future management, as closer coastal areas are much easier to handle if all the necessary
attributes of effective management and protection are met (Maxwell et al. 2020), while
coastal areas require stronger fishing management but should always aim to find solutions
that cause less impacts on sustenance anthropogenic activities (Kriiger et al. 2017). To

achieve this, partially protected areas have been implemented, however, although these
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areas are easier to implement, studies have shown that partially-protected areas exhibit
significant increase in artisanal and recreational fisheries compared to fully protected MPAs
and areas that are not protected (Zupan et al. 2018a). Knowing this, caution should be
exercised when creating “partial MPAs”, ensuring that effective regulations are accurately
placed and enforced (Zupan et al. 2018a). Having a fully protected area nearby (no
extracting anthropogenic activities) could also aid species conservation (Zupan et al.
2018b; Claudet et al. 2020). On the other hand Naidoo et al. (2019) showed that
communities near protected areas and taking advantage of their resources for ecotourist,
expressed lower degree of poverty, which is a goal that should be aimed by the Cabo
Verde Marine protected areas, as most of the country depends on the sea for food and
employment (Silva 2009).

Three of the designated areas only require national management and are associated
with colony location. Some bathymetric features were important for the seabird
community and should be included inside protect areas (Lascelles et al. 2016; Requena et
al. 2020). The fourth area designated located in the coast of Africa was designated
specifically to Cape Verde shearwaters, and agreements between involved countries
(Augé et al. 2018a) should be imperative to protect the species during incubation period
and alternating long trips during chick rearing (Paiva et al. 2015; Cerveira et al. 2020).

Most seabird-fisheries overlaps were associated with artisanal vessels, and we
believe that mitigation measures in artisanal gear should be an important measure for
bycatch evasion (Sullivan et al. 2018; Goad et al. 2019; Jiménez et al. 2020a; Gilman et al.
2021).

As most species in this area are not known for interacting with vessels, apart from the

three larger birds identified in the second chapter. Other species, interacting with industrial
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vessels, are mainly nocturnal and to avoid the risk of vessel impact due to artificial light
pollution, they would also benefit from simple deck-strike mitigation measures (Lukies et
al. 2019), especially during the fledging period (Le Corre et al. 2002; Troy et al. 201 [;
Rodriguez et al. 2014, 2015).

Future studies should focus on using GPS radars on birds for detecting ship radars
(Weimerskirch et al. 2018) to better understand the distribution of foreign vessels, as we
feel that the industrial vessel impact here was underestimated due the low number of
available vessels provided by the Global Fishing Watch website. Additionally, other species
are underrepresented due to the small numbers of tracked birds (e.g., Cape Verde storm
petrel, white-faced storm petrel, red-footed boobies), and more effort should be placed
into tracking more individuals to better understand their foraging ranges. Incubating brown

boobies should also give us a better view of their possibly wider foraging ranges.

185






Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

References

Ababouch L, Carolu C (2015) Fisheries and Aquaculture in the Context of Blue Economy. Feed
Africa 2:13.

Afan |, Giménez |, Forero MG, Ramirez F (2018) An adaptive method for identifying marine

areas of high conservation priority. Conserv Biol 32:1436—1447. doi: 10.1111/cobi.l3154

Agnew D], Pearce |, Pramod G, Peatman T, Watson R, Beddington |R, Pitcher T] (2009)
Estimating the worldwide extent of llegal fishing. PLoS One. doi:
10.1371/journal.pone.0004570

Agostinelli C, Lund U (2017) R package “circular”: Circular Statistics (version 0.4-93).

Aguilera R, Caminas JA, Molina M (2020) Interaction Between Cetaceans and Small-Scale
Fisheries in the Mediterranean. The case of Northern Alboran Sea, Andalucia, Spain. Low

Impact Fish 90.

Ainley DG, Ribic CA, Ballard G, Heath S, Gaffney |, Karl BJ, Barton K], Wilson PR, Webb S
(2004) Geographic structure of adélie penguin populations: Overlap in colony-specific

foraging areas. Ecol Monogr 74:159-178. doi: 10.1890/02-4073

Albers HJ, Ashworth M, Capitan T, Madrigal-Ballestero R, Preonas L (2021) Mpas and aspatial
policies in artisanal fisheries. Mar Resour Econ 36:341-367. doi: 10.1086/715818

Alder | (1996) Have tropical marine protected areas worked? An initial analysis of their success.

Coast Manag 24:97—1 14. doi: 10.1080/08920759609362285

Alger | (2021) Conserving the Oceans:The Politics of Large Marine Protected Areas. Oxford

University Press.

Almeida N, Ramos JA, Rodrigues |, dos Santos |, Pereira JM, Matos DM, Araljo PM, Geraldes

187



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

P, Melo T, Paiva VH (2021) Year-round at-sea distribution and trophic resources
partitioning between two sympatric Sulids in the tropical Atlantic. PLoS One |6:1-27. doi:
10.1371/journal.pone.0253095

Almeida NM (2014) Analise de Métodos de Monitorizagao de Comunidades de Aves Marinhas
no Ilhéu Raso, Cabo Verde. 35.

Alverson D, Freeberg M, Pope |, Murawski S (1994) A global assessment of fisheries bycatch

and discards. Rome

Ancona S, Calixto-Albarran |, Drummond H (2012) Effect of El Nifio on the diet of a specialist

seabird, Sula nebouxii, in the warm eastern tropical Pacific. Mar Ecol Prog Ser 462:26 |-

271. doi: 10.3354/meps0985 |

Anderson OR], Small C|, Croxall |P, Dunn EK, Sullivan B, Yates O, Black A (201 1) Global
seabird bycatch in longline fisheries. Endanger Species Res 14:91-106. doi:
10.3354/esr00347

Anela Choy C, Wabnitz CCC, Weijerman M, Woodworth-Jefcoats PA, Polovina J] (2016)
Finding the way to the top: How the composition of oceanic mid-trophic micronekton
groups determines apex predator biomass in the central North Pacific. Mar Ecol Prog Ser

549:9-25. doi: 10.3354/meps| 1680

Arcos M, Oro D (2002) Significance of fisheries discards for a threatened Mediterranean
seabird, the Balearic shearwater Puffinus mauretanicus. Mar Ecol Prog Ser 239:209-220.

doi: 10.3354/meps239209

Arcos JM, Ruiz X, Bearhop S, Furness RW (2002) Mercury levels in seabirds and their fish prey
at the Ebro Delta (NW Mediterranean): The role of trawler discards as a source of

contamination. Mar Ecol Prog Ser 232:281-290. doi: 10.3354/meps23228|

Arias-Del-Razo A, Heckel G, Schramm Y, Saenz-Arroyo A (2020) Fishermen and Pinniped
Interactions: The Perception of Fishermen in Baja California, Mexico. Aquat Mamm

46:609-622. doi: 10.1578/AM.46.6.2020.609

Aristegui |, Barton ED, Alvarez—SaIgado XA, Santos AMP, Figueiras FG, Kifani S, Hernandez-

188



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Ledn S, Mason E, Machud E, Demarcq H (2009) Sub-regional ecosystem variability in the
Canary Current upwelling. Prog Oceanogr 83:33—48. doi: 10.1016/j.pocean.2009.07.03 |

Arkhipkin Al, Rodhouse PGK, Pierce GJ, Sauer W, Sakai M, Allcock L, Arguelles |, Bower |R,
Castillo G, Ceriola L, Chen CS, Chen X, Diaz-Santana M, Downey N, Gonzalez AF,
Granados Amores |, Green CP, Guerra A, Hendrickson LC, Ibanez C, Ito K, Jereb P, Kato
Y, Katugin ON, Kawano M, Kidokoro H, Kulik V V., Laptikhovsky V V., Lipinski MR, Liu B,
Mariategui L, Marin W, Medina A, Miki K, Miyahara K, Moltschaniwskyj N, Moustahfid H,
Nabhitabhata ], Nanjo N, Nigmatullin CM, Ohtani T, Pecl G, Perez JAA, Piatkowski U,
Saikliang P, Salinas-Zavala CA, Steer M, Tian Y, Ueta Y, Vijai D, Wakabayashi T, Yamaguchi
T, Yamashiro C, Yamashita N, Zeidberg LD (2015) World squid fisheries. Rev Fish Sci
Aquac 23:92-252. doi: 10.1080/23308249.2015.1026226

Ashe E, Noren DP, Williams R (2010) Animal behaviour and marine protected areas:
Incorporating behavioural data into the selection of marine protected areas for an
endangered killer whale population. Anim Conserv 13:196-203. doi: 10.1111/].1469-
1795.2009.0032 1 .x

Ashmole NP (1963) the Regulation of Numbers of Tropical Oceanic Birds. Ibis (Lond [859)
103 b:458-473. doi: 10.1111/].1474-919X.1963.tb06766.x

Au W, Pitman RL (1986) Seabird Interactions with Dolphins and Tuna in the Eastern Tropical
Pacific. Condor 88:304-317. doi: 10.2307/1368877

Augé AA, Dias MP, Lascelles B, Baylis AMM, Black A, Boersma PD, Catry P, Crofts S, Galimberti
F, Granadeiro JP, Hedd A, Ludynia K, Masello JF, Montevecchi W, Phillips RA, Piitz K,
Quillfeldt P, Rebstock GA, Sanvito S, Staniland I}, Stanworth A, Thompson D, Tierney M,
Trathan PN, Croxall JP (2018a) Framework for mapping key areas for marine megafauna
to inform Marine Spatial Planning: The Falkland Islands case study. Mar Policy 92:61-72.
doi: 10.1016/j.marpol.2018.02.017

Augé AA, Dias MP, Lascelles B, Baylis AMM, Black A, Boersma PD, Catry P, Crofts S, Galimberti
F, Granadeiro JP, Hedd A, Ludynia K, Masello JF, Montevecchi W, Phillips RA, Ptz K,
Quillfeldt P, Rebstock GA, Sanvito S, Staniland |], Stanworth A, Thompson D, Tierney M,

Trathan PN, Croxall P (2018b) Framework for mapping key areas for marine megafauna

189



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

to inform Marine Spatial Planning: The Falkland Islands case study. Mar Policy 92:61-72.
doi: 10.1016/j.marpol.2018.02.017

Baerum KM, Anker-Nilssen T, Christensen-Dalsgaard S, Fangel K, Williams T, Velstad JH (2019)
Spatial and temporal variations in seabird bycatch: Incidental bycatch in the Norwegian

coastal gillnet-fishery. PLoS One 4:1-17. doi: 10.1371/journal.pone.0212786

Bakun A (2006) Fronts and eddies as key structures in the habitat marine fish larvae:

opportunity, adaptive response and competitive advantage. Sci Mar 70:105—122.
Ballance LT (2007) Understanding seabirds at sea: Why and how? Mar Ornithol 35:127-135.

Ballance LT, Pitman RL (1999) S34.4 : Foraging ecology of tropical seabirds. 22nd Int Ornithol
Congr Durban 2057-2071.

Ballance LT, Ainley DG, Hunt GL (2001) Seabird Foraging Ecology. Encycl Ocean Sci 5:2636—
2644. doi: 10.1006/rwos.2001.0233

Ballance LT, Pitman RL, Fiedler PC (2006) Oceanographic influences on seabirds and cetaceans
of the eastern tropical Pacificc A review. Prog Oceanogr 69:360-390. doi:
10.1016/j.pocean.2006.03.013

Barrett RT, Krasnov Y V. (1996) Recent responses to changes in stocks of prey species by
seabirds breeding in the southern Barents Sea. ICES | Mar Sci 53:713-722. doi:
10.1006/jmsc.1996.0090

Barton ED, Aristegui ], Tett P, Canton M, Garcia-Braun |, Hernandez-Ledn S, Nykjaer L, Almeida
C, Almunia |, Ballesteros S, Basterretxea G, Escanez |, Garcia-Weill L, Hernandez-Guerra
A, Lopez-Laatzen F, Molina R, Montero MF, Navarro-Peréz E, Rodriguez JM, Van Lenning
K, Vélez H, Wild K (1998) The transition zone of the Canary Current upwelling region.
Prog Oceanogr 41:455-504. doi: 10.1016/50079-6611(98)00023-8

Bartén K (2019) MuMIn: Multi-Model Inference.

Bates DM (2015) Fitting Linear Mixed-Effects Models Using Ime4. | Stat Softw 67:1-48. doi:
10.18637/jss.v067.i01.

190



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Baylis AMM, Orben RA, Pistorius P, Brickle P, Staniland I, Ratcliffe N (2015) Winter foraging
site fidelity of king penguins breeding at the Falkland Islands. Mar Biol 162:99—110. doi:
10.1007/500227-014-2561-0

Beal M, Oppel S, Handley ], Pearmain EJ, Morera-Pujol V, Carneiro APB, Davies TE, Phillips RA,
Taylor PR, Miller MGR, Franco AMA, Catry |, Patricio AR, Regalla A, Staniland |, Boyd C,
Catry P, Dias MP (2021) track2KBA: An R package for identifying important sites for
biodiversity from tracking data. Methods Ecol Evol 2021:1-7. doi: 10.1111/2041-
210X.13713

Behrenfeld M|, O’Malley RT, Siegel DA, McClain CR, Sarmiento JL, Feldman GC, Milligan AJ,
Falkowski PG, Letelier RM, Boss ES (2006) Climate-driven trends in contemporary ocean
productivity. Nature 444:752—755. doi: 10.1038/nature05317

Belda EJ, Sanchez A (2001) Seabird mortality on longline fisheries in the Western Mediterranean:

Factors affecting bycatch and proposed mitigating measures. Biol Conserv 98:357-363.
doi: 10.1016/50006-3207(00)00178-6

Belhabib D, Koutob V, Sall A, Lam VWY, Pauly D (2014) Fisheries catch misreporting and its
implications: The case of Senegal. Fish Res I51:1—11. doi: 10.1016/j.fishres.2013.12.006

Belhabib D, Sumaila UR, Pauly D (2015) Feeding the poor: Contribution of West African
fisheries toemployment and food security. Ocean Coast Manag |11:72-81. doi:

10.1016/j.ocecoaman.2015.04.010

Belhabib D, Mendy A, Subah Y, Broh NT, Jueseah AS, Nipey N, Boeh WW, Willemse N, Zeller
D, Pauly D (2016) Fisheries catch under-reporting in The Gambia, Liberia and Namibia and

the three large marine ecosystems which they represent. Environ Dev |7:157—174. doi:

10.1016/j.envdev.2015.08.004

Belhabib D, Greer K, Pauly D (2018) Trends in Industrial and Artisanal Catch Per Effort in West
African Fisheries. Conserv Lett | |:1—-10. doi: 10.11'11/conl. 12360

Belhabib D, Sumaila UR, Le Billon P (2019) The fisheries of Africa: Exploitation, policy, and
maritime security trends. Mar Policy 101:80-92. doi: 10.1016/j.marpol.2018.12.021

191



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Benchimol C, Francour P, Lesourd M (2009a) The preservation of marine biodiversity in West
Africa, the Case of Cape Verde Islands: proposal of a new biodiversity policy management.
managment of National Tunisian Parks and sustainable and regional development View

project The preservation of marine. |st Cape Verde Congr Reg Dev 23.

Benchimol C, Francour P, Lesourd M, Rouen-ledra WWFU De (2009b) The preservation of
marine biodiversity in West Africa , the Case of Cape Verde Islands: Proposal of a new
biodiversity policy management. |st Cape Verde Congr Reg Dev Praia, Santiago Island,

Cape Verde |-22.

Benemann VRF, Kruger L, Valls FCL, Petry M V. (2016) Evidence of an unreported negative
effect of fisheries discards on seabirds: Death by choking on the Atlantic Midshipman,
Porichthys porosissimus, in southern Brazil. Emu | 16:48-51. doi: 10.1071/MU14106

Bertrand S, Joo R, Arbulu Smet C, Tremblay Y, Barbraud C, Weimerskirch H (2012) Local
depletion by a fishery can affect seabird foraging. | Appl Ecol 49:1168-1177. doi:
10.1111/].1365-2664.2012.02190.x

Birdlife International (2018) State of the world’s birds: taking the pulse of the planet. Cambridge,

UK: Birdlife International

Birt VL, Birt TP, Goulet D, Cairns DK, Montevecchi WA (1987) Ashmole ’ s halo: direct
evidence for prey depletion by a seabird. Mar Ecol Prog Ser 40:205-208.

Bivand RS, Pebesma E, Gomez-Rubio V (2013) Applied spatial data analysis with R, Second edi.
Springer, NY

Blasiak R, Spijkers |, Tokunaga K, Pittman J, Yagi N, Osterblom H (2017) Climate change and
marine fisheries: Least developed countries top global index of vulnerability. PLoS One

12:1-15. doi: 10.1371/journal.pone.0179632

Block BA, Jonsen ID, Jorgensen SJ, Winship AJ, Shaffer SA, Bograd S, Hazen EL, Foley DG,
Breed GA, Harrison AL, Ganong JE, Swithenbank A, Castleton M, Dewar H, Mate BR,
Shillinger GL, Schaefer KM, Benson SR, Weise M|, Henry RW, Costa DP (201 |) Tracking
apex marine predator movements in a dynamic ocean. Nature 475:86-90. doi:

[0.1038/nature| 0082

192



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Bodey TW, Jessopp MJ, Votier SC, Gerritsen HD, Cleasby IR, Hamer KC, Patrick SC, Wakefield
ED, Bearhop S (2014) Seabird movement reveals the ecological footprint of fishing vessels.

Curr Biol 24:R514-R515. doi: 10.1016/j.cub.2014.04.04 1

Breed GA, Bowen WD, McMillan JI, Leonard ML (2006) Sexual segregation of seasonal foraging
habitats in a non-migratory marine mammal. Proc R Soc B Biol Sci 273:2319-2326. doi:
10.1098/rspb.2006.358 |

Brodeur RD, Seki MP, Pakhomov EA, Suntsov A V (2002) Micronekton - What are they and
why are they important ? 376—380.

Brooks CM, Chown SL, Douglass LL, Raymond BP, Shaw |D, Sylvester ZT, Torrens CL (2020)
Progress towards a representative network of Southern Ocean protected areas. PLoS One

I5:1-21. doi: 10.1371/journal.pone.0231361

Brooks CM, Bloom E, Kavanagh A, Nocito ES, Watters GM, Weller | (2021) The Ross Sea,
Antarctica: A highly protected MPA in international waters. Mar Policy 134:1-7. doi:
10.1016/j.marpol.2021.104795

Brothers N (1991) Albatross mortality and associated bait loss in the Japanese longline fishery
in the Southern Ocean. Biol Conserv 55:255-268. doi: 10.1016/0006-3207(91)9003 -4

Brothers N, Cooper |, Lokkeborg S (1999) The incidental catch of seabirds by longline fisheries:
worldwide review and technical guidelines for mitigation. In: FAO Fisheries Circular. Rome,

FAO, p 100

Brothers N, Duckworth AR, Safina C, Gilman EL (2010) Seabird bycatch in pelagic longline
fisheries is grossly underestimated when using only haul data. PLoS One. doi:

10.1371/journal.pone.00 12491

Brown A (1996) Assessing body condition in birds. In: Nolan Vj, Ketterson E (eds) Current

ornithology. Plenum Press, New York, NY, pp 67—135

Bugge J, Barrett RT, Pedersen T (201 I} Optimal foraging in chick-raising Common Guillemots (
Uria aalge ). ] Ornithol 152:253-259. doi: 10.1007/s10336-010-0578-9

193



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Bugoni L, Neves TS, Leite NO, Carvalho D, Sales G, Furness RW, Stein CE, Peppes F V., Giffoni
BB, Monteiro DS (2008a) Potential bycatch of seabirds and turtles in hook-and-line
fisheries of the Itaipava Fleet, Brazil. Fish Res 90:217-224. doi:
10.1016/].fishres.2007.10.013

Bugoni L, Mancini PL, Monteiro DS, Nascimento L, Neves TS (2008b) Seabird bycatch in the
Brazilian pelagic longline fishery and a review of capture rates in the southwestern Atlantic

Ocean. Endanger Species Res 5:137-147. doi: 10.3354/esr001 |5

Burger AE, Shaffer SA (2008) Application of Tracking and Data-Logging Technology in Research
and Conservation of Seabirds. Auk 125:253-264. doi: 10.1525/auk.2008.1408

Burger C, Schubert A, Heinanen S, Dorsch M, Kleinschmidt B, Zydelis R, Morkinas |, Quillfeldt
P, Nehls G (2019) A novel approach for assessing effects of ship traffic on distributions and

movements of seabirds. ] Environ Manage 251:1-10. doi: 10.1016/j.jenvman.2019.10951 |

Burnham K, Aderson D (2002) Model Selection and Multimodel Inference - A Practical

Information-Theoretic Approach, Second Edi. Springer, New York, NY

Cabral RB, Halpern BS, Lester SE, White C, Gaines SD, Costello C (2019) Designing MPAs for
food security in open-access fisheries. Sci Rep 9:1—-10. doi: 10.1038/541598-019-44406-w

Calado |G, Ramos JA, Almeida A, Oliveira N, Paiva VH (2020) Seabird-fishery interactions and
bycatch at multiple gears in the Atlantic Iberian coast. Ocean Coast Manag 105306. doi:
10.1016/j.ocecoaman.2020.105306

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

Camphuysen CJ, Van Der Meer | (2005a) Wintering seabirds in West Africa: Foraging hotspots
off Western Sahara and Mauritania driven by upwelling and fisheries. African | Mar Sci

27:427-437. doi: 10.2989/18142320509504 101

Camphuysen CJ, Van Der Meer | (2005b) Wintering seabirds in West Africa: Foraging hotspots

off Western Sahara and Mauritania driven by upwelling and fisheries. African | Mar Sci

194



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

27:427-437. doi: 10.2989/18142320509504 101

Carboneras C (1992) Family Sulidae. Handb birds world, Vol | Ostrich to Ducks 312-325.

Cardiec F, Bertrand S, Witt M), Metcalfe K, Godley B, McClellan C, Vilela R, Parnell R}, Le Loc’h
F (2020) “Too big to ignore”: A feasibility analysis of detecting fishing events in Gabonese
small-scale fisheries. PLoS One 15:1-19. doi: 10.1371/journal.pone.023409 |

Cardoso C (2017) Eddies of the Cape Verde Archipelago Eddies of the Cape Verde

Archipelago. Master Thesis. University of Algarve

Carle RD, Felis JJ, Vega R, Beck J, Adams ], Lépez V, Hodum PJ, Gonzéalez A, Colodro V, Varela
T (2019) Overlap of Pink-footed Shearwaters and central Chilean purse-seine fisheries:

Implications for bycatch risk. Gerontologist 59:1—13. doi: 10.1093/condor/duz026

Carroll G, Harcourt R, Pitcher BJ, Slip D, Jonsen | (2018) Recent prey capture experience and
dynamic habitat quality mediate shortterm foraging site fidelity in a seabird. Proc R Soc B
Biol Sci. doi: 10.1098/rspb.2018.0788

Castillo-Guerrero JA, Mellink E (201 1) Occasional inter-sex differences in diet and foraging
behavior of the Blue-footed Booby: Maximizing chick rearing in a variable environment? |

Ornithol 152:269-277. doi: 10.1007/s10336-010-0575-z

Castillo-Guerrero JA, Lerma M, Mellink E, Suazo-Guillén E, Pehaloza-Padilla EA (2016)
Environmentally-Mediated Flexible Foraging Strategies in Brown Boobies in the Gulf of

California. Ardea 104:33—47. doi: 10.5253/arde.v104il.a3

Catchpole TL, Gray TS (2010) Reducing discards of fish at sea: a review of European pilot
projects. | Environ Manage 91:717-723. doi: 10.1016/j.jenvman.2009.09.035

Catry T, Ramos JA, Le Corre M, Phillips RA (2009) Movements, at-sea distribution and
behaviour of a tropical pelagic seabird: The wedge-tailed shearwater in the western Indian

Ocean. Mar Ecol Prog Ser 391:231-242. doi: 10.3354/meps07717

Caveen AJ, Gray TS, Stead SM, Polunin NVC (2013) MPA policy: What lies behind the science?
Mar Policy 37:3—10. doi: 10.1016/j.marpol.2012.04.005

195



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Cerveira LR, Ramos JA, Rodrigues |, Almeida N, Aradjo PM, Santos | dos, Vieira C, Pereira |M,
Ceia FR, Geraldes P, Melo T, Paiva VH (2020) Inter-annual changes in oceanic conditions
drives spatial and trophic consistency of a tropical marine predator. Mar Environ Res

162:105165. doi: 10.1016/j.marenvres.2020.105165

Chastel O, Weimerskirch H, Jouventin P, Chastel O, Weimerskirch H (1995) Body condition
and seabird reproductive performance: A study of three petrel species. Ecology 76:2240—
2246.

Cherel Y, Weimerskirch H (1995) Seabirds as indicators of marine resources: black-browed
albatrosses feeding on ommastrephid squids in Kerguelen waters. Mar Ecol Prog Ser

129:295-300. doi: 10.3354/meps 129295

Cherel Y, Hobson KA, Hassani S (2005a) Isotopic discrimination between food and blood and
feathers of captive penguins: Implications for dietary studies in the wild. Physiol Biochem

Zool 78:106—115. doi: 10.1086/425202

Cherel Y, Hobson KA, Weimerskirch H (2005b) Using stable isotopes to study resource

acquisition and allocation in procellariiform seabirds. Oecologia 145:533-540. doi:

10.1007/s00442-005-0156-7

Cherel Y, Corre M Le, Jaquemet S, Ménard F, Richard P, Weimerskirch H (2008) Resource
partitioning within a tropical seabird community: New information from stable isotopes.

Mar Ecol Prog Ser 366:281-291. doi: 10.3354/meps07587

Chuenpagdee R, Liguori L, Palomares MLD, Pauly D (2006) Bottom-Up, Global Estimates of

Small-Scale Marine Fisheries Catches. Fish Cent Res Reports 14:105.

Cianchetti-Benedetti M, DellOmo G, Russo T, Catoni C, Quillfeldt P (2018) Interactions
between commercial fishing vessels and a pelagic seabird in the southern Mediterranean

Sea. BMC Ecol 18:1-10. doi: 10.1186/s512898-018-0212-x

Ciancio JE, Righi C, Faiella A, Frere E (2016) Blood-specific isotopic discrimination factors in the
Magellanic penguin (Spheniscus magellanicus). Rapid Commun Mass Spectrom 30:1865—

1869. doi: 10.1002/rcm.7661

196



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Clark BL, Vigfusdottir F, Jessopp MJ, Burgos JM, Bodey TW, Votier SC (2020) Gannets are not
attracted to fishing vessels in Iceland-potential influence of a discard ban and food

availability. ICES | Mar Sci 77:692-700. doi: 10.1093/icesjms/fsz233

Clarke A, Prince PA (1980) Chemical composition and calorific value of food fed to Mollymauk
chicks Diomedea melanophris and D. chrysostoma at Bird Island, South Georgia. Ibis (Lond

1859) 122:488-494.

Claster W, Philip S, Nha C (2016) AEDForecasting: Change Point Analysis in ARIMA
Forecasting. R package version 0.20.0. In: https://CRAN.R-

project.org/package=AEDForecasting.

Claudet ], Loiseau C, Sostres M, Zupan M (2020) Underprotected Marine Protected Areas in a
Global Biodiversity Hotspot. One Earth 2:380—384. doi: 10.1016/j.oneear.2020.03.008

Clay TA, Manica A, Ryan PG, Silk JRD, Croxall |P, Ireland L, Phillips RA (2016) Proximate drivers
of spatial segregation in non-breeding albatrosses. Sci Rep 6:1—13. doi: 10.1038/srep29932

Cleasby IR, Wakefield ED, Bodey TW, Davies RD, Patrick SC, Newton |, Votier SC, Bearhop
S, Hamer KC (2015) Sexual segregation in a wide-ranging marine predator is a

consequence of habitat selection. Mar Ecol Prog Ser 518:1—12. doi: 10.3354/meps| |12

Cocking L], Double MC, Milburn PJ, Brando VE (2008) Seabird bycatch mitigation and blue-dyed
bait: A spectral and experimental assessment. Biol Conserv 141:1354—1364. doi:

10.1016/j.biocon.2008.03.003

Cohen PJ, Cinner JE, Foale S (2013) Fishing dynamics associated with periodically harvested
marine closures. Glob Environ Chang 23:1702-1713. doi:
10.1016/j.gloenvcha.2013.08.010

Collet |, Patrick SC, Weimerskirch H (2015) Albatrosses redirect flight towards vessels at the
limit of their visual range. Mar Ecol Prog Ser 526:199-205. doi: 10.3354/meps| 1233

Collet ], Patrick SC, Weimerskirch H (2017) Behavioral responses to encounter of fishing boats
in wandering albatrosses. Ecol Evol 7:3335-3347. doi: 10.1002/ece3.2677

197



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Connan M, Bonnevie BT, Hagen C, van der Lingen CD, McQuaid C (2017) Diet specialization
in a colonial seabird studied using three complementary dietary techniques: effects of

intrinsic and extrinsic factors. Mar Biol. doi: 10.1007/s00227-017-3201-2

Cortés V, Gonzdlez-Solis | (2018) Seabird bycatch mitigation trials in artisanal demersal

longliners of the Western Mediterranean. PLoS One 13:1-21.

Cortés V, Arcos |JM, Gonzilez-solis | (2017) Seabirds and demersal longliners in the
northwestern Mediterranean : factors driving their interactions and bycatch rates. Mar Ecol

Prog Ser 565:1—16. doi: 10.3354/meps 12026

Costanza R (1999) The ecological, economic, and social importance of the oceans.pdf. Ecol

Econ 31:199-213.

Costello MJ, Ballantine B (2015) Biodiversity conservation should focus on no-take Marine
Reserves: 94% of Marine Protected Areas allow fishing. Trends Ecol Evol 30:507-509. doi:
10.1016/j.tree.2015.06.01 |

Courbin N, Chinho T, Pichegru L, Verma-Grémillet A, Péron C, Ryan PG, Grémillet D (2020)
The dance of the Cape gannet may contain social information on foraging behaviour. Anim

Behav 166:95—108. doi: 10.1016/j.anbehav.2020.06.012

Croll DA, Gaston AJ, Burger AE, Konnoff D, Gaston AJ (1992) Foraging Behavior and
Physiological Adaptation for Diving in Thick-Billed Murres. Ecology 73:344-356.

Croxall JP, Butchart SHM, Lascelles B, Stattersfield A, Sullivan B, Symes A, Taylor P (2012)
Seabird conservation status, threats and priority actions: A global assessment. Bird

Conserv Int 22:1-34. doi: 10.1017/50959270912000020

Cubaynes HC, Fretwell PT, Bamford C, Gerrish L, Jackson JA (2019) Whales from space: Four
mysticete species described using new VHR satellite imagery. Mar Mammal Sci 35:466—

491.doi: 10.1111/mms.12544

Da Rocha N, Oppel S, Prince S, Matjila S, Shaanika TM, Naomab C, Yates O, Paterson |RB,
Shimooshili K, Frans E, Kashava S, Crawford R (2021) Reduction in seabird mortality in

Namibian fisheries following the introduction of bycatch regulation. Biol Conserv

198



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

253:108915. doi: 10.1016/j.biocon.2020.108915

Dalzell P, Adams T, Polunin N (1996) Coastal fisheries in the Pacific Islands. Oceanogr Mar Biol
Annu Rev 33:395-53]1.

Daskalov GM (2002) Overfishing drives a trophic cascade in the Black Sea. Mar Ecol Prog Ser
225:53-63. doi: 10.3354/meps225053

Davies RWD, Cripps S), Nickson A, Porter G (2009) Defining and estimating global marine
fisheries bycatch. Mar Policy 33:661-672. doi: 10.1016/j.marpol.2009.01.003

Davies TE, Carneiro APB, Tarzia M, Wakefield E, Hennicke JC, Frederiksen M, Hansen ES,
Campos B, Hazin C, Lascelles B, Anker-Nilssen T, Arnardéttir H, Barrett RT, Biscoito M,
Bollache L, Boulinier T, Catry P, Ceia FR, Chastel O, Christensen-Dalsgaard S, Cruz-Flores
M, Danielsen |, Daunt F, Dunn E, Egevang C, Fagundes Al, Fayet AL, Fort |, Furness RW,
Gilg O, Gonzalez-Solis |, Granadeiro JP, Grémillet D, Guilford T, Hanssen SA, Harris MP,
Hedd A, Huffeldt NP, Jessopp M, Kolbeinsson Y, Krietsch ], Lang J, Linnebjerg JF, Lorentsen
SH, Madeiros ], Magnusdottir E, Mallory ML, McFarlane Tranquilla L, Merkel FR, Militao T,
Moe B, Montevecchi WA, Morera-Pujol V, Mosbech A, Neves V, Newell MA, Olsen B,
Paiva VH, Peter HU, Petersen A, Phillips RA, Ramirez |, Ramos JA, Ramos R, Ronconi RA,
Ryan PG, Schmidt NM, Sigurdsson IA, Sittler B, Steen H, Stenhouse ], Strem H, Systad
GHR, Thompson P, Thoérarinsson TL, van Bemmelen RSA, Wanless S, Zino F, Dias MP
(2021a) Multispecies tracking reveals a major seabird hotspot in the North Atlantic.
Conserv Lett |-14. doi: 10.1111/conl.12824

Davies TE, Carneiro APB, Campos B, Hazin C, Dunn DC, Gjerde KM, Johnson DE, Dias MP
(2021b) Tracking data and the conservation of the high seas: Opportunities and challenges.
) Appl Ecol |-8. doi: 10.1111/1365-2664.14032

Davoren GK (2007) Effects of Gill-Net Fishing on Marine Birds in a Biological Hotspot in the
Northwest Atlantic. Conserv Biol 21:1032—1045. doi: 10.1111/].1523-1739.2007.00694.x

Dawson TM, Formia A, Agamboué PD, Asseko GM, Boussamba F, Cardiec F, Chartrain E,
Doherty PD, Fay JM, Godley B, Lambert F, Koumba Mabert BD, Manfoumbi |C, Metcalfe
K, Minton G, Ndanga I, Nzegoue ], Kouerey Oliwina CK, Du Plessis P, Sounguet G-P, Tilley

199



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

D, Witt M), Maxwell SM (2017) Informing Marine Protected Area Designation and

Management for Nesting Olive Ridley Sea Turtles Using Satellite Tracking. Front Mar Sci
4:1-12. doi: 10.3389/fmars.2017.00312

Day J, Dudley N, Hockings M, Holmes G, Laffoley D, Stolton S, Wells S, Wenzel L (2019)
Guidelines for applying the I[UCN protected area management categories to marine

protected areas, 2nd edn. Switzerland: IUCN, Gland

de Grissac S, Bartumeus F, Cox SL, Weimerskirch H (2017) Early-life foraging: Behavioral
responses of newly fledged albatrosses to environmental conditions. Ecol Evol 7:6766—

6778. doi: 10.1002/ece3.3210

De Santo EM (2013) Missing marine protected area (MPA) targets: How the push for quantity
over quality undermines sustainability and social justice. ] Environ Manage 124:137—-146.

doi: 10.1016/j.jenvman.2013.01.033

De Santo EM, Asgeirsdéttir A, Barros-Platiau A, Biermann F, Dryzek J, Gongalves LR, Kim RE,
Mendenhall E, Mitchell R, Nyman E, Scobie M, Sun K, Tiller R, Webster DG, Young O
(2019) Protecting biodiversity in areas beyond national jurisdiction: An earth system

governance perspective. Earth Syst Gov 2:100029. doi: 10.1016/j.esg.2019.100029

del Hoyo |, Elliot A, Sargatal | (1992) Handbook of the Birds of the World, Vol. |: Ostrich to

Ducks., Lynx Edici. Barcelona, Spain

Della Penna A, Gaube P (2020) Mesoscale Eddies Structure Mesopelagic Communities. Front
Mar Sci 7:1-9. doi: 10.3389/fmars.2020.00454

Delord K, Barbraud C, Bost CA, Deceuninck B, Lefebvre T, Lutz R, Micol T, Phillips RA, Trathan
PN, Weimerskirch H (2014) Areas of importance for seabirds tracked from French

southern territories, and recommendations for conservation. Mar Policy 48:1-13. doi:

10.1016/j.marpol.2014.02.019

Demarcq H, Somoue L (2015) Phytoplankton and primary productivity off Northwest Africa.
In: Valdés L, Déniz-Gonzalez | (eds) Oceanographic and biological features in the Canary
Current Large Marine Ecosystem. IOC Technical Series, IOC-UNESCO, Paris, pp 61—
171

200



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Depestele |, Feekings |, Reid DG, Cook R, Gascuel D, Girardin R, Heath M, Hernvann P-Y,
Morato T, Soszynski A, Savina-Rolland M (2018) The Impact of Fisheries Discards on
scavengers in the sea. In: Uhlmann SS, Ulrich C, Kennelly SJ (eds) The European Landing
Obligation: Reducing Discards in Complex, Multi-Species and Multi-Jurisdictional Fisheries.

Springer Nature Switzerland AG, Switzerland, pp |79-196

Devillers R, Pressey RL, Grech A, Kittinger JN, Edgar GJ, Ward T, Watson R (2015) Reinventing
residual reserves in the sea: Are we favouring ease of establishment over need for

protection? Aquat Conserv Mar Freshw Ecosyst 25:480-504. doi: 10.1002/aqc.2445

Dias AS de SS (201 1) Dieta e locais de alimentagao das cagarras (Calonectris diomedea borealis)

das ilhas Selvagem Grande e Berlenga. Universidade de Lisboa

Dias MP, Oppel S, Bond AL, Carneiro APB, Cuthbert R, Gonzalez-Solis |, Wanless RM, Glass
T, Lascelles B, Small C, Phillips RA, Ryan PG (2017) Using globally threatened pelagic birds
to identify priority sites for marine conservation in the South Atlantic Ocean. Biol Conserv

211:76-84. doi: 10.1016/j.biocon.2017.05.009

Dias MP, Carneiro APB, Warwick-Evans V, Harris C, Lorenz K, Lascelles B, Clewlow HL, Dunn
MJ, Hinke J T, Kim JH, Kokubun N, Manco F, Ratcliffe N, Santos M, Takahashi A, Trivelpiece
W, Trathan PN (2018) Identification of marine Important Bird and Biodiversity Areas for

penguins around the South Shetland Islands and South Orkney Islands. Ecol Evol 8:10520-
10529. doi: 10.1002/ece3.4519

Dias MP, Martin R, Pearmain EJ, Burfield I], Small C, Phillips RA, Yates O, Lascelles B, Borboroglu
PG, Croxall JP (2019a) Threats to seabirds: A global assessment. Biol Conserv 237:525—
537. doi: 10.1016/j.biocon.2019.06.033

Dias MP, Warwick-Evans V, Carneiro APB, Harris C, Lascelles BG, Clewlow HL, Manco F,
Ratcliffe N, Trathan PN (2019b) Using habitat models to identify marine important bird

and biodiversity areas for Chinstrap Penguins Pygoscelis antarcticus in the South Orkney

Islands. Polar Biol 42:17-25. doi: 10.1007/s00300-018-2404-4

Dietrich KS, Melvin EF, Conquest L (2008) Integrated weight longlines with paired streamer

lines - Best practice to prevent seabird bycatch in demersal longline fisheries. Biol Conserv

201



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

141:1793—-1805. doi: 10.1016/.biocon.2008.04.023

Diop N, Zango L, Beard A, Ba CT, Ndiaye PI, Henry L, Clingham E, Oppel S, Gonzalez-Solis |
(2018) Foraging ecology of tropicbirds breeding in two contrasting marine environments

in the tropical Atlantic. Mar Ecol Prog Ser 607:221-236. doi: 10.3354/meps|2774

Doi T, Tozuka T, Yamagata T (2009) Interannual variability of the Guinea Dome and its possible
link with the Atlantic Meridional Mode. Clim Dyn 33:985-998. doi: 10.1007/s00382-009-
0574-z

Donahue SE, Adams J, Renshaw MA, Hyrenbach KD (2020) Genetic analysis of the diet of red-
footed boobies (Sula sula) provisioning chicks at Ulupa’u Crater, O’ahu. Aquat Conserv

Mar Freshw Ecosyst |-16. doi: 10.1002/aqc.3470

Doney SC, Ruckelshaus M, Duffy JE, Barry JP, Chan F, English CA, Galindo HM, Grebmeier M,
Hollowed AB, Knowlton N, Polovina |, Rabalais NN, Sydeman W|, Talley LD (2012)
Climate Change Impacts on Marine Ecosystems. Ann Rev Mar Sci 4:11-37. doi

[0.1146/annurev-marine-041911-111611

Dufois F, Hardman-Mountford NJ, Greenwood |, Richardson AJ, Feng M, Matear R] (2016)
Anticyclonic eddies are more productive than cyclonic eddies in subtropical gyres because

of winter mixing. Sci Adv 2:1-7. doi: 10.1126/sciadv.1600282

Dunn DC, Harrison AL, Curtice C, DelLand S, Donnelly B, Fujioka E, Heywood E, Kot CY,
Poulin S, Whitten M, Akesson S, Alberini A, Appeltans W, Arcos |M, Bailey H, Ballance LT,
Block B, Blondin H, Boustany AM, Brenner |, Catry P, Cejudo D, Cleary ], Corkeron P,
Costa DP, Coyne M, Crespo GO, Davies TE, Dias MP, Douvere F, Ferretti F, Formia A,
Freestone D, Friedlaender AS, Frisch-Nwakanma H, Frojan CB, Gjerde KM, Glowka L,
Godley B, Gonzalez-Solis |, Granadeiro JP, Gunn V, Hashimoto Y, Hawkes LM, Hays GC,
Hazin C, Jimenez |, Johnson DE, Luschi P, Maxwell SM, McClellan C, Modest M, Di Sciara
GN, Palacio AH, Palacios DM, Pauly A, Rayner M, Rees AF, Salazar ER, Secor D, Sequeira
AMM, Spalding M, Spina F, Van Parijs S, Wallace B, Varo-Cruz N, Virtue M, Weimerskirch
H, Wilson L, Woodward B, Halpin PN (2019) The importance of migratory connectivity
for global ocean policy. Proc R Soc B Biol Sci. doi: 10.1098/rspb.2019.1472

202



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Dureuil M, Boerder K, Burnett KA, Froese R, Worm B (2018) Elevated trawling inside protected

areas undermines conservation outcomes in a global fishing hot spot. Science (80- )

362:1403—-1407.

Eeden R Van, Reid T, Ryan PG, Pichegru L (2016) Fine-scale foraging cues for African penguins

in a highly variable marine environment. doi: 10.3354/meps| | 557

Egevang C, Stenhouse I}, Phillips RA, Petersen A, Fox JW, Silk JRD (2010) Tracking of Arctic
terns Sterna paradisaea reveals longest animal migration. Proc Natl Acad Sci U S A

107:2078-2081. doi: 10.1073/pnas.0909493107

Engelhard GH, Peck MA, Rindorf A, Smout SC, Deurs M Van, Raab K, Andersen KH, Garthe S,
Lauerburg RAM, Scott F, Brunel T, Aarts G, Kooten T Van, Dickey-collas M (2014) Forage
fish, their fisheries, and their predators: who drives whom? ICES | Mar Sci 71:90-104.

Estes JA, Terborgh |, Brashares |S, Power ME, Berger |, Bond W/, Carpenter SR, Essington TE,
Holt RD, Jackson JBC, Marquis RJ, Oksanen L, Oksanen T, Paine RT, Pikitch EK, Ripple
W/, Sandin SA, Scheffer M, Schoener TW, Shurin |B, Sinclair ARE, Soulé ME, Virtanen R,
Wardle DA (201 1) Trophic downgrading of planet earth. Science (80- ) 333:301-306. doi:
10.1126/science.1205106

Evans | (2021) _spatialEco_. R package version 1.3-6.

Fangel K, Aas @, Veglstad JH, Berum KM, Christensen-Dalsgaard S, Nedreaas K, Overvik M,
Wold LC, Anker-Nilssen T (2015) Assessing incidental bycatch of seabirds in Norwegian
coastal commercial fisheries: Empirical and methodological lessons. Glob Ecol Conserv

4:127-136. doi: 10.1016/j.gecco.2015.06.001

FAO (2018) Fishery and Aquaculture Country Profiles. Cabo Verde. In: Ctry. Profile Fact
Sheets. FAO Fish. Div. [online]. Rome. Updat. 05 05 2019.

FAO (2020) The State of World Fisheries and Aquaculture 2020. Sustainability in action. Rome

Faye S, Lazar A, Sow BA, Gaye AT (2015) A model study of the seasonality of sea surface
temperature and circulation in the Atlantic North-eastern Tropical Upwelling System.

Front Phys 3:1-20. doi: 10.3389/fphy.2015.00076

203



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Fernandes M, Lazaro C, AMP S, Oliveira P (2004) Oceanographic characterisation of the Cape

Verde region using multisensor data.

Fish FE (2016) Secondary evolution of aquatic propulsion in higher vertebrates: Validation and
prospect. Integr Comp Biol 56:1285-1297. doi: 10.1093/icb/icw 23

Foreign Fishery Developments (1981) The tuna fisheries of Cape Verde and Senegal. Mar Fish
Rev 43:26-29.

Fortes D (2019) Assessment of Economic Viability of the Artisanal Fisheries in Cabo Verde -

Recommendations for improvement.

Fox C, Robertson C, O’Hara P, Tadey R, Morgan K (2021) Spatial assessment of albatrosses,
commercial fisheries, and bycatch incidents on Canada’s Pacific coast. Mar Ecol Prog Ser

672:205-222. doi: 10.3354/meps|3783

France R (1995) Ciritical examination of stable isotope analysis as a means for tracing carbon

pathways in stream ecosystems. Can | Fish Aquat Sci 52:651-656. doi: 10.1139/f95-065

Frederiksen M, Mavor RA, Wanless S (2007) Seabirds as environmental indicators: The
advantages of combining data sets. Mar Ecol Prog Ser 352:205-211. doi:
10.3354/meps07071

Freitas R (2014) The coastal ichthyofauna of the Cape Verde Islands: a summary and remarks

on endemism. Zool Caboverdiana 5:1-13.

Freitas R, Hazevoet C, Vasconcelos R (2015) Geography and geology. In: Vasconcelos R, Freitas
R, Hazevoet C (eds) The Natural History of the Desertas Islands - Santa Luzia, Branco and
Raso. pp 14-36

Freitas R, Falcon |, Gonzalez |, Burnett K, Dureuil M, Caruso |, Hoving H-J, Brito A (2018) New
and confirmed records of fishes from the Cabo Verde archipelago based on photographic

and genetic data. Arquipelago Life earth Sci 35:67-83.

Fuentes MMPB, Gillis AJ, Ceriani SA, Guttridge TL, Van Zinnicq Bergmann MPM, Smukall M,

Gruber SH, Wildermann N (2019) Informing marine protected areas in Bimini, Bahamas

204



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

by considering hotspots for green turtles (Chelonia mydas). Biodivers Conserv 28:197-
211. doi: 10.1007/s10531-018-1647-2

Furness RW (1982) Competition between Fisheries and Seabird Communities. Adv Mar Biol
20:225-307. doi: 10.1016/50065-2881(08)60141-8

Furness RW (2003) Impacts of fisheries on seabird communities. Sci Mar 67:33—45. doi:
10.3989/scimar.2003.675233

Furness RW, Camphuysen K (1997) Seabirds as monitors of the marine environment. ICES |

Mar Sci 54:726—737. doi: 10.1006/jmsc.1997.0243

Gaines SD, White C, Carr MH, Palumbi SR (2010) Designing marine reserve networks for both
conservation and fisheries management. Proc Natl Acad Sci U S A 107:18286—18293. doi:
10.1073/pnas.0906473107

Game ET, Grantham HS, Hobday AJ, Pressey RL, Lombard AT, Beckley LE, Gjerde K,
Bustamante R, Possingham HP, Richardson AJ (2009) Pelagic protected areas: the missing
dimension in ocean conservation. Trends Ecol Evol 24:360-369. doi:

10.1016/j.tree.2009.01.01 |

Garcia-Tarrason M, Bécares |, Bateman S, Arcos M, Jover L, Sanpera C (2015) Sex-specific
foraging behavior in response to fishing activities in a threatened seabird. Ecol Evol 5:2348—

2358. doi: 10.1002/ece3.1492

Garcia S, Leiva Moreno | (2003) Global overview of marine fisheries. Conf Responsible Fish Mar

Ecosyst 103—123.

Garriga ], Palmer JRB, Oltra A, Bartumeus F (2016) Expectation-maximization binary clustering

for behavioural annotation. PLoS One | 1:1-26. doi: 10.1371/journal.pone.0 51984

Gatt MC, Reis B, Granadeiro JP, Pereira E, Catry P (2020) Generalist seabirds as biomonitors
of ocean mercury: The importance of accurate trophic position assignment. Sci Total

Environ 740:140159. doi: 10.1016/j.scitotenv.2020.140159

Gause G (1973) The struggle for existence.

205



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Genovart M, Doak D, Igual JM, Sponza S, Kralj J, Oro D (2017) Varying demographic impacts

of differnt fisheries on three Mediterranean seabird species.

Giakoumi S, Mcgowan |, Mills M, Beger M, Bustamante RH, Charles A, Christie P, Fox M, Garcia-
Borboroglu P, Gelcich S, Guidetti P, Mackelworth P, Maina M, McCook L, Micheli P,
Morgan LE, Mumby PJ, Reyes LM, White A, Grorud-Colvert K, Possingham HP (2018)
Revisiting “ Success ” and “ Failure ” of Marine Protected Areas : A Conservation Scientist

Perspective. Front Mar Sci 5:1-5. doi: 10.3389/fmars.2018.00223

Gianuca D, Garcia L, Silva-Costa A, Saran ], Sampaio GC, Pimenta E, Neves TS (2019) Seabird
bycatch in dolphinfish longline and tuna handline fisheries off south-southeasten Brazil. In:

Ninth Meeting of the Seabirds Bycacth Working Group. ACAP, Floriandpolis, Brasil,

Gianuca D, Bugoni L, Jiménez S, Daudt NW, Miller P, Canani G, Silva-Costa A, Faria FA, Bastida
J, Seco Pon JP, Yates O, Serafini PP, Bond AL (2020) Intentional killing and extensive

aggressive handling of albatrosses and petrels at sea in the southwestern Atlantic Ocean.

Biol Conserv. doi: 10.1016/j.biocon.2020.108817

Gilardi |D (1992) Sex-Specific Foraging Distributions of Brown Boobies in the Eastern Tropical
Pacific. Colon Waterbirds |15:148. doi: 10.2307/1521367

Gill DA, Mascia MB, Ahmadia GN, Glew L, Lester SE, Barnes M, Craigie |, Darling ES, Free CM,
Geldmann |, Holst S, Jensen OP, White AT, Basurto X, Coad L, Gates RD, Guannel G,
Mumby PJ, Thomas H, Whitmee S, Woodley S, Fox HE (2017) Capacity shortfalls hinder
the performance of marine protected areas globally. Nature 543:665-669. doi:
10.1038/nature2 1708

Gilman E, Dunn D, Read A, Hyrenbach KD, Warner R (201 ) Designing criteria suites to identify

discrete and networked sites of high value across manifestations of biodiversity. Biodivers

Conserv 20:3363—-3383. doi: 10.1007/s10531-011-01 16-y

Gilman E, Chaloupka M, Peschon |, Eligen S (2016) Risk factors for seabird bycatch in a pelagic
longline tuna fishery. PLoS One | |:1-24. doi: 10.1371/journal.pone.0 155477

Gilman E, Chaloupka M, Ishizaki A, Carnes M, Naholowaa H, Brady C, Ellgen S, Kingma E (2021)
Tori lines mitigate seabird bycatch in a pelagic longline fishery. Rev Fish Biol Fish 31:653—

206



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

666. doi: 10.1007/s11160-021-09659-7

Gilmour ME, Holmes ND, Fleishman AB, Kriwoken LK (2019a) Temporal and interspecific
variation in feather mercury in four penguin species from Macquarie Island, Australia. Mar

Pollut Bull 142:282-289. doi: 10.1016/j.marpolbul.2019.03.051

Gilmour ME, Hudson SAT, Lamborg C, Fleishman AB, Young HS, Shaffer SA (2019b) Tropical
seabirds sample broadscale patterns of marine contaminants. Sci Total Environ 691:63 |-

643. doi: 10.1016/j.scitotenv.2019.07.147

Giménez |, Cafiadas A, de Stephanis R, Ramirez F (2021) Expanding protected areas to
encompass the conservation of the endangered common dolphin (Delphinus delphis) in

the Alboran Sea. Mar Environ Res. doi: 10.1016/j.marenvres.2021.105305

Glass JP, Ryan PG (2013) Reduced seabird night strikes and mortality in the Tristan rock lobster
fishery. African ] Mar Sci 35:589-592. doi: 10.2989/1814232X.2013.860049

Glemarec G, Kindt-Larsen L, Lundgaard LS, Larsen F (2020) Assessing seabird bycatch in gillnet
fisheries  using  electronic  monitoring.  Biol  Conserv ~ 243:108461.  doi:

10.1016/j.biocon.2020.108461

Goad D, Debski |, Potts | (2019) Hookpod-mini: A smaller potential solution to mitigate seabird

bycatch in pelagic longline fisheries. Endanger Species Res 39:1-8. doi: 10.3354/esr00953

Godley BJ, Broderick AC, Furness RW, Gilici AC, Solomon SE (1998) Interaction between
marine turtles and artisanal fisheries in the eastern mediterranean: A probable cause for

concern? Zool Middle East |6:49-64. doi: 10.1080/09397140.1998.10637754

Goni R, Adlerstein S, Alvarez-Berastegui D, Forcada A, Refiones O, Criquet G, Polti S, Cadiou
G, Valle C, Lenfant P, Bonhomme P, Pérez-Ruzafa A, Sanchez-Lizaso JL, Garcia-Charton
JA, Bernard G, Stelzenmiiller V, Planes S (2008) Spillover from six western Mediterranean

marine protected areas: Evidence from artisanal fisheries. Mar Ecol Prog Ser 366:159—174.

doi: 10.3354/meps07532

Gonzalez-Solis ], Abella JC (1997) Negative record of haematozoan parasites on Cory’s

Shearwater Calonectris diomedea. Ornis Fenn 74:153—155.

207



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Gonzalez-Solis |, Croxall P, Wood AG (2000) Sexual dimorphism and sexual segregation in
foraging strategies of northern giant petrels, Macronectes halli, during incubation. Oikos

90:390-398. doi: 10.1034/j.1600-0706.2000.900220.x

Gonzalez-Solis |, Croxall JP, Oro D, Ruiz X (2007) Trans-equatorial migration and mixing in the
wintering areas of a pelagic seabird. Front Ecol Environ 5:297-301. doi: 10.1890/1540-
9295(2007)5[297: TMAMIT]2.0.CO;2

Gonzalez-Solis |, Felicisimo A, Fox W, Afanasyev V, Kolbeinsson Y, Munoz | (2009) Influence
of sea surface winds on shearwater migration detours. Mar Ecol Prog Ser 391:221-230.

doi: 10.3354/meps08128

Gonzalez JA, Monteiro C, Correia S, Lopes E, Almeida N, Martins A, Gaztahaga |, Gonzalez-
Lorenzo G, Arenas-Ruiz R, Tejera G, M.Lorenzo | (2020) Current and emerging small-
scale fisheries and target species in Cabo Verde, with recommendations for pilot actions

favouring sustainable development. Cybium 44:18.

Graham R, Seymour Z, Monteiro JL, Lima C, Lima ] (2017) Cabo Verde expedition. MarAlliance

with Monaco Explor | [-9.

Granadeiro JP, Phillips RA, Brickle P, Catry P (201 I) Albatrosses following fishing vessels: How
badly hooked are they on an easy meall PLoS One 6:1-7. doi:
10.1371/journal.pone.00 17467

Grecian W/, Witt M), Attrill M|, Bearhop S, Becker PH, Egevang C, Furness RW, Godley BJ,
Gonzalez-Solis |, Grémillet D, Kopp M, Lescroél A, Matthiopoulos |, Patrick SC, Peter HU,
Phillips RA, Stenhouse |), Votier SC (2016) Seabird diversity hotspot linked to ocean
productivity in the Canary Current Large Marine Ecosystem. Biol Lett. doi:
10.1098/rsbl.2016.0024

Gremillet D, Peron C, Provost P, Lescroel A (2015) Adult and juvenile European seabirds at
risk from marine plundering off West Africa. Biol Conserv 182:143-147. doi:
10.1016/j.biocon.2014.12.001

Grémillet D, DellOmo G, Ryan PG, Peters G, Ropert-Coudert Y, Weeks S) (2004) Offshore

diplomacy, or how seabirds mitigate intra-specific competition: A case study based on GPS

208



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

tracking of Cape gannets from neighbouring colonies. Mar Ecol Prog Ser 268:265-279. doi:
10.3354/meps268265

Grémillet D, Pichegru L, Kuntz G, Woakes AG, Wilkinson S, Crawford R]M, Ryan PG (2008) A
junk-food hypothesis for gannets feeding on fishery waste. Proc R Soc B Biol Sci 275:1 49—
| 156. doi: 10.1098/rspb.2007.1763

Grémillet D, Péron C, Kato A, Amélineau F, Ropert-Coudert Y, Ryan PG, Pichegru L (2016)
Starving seabirds: unprofitable foraging and its fithess consequences in Cape gannets

competing with fisheries in the Benguela upwelling ecosystem. Mar Biol 163:1-11. doi:

10.1007/s00227-015-2798-2

Grémillet D, Ponchon A, Paleczny M, Palomares MLD, Karpouzi V, Pauly D (2018) Persisting
Worldwide Seabird-Fishery Competition Despite Seabird Community Decline. Curr Biol
28:4009-4013.e2. doi: 10.1016/j.cub.2018.10.051

Grémillet D, Collet J, Weimerskirch H, Courbin N, Ryan PG, Pichegru L (2019) Radar detectors
carried by Cape gannets reveal surprisingly few fishing vessel encounters. PLoS One 14:1-

I5. doi: 10.1371/journal.pone.0210328

Guzman HM, Gomez CG, Hearn A, Eckert SA (2018) Longest recorded trans-Pacific migration
of a whale shark (Rhincodon typus). Mar Biodivers Rec | 1:4-9. doi: 10.1186/s41200-018-
0143-4

Hagen E (2001) Northwest African upwelling scenario. Oceanol Acta. doi: 10.1016/50399-
1784(00)01 I 10-5

Halpern BS, Selkoe KA, Micheli F, Kappel C V (2007) Evaluating and Ranking the Vulnerability
of Global Marine Ecosystems to Anthropogenic Threats. Conserv Biol 21:1301-1315. doi:
10.1111/j.1523-1739.2007.00752.x

Halpern BS, Frazier M, Potapenko |, Casey KS, Koenig K, Longo C, Lowndes |S, Rockwood RC,
Selig ER, Selkoe KA, Walbridge S (2015) Spatial and temporal changes in cumulative human

impacts on the world’s ocean. Nat Commun 6:1-7. doi: 10.1038/ncomms8615

Hamer KC, Phillips RA, Hill K, Wanless S, Wood AG (2001) Contrasting foraging strategies of

209



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

gannets Morus bassanus at two North Atlantic colonies: Foraging trip duration and foraging

area fidelity. Mar Ecol Prog Ser 224:283-290. doi: 10.3354/meps224283

Hamm JD (2021) Fishing Practices Threaten Seabirds in the Gulf Bycatch : Water Log 41:10-
12.

Handley JM, Pearmain EJ, Oppel S, Carneiro APB, Hazin C, Phillips RA, Ratcliffe N, Staniland ],
Clay TA, Hall J, Scheffer A, Fedak M, Boehme L, Pitz K, Belchier M, Boyd IL, Trathan PN,
Dias MP (2020) Evaluating the effectiveness of a large multi-use MPA in protecting Key
Biodiversity Areas for marine predators. Divers Distrib 26:715-729. doi:
10.1111/ddi.13041

Haney JC, Fristrup KM, Lee DS, Scandinavica SO, Mar NJ, Christopher |, Geometry DS (1992)

Geometry of visual recruitment to ephemeral foraging by seabirds Geometry flocks. Ornis

Scand 23:49-62.
Hardin G (1960) The Competitive Exclusion Principle. Sci New Ser 131:1292-1297.

Harrison AL, Costa DP, Winship AJ, Benson SR, Bograd SJ, Antolos M, Carlisle AB, Dewar H,
Dutton PH, Jorgensen SJ, Kohin S, Mate BR, Robinson PW, Schaefer KM, Shaffer SA,
Shillinger GL, Simmons SE, Weng KC, Gjerde KM, Block BA (2018) The political
biogeography of migratory marine predators. Nat Ecol Evol 2:1571-1578. doi:
10.1038/541559-018-0646-8

Hartig F (2019) DHARMa: residual diagnostics for hierarchical (multi-level/mixed) regression

models. https://cranr-projectorg/web/ packages/DHARMa/indexhtml.

Hastings RA, Rutterford LA, Freer |J, Collins RA, Simpson SD, Genner MJ, Hastings RA,
Rutterford LA, Freer ]}, Collins RA, Simpson SD (2020) Climate Change Drives Poleward
Increases and Equatorward Declines in Marine Species Report Climate Change Drives
Poleward Increases and Equatorward Declines in Marine Species. Curr Biol 30:1572-

1577.e2. doi: 10.1016/j.cub.2020.02.043

Hays GC, Ferreira LC, Sequeira AMM, Meekan MG, Duarte CM, Bailey H, Bailleul F, Bowen
WD, Caley M), Costa DP, Eguiluz VM, Fossette S, Friedlaender AS, Gales N, Gleiss AC,
Gunn J, Harcourt R, Hazen EL, Heithaus MR, Heupel M, Holland K, Horning M, Jonsen |,

210



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Kooyman GL, Lowe CG, Madsen PT, Marsh H, Phillips RA, Righton D, Ropert-Coudert Y,
Sato K, Shaffer SA, Simpfendorfer CA, Sims DW, Skomal G, Takahashi A, Trathan PN,
Wikelski M, Womble JN, Thums M (2016) Key Questions in Marine Megafauna Movement
Ecology. Trends Ecol Evol 31:463-475. doi: 10.1016/j.tree.2016.02.015

Hays GC, Bailey H, Bograd S, Bowen WD, Campagna C, Carmichael RH, Casale P, Chiaradia
A, Costa DP, Cuevas E, Nico de Bruyn PJ, Dias MP, Duarte CM, Dunn DC, Dutton PH,
Esteban N, Friedlaender A, Goetz KT, Godley B, Halpin PN, Hamann M, Hammerschlag
N, Harcourt R, Harrison AL, Hazen EL, Heupel MR, Hoyt E, Humphries NE, Kot CY, Lea
JSE, Marsh H, Maxwell SM, McMahon CR, Notarbartolo di Sciara G, Palacios DM, Phillips
RA, Righton D, Schofield G, Seminoff A, Simpfendorfer CA, Sims DW, Takahashi A, Tetley
MJ, Thums M, Trathan PN, Villegas-Amtmann S, Wells RS, Whiting SD, Wildermann NE,
Sequeira AMM (2019) Translating Marine Animal Tracking Data into Conservation Policy
and Management. Trends Ecol Evol 34:459-473. doi: 10.1016/j.tree.2019.01.009

Hazen EL, Palacios DM, Forney KA, Howell EA, Becker E, Hoover AL, Irvine L, DeAngelis M,
Bograd SJ, Mate BR, Bailey H (2017) WhaleWatch: a dynamic management tool for
predicting blue whale density in the California Current. ] Appl Ecol 54:1415-1428. doi:
10.1111/1365-2664.12820

Hazen EL, Abrahms B, Brodie S, Carroll G, Jacox MG, Savoca MS, Scales KL, Sydeman W/,
Bograd SJ (2019) Marine top predators as climate and ecosystem sentinels. Front Ecol

Environ 17:565-574. doi: 10.1002/fee.2125

Hazevoet C (2015) Breeding birds. In: Vasconcelos R, Freitas R, Hazevoet C (eds) The Natural

History of the Desertas Islands - Santa Luzia, Branco and Raso. pp 208-242

Hebshi AJ, Duffy DC, Hyrenbach KD (2008) Associations between seabirds and subsurface
predators around Oahu, Hawaii. Aquat Biol 4:89—98. doi: 10.3354/ab00098

Hedd A, Pollet IL, Mauck RA, Burke CM, Mallory ML, McFarlane Tranquilla LA, Montevecchi
WA, Robertson GJ, Ronconi RA, Shutler D, Wilhelm SI, Burgess NM (2018) Foraging
areas, offshore habitat use, and colony overlap by incubating leach’s storm-petrels

Oceanodroma leucorhoa in the northwest atlanticc. PLoS One 13:1-18. doi:

10.1371/journal.pone.0194389

211



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Heerah K, Dias MP, Delord K, Oppel S, Barbraud C, Weimerskirch H, Bost CA (2019)
Important areas and conservation sites for a community of globally threatened marine
predators of the Southern Indian Ocean. Biol Conserv 234:192-201. doi:
10.1016/j.biocon.2019.03.037

Heswall AM, Friesen MR, Martin ALB, Gaskett AC (2021) Seabird bycatch risk correlates with
body size, and relatively larger skulls, bills, wings and sensory structures. Mar Biol 168:1—

|3. doi: 10.1007/500227-021-03873-4

Hiddink )G, Hutton T, Jennings S, Kaiser M| (2006) Predicting the effects of area closures and

fishing effort restrictions on the production, biomass, and species richness of benthic

invertebrate communities. ICES | Mar Sci 63:822-830. doi: 10.1016/].icesjms.2006.02.006

Hijmans R (2020) raster: Geographic Data Analysis and Modeling. R package version 3.3-7. In:
https://CRAN.R-project.org/package=raster.

Hijmans R (2021) raster: Geographic Data Analysis and Modeling. R package version 3.5-9.

Hilborn R (2018) Are MPAs effective? ICES | Mar Sci 75:1160-1162. doi:
10.1093/icesjms/fsx068

Hindell MA, Reisinger RR, Ropert-Coudert Y, Huckstadt LA, Trathan PN, Bornemann H,
Charrassin |B, Chown SL, Costa DP, Danis B, Lea MA, Thompson D, Torres LG, Van de
Putte AP, Alderman R, Andrews-Goff V, Arthur B, Ballard G, Bengtson ], Bester MN, Blix
AS, Boehme L, Bost CA, Boveng P, Cleeland |, Constantine R, Corney S, Crawford R|M,
Dalla Rosa L, de Bruyn PJN, Delord K, Descamps S, Double M, Emmerson L, Fedak M,
Friedlaender A, Gales N, Goebel ME, Goetz KT, Guinet C, Goldsworthy SD, Harcourt R,
Hinke | T, Jerosch K, Kato A, Kerry KR, Kirkwood R, Kooyman GL, Kovacs KM, Lawton K,
Lowther AD, Lydersen C, Lyver POB, Makhado AB, Marquez MEI, McDonald BI,
McMahon CR, Muelbert M, Nachtsheim D, Nicholls KW, Nordgy ES, Olmastroni S,
Phillips RA, Pistorius P, Plotz |, Putz K, Ratcliffe N, Ryan PG, Santos M, Southwell C,
Staniland |, Takahashi A, Tarroux A, Trivelpiece W, Wakefield E, Weimerskirch H,
Wienecke B, Xavier |C, Wotherspoon S, Jonsen ID, Raymond B (2020) Tracking of marine
predators to protect Southern Ocean ecosystems. Nature 580:87-92. doi:
10.1038/541586-020-2126-y

212



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Holland MM, Everett |D, Cox MJ, Doblin MA, Suthers IM (2021) Pelagic forage fish distribution
in a dynamic shelf ecosystem — Thermal demands and zooplankton prey distribution. Estuar

Coast Shelf Sci 249:107074. doi: 10.1016/j.ecss.2020.107074

Hooker SK, Gerber LR (2004) Marine Reserves as a Tool for Ecosystem-Based Management:
The Potential Importance of Megafauna. Bioscience 54:27-39. doi: 10.1641/0006-
3568(2004)054[0027:MRAATF]2.0.CO;2

Hooker SK, Canadas A, Hyrenbach KD, Corrigan C, Polovina ]|, Reeves RR (201 ) Making
protected area networks effective for marine top predators. Endanger Species Res 13:203—

218. doi: 10.3354/esr00322

Howell EA, Hoover A, Benson SR, Bailey H, Polovina JJ, Seminoff JA, Dutton PH (2015)
Enhancing the TurtleWatch product for leatherback sea turtles, a dynamic habitat model

for ecosystem-based management. Fish Oceanogr 24:57-68. doi: 10.1111/fog.12092

Hromadkova T, Pavel V, Flousek |, Briedis M (2020) Seasonally specific responses to wind
patterns and ocean productivity facilitate the longest animal migration on Earth. Mar Ecol

Prog Ser 638:1—12. doi: 10.3354/meps|3274

Huffaker C (1966) Competition for Food by a Phytophagous Mite. ] Chem Inf Model. doi:
10.1017/CBO9781107415324.004

Huin N, Croxall JP (1996) Fishing gear, oil and marine debris associated with seabirds at Bird
Island, South Georgia, during 1993/1994. Mar Ornithol 24:19-22.

Hunt GL, Schneider DC (1987) Scale-dependent processes in the physical and biological
environment of marine birds. In: Croxall | (ed) Seabirds: feeding ecology and role in marine

ecosystems. University Press, Cambridge, pp 741

Huntington HP, Danielson SL, Wiese FK, Baker M, Boveng P, Citta JJ, Robertis A De, Dickson
DMS, Farley E, George |C, lken K, Kimmel DG, Kuletz K, Ladd C, Levine R, Quakenbush
L, Stabeno P, Stafford KM, Stockwell D, Wilson C (2019) Evidence suggests potential

transformation of the Pacific Arctic ecosystem is underway. Nat Clim Chang. doi:

10.1038/541558-020-0695-2

213



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Ichii T, Mahapatra K, Sakai M, Inagake D, Okada Y (2004) Differing body size between the
autumn and the winter-spring cohorts of neon flying squid (Ommastrephes bartramii)
related to the oceanographic regime in the North Pacific: A hypothesis. Fish Oceanogr

13:295-309. doi: 10.1111/j.1365-2419.2004.00293 x

INE (2020) Anuario Estatistico 2018. Praia

Inger R, Bearhop S (2008) Applications of stable isotope analyses to avian ecology. Ibis (Lond
1859) 150:447—461. doi: 10.1111/j.1474-919X.2008.00839.x

Islam MM, Begum A, Rahman SMA, Ullah H (2021) Seasonal Fishery Closure in the Northern
Bay of Bengal Causes Immediate but Contrasting Ecological and Socioeconomic Impacts.

Front Mar Sci. doi: 10.3389/fmars.2021.704056

IUCN (2016) A Global Standard for the Identification of Key Biodiversity Areas, Version |.0.

Iverson SJ, Springer AM, Kitaysky AS (2007) Seabirds as indicators of food web structure and
ecosystem variability: Qualitative and quantitative diet analyses using fatty acids. Mar Ecol

Prog Ser 352:235-244. doi: 10.3354/meps07073

Jackson AL, Inger R, Parnell AC, Bearhop S (201 |} Comparing isotopic niche widths among and
within communities: SIBER - Stable Isotope Bayesian Ellipses in R. ] Anim Ecol 80:595-602.
doi: 10.1111/j.1365-2656.2011.01806.x

Jackson |BC, Kirby MX, Berger WH, Bjorndal KA, Botsford LW, Bourque BJ, Bradbury RH,
Cooke R, Erlandson |, Estes JA, Hughes TP, Kidwell S, Lange CB, Lenihan HS, Pandolfi M,
Peterson CH, Steneck RS, Tegner M), Warner RR (2001) Historical Overfishing and the
Recent Collapse of Coastal Ecosystems. Science (80- ) 293:629-637. doi
10.1126/science.1059199

Jaeger A, Feare CJ, Summers RW, Lebarbenchon C, Larose CS, Le Corre M (2017) Geolocation
reveals year-round at-sea distribution and activity of a superabundant tropical seabird, the

sooty tern Onychoprion fuscatus. Front Mar Sci. doi: 10.3389/fmars.2017.00394

Jaeger RG (1974) Competitive Exclusion: Comments on Survival and Extinction of Species.

Bioscience 24:33-39.

214



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

James Grecian W, Lane | V., Michelot T, Wade HM, Hamer KC (2018) Understanding the
ontogeny of foraging behaviour: Insights from combining marine predator bio-logging with
satellite-derived oceanography in hidden Markov models. | R Soc Interface. doi:

10.1098/rsif.2018.0084

Jaquemet S, Le Corre M, Marsac F, Potier M, Weimerskirch H (2005) Foraging habitats of the
seabird community of Europa Island (Mozambique Channel). Mar Biol 147:573-582. doi:
10.1007/500227-005-1610-0

Jenkins E, | G, Yurkowski D, Le Franc¢dis N, Wong E, Davoren G (2020) Isotopic discrimination
(615N, 813C) in captive and wild Common Murres (Uria aalge) and Atlantic Puffins
(Fratercula arctica). Physiol Biochem Zool 93:296-309.

Jiménez S, Domingo A, Brazeiro A (2009) Seabird bycatch in the Southwest Atlantic: Interaction
with the Uruguayan pelagic longline fishery. Polar Biol 32:187—196. doi: 10.1007/s00300-
008-0519-8

Jiménez S, Domingo A, Abreu M, Brazeiro A (2012) Bycatch susceptibility in pelagic longline
fisheries: Are albatrosses affected by the diving behaviour of medium-sized petrels? Aquat

Conserv Mar Freshw Ecosyst 22:436—445. doi: 10.1002/aqc.2242

Jiménez S, Domingo A, Winker H, Parker D, Gianuca D, Neves T, Coelho R, Kerwath S (2020a)
Towards mitigation of seabird bycatch: Large-scale effectiveness of night setting and Tori

lines across multiple pelagic longline fleets. Biol Conserv 247:108642. doi:

10.1016/j.biocon.2020.108642

Jiménez S, Domingo A, Winker H, Parker D, Gianuca D, Neves T, Coelho R, Kerwath S (2020b)
Towards mitigation of seabird bycatch: Large-scale effectiveness of night setting and Tori
lines across multiple pelagic longline fleets. Biol Conserv 247:108642. doi:

10.1016/j.biocon.2020.108642

Jones PJS, De Santo EM (2016) Viewpoint — Is the race for remote, very large marine protected
areas (VLMPAs) taking us down the wrong track! Mar Policy 73:231-234. doi:
10.1016/j.marpol.2016.08.015

Kai ET, Rossi V, Sudre |, Weimerskirch H, Lopez C, Hernandez-Garcia E, Marsac F, Gargon V

215



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

(2009) Top marine predators track Lagrangian coherent structures. PNAS 106:8245—
8250. doi: 10.1073/pnas.0811034106

Kakelda A, Furness RW, Kelly A, Strandberg U, Waldron S, Kakela R (2007) Fatty acid signatures
and stable isotopes as dietary indicators in North Sea seabirds. Mar Ecol Prog Ser 342:291—
301. doi: 10.3354/meps34229|

Kappes MA, Weimerskirch H, Pinaud D, Le Corre M (201 I} Variability of resource partitioning
in sympatric tropical boobies. Mar Ecol Prog Ser 441:281-294. doi: 10.3354/meps09376

Karpouzi VS, Watson R, Pauly D (2007) Modelling and mapping resource overlap between
seabirds and fisheries on a global scale: A preliminary assessment. Mar Ecol Prog Ser

343:87-99. doi: 10.3354/meps06860

Karris G, Ketsilis-Rinis V, Kalogeropoulou A, Xirouchakis S, Machias A, Maina |, Kavadas S
(2018) The use of demersal trawling discards as a food source for two scavenging seabird

species: A case study of an eastern Mediterranean oligotrophic marine ecosystem. Avian

Res 9:1-14. doi: 10.1186/s40657-018-0118-5

Kelaher BP, Colefax AP, Tagliafico A, Bishop M, Giles A, Butcher PA (2019) Assessing variation
in assemblages of large marine fauna off ocean beaches using drones. Mar Freshw Res

71:68-77. doi: 10.1071/MF18375

Kelleher K (2005) Discards in the world’s marine fisheries. An update. FAO Fish Tech Pap
470:131.

King JC, Parkinson CL, Gersten R, Stock L, Martinson D, Smith R, lannuzzi R, Fox AJ, Vaughan
DG, Ferrigno |G, Connolley WM, Turner |, Rack W, Rott H, Fox AJ, Vaughan DG, Ferrigno
|G, Stammerjohn S, lannuzzi R, Smith R, Vernet M, Martinson DG, Smith RC, Yuan X, Rind
D, Solomon S, King JC, Hofmann EE, Moline M, Klinck JM, Claustre H, Frazer TK, Schofield
O, Vernet M, Boyd CM, Ross RM, Webs F, Siegel V, Pakhomov E, Rothery P, Pakhomov
EA, Ross RM, Hofmann EE, Trivelpiece WZ, Hofmann EE, Beardsley RC, Salihoglu B,
Howard S, Odum EP, Space E (2010) The Impact of Climate Change on the World’s
Marine Ecosystems. Science (80- ) 328:1523—1529.

Kochanny CO, Fieberg | (2005a) Quantifying Home-Range Overlap : the Importance of the

216



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Utilization Distribution. | Wildl Manage |346—1359.

Kochanny CO, Fieberg | (2005b) Quantifying Home-Range Overlap: the Importance of the
Utilizations Distribution. | Wildl Manage 346—1359.

Kouadio JM, Ndiaye W, Kassi A, Niang T, Djagoua EV, Diouf AA (2021) Seasonal Variability of
Sea Surface Temperature and Chlorophyll Concentration and Its Correlation with Pelagic
Fish Catch in Senegalese Exclusive Economic Zone ( EEZ ). 10:176—182. doi:
10.11648/].aff.20211005.12

Kroodsma DA, Mayorga ], Hochberg T, Miller NA, Boerder K, Ferretti F, Wilson A, Bergman
B, White TD, Block BA, Woods P, Sullivan B, Costello C, Worm B (2018) Tracking the
global footprint of Fisheries. Science 908:904—908. doi: 10.1126/science.aao5646

Kriger L, Ramos JA, Xavier |C, Grémillet D, Gonzalez-Solis ], Kolbeinsson Y, Militao T, Navarro
J, Petry M V., Phillips RA, Ramirez |, Reyes-Gonzalez |M, Ryan PG, Sigurdsson IA, Van
Sebille E, Wanless RM, Paiva VH (2017) lIdentification of candidate pelagic marine
protected areas through a seabird seasonal-, multispecific- and extinction risk-based

approach. Anim Conserv 20:409-424. doi: 10.1111/acv.12339

Kumar KVA, Pravin P, Meenakumari B (2016) Bait, Bait Loss, and Depredation in Pelagic
Longline  Fisheries—A  Review. Rev  Fish Sci Aquac 24:295-304. doi
10.1080/23308249.2016.1 162134

Kuznetsova A, Brockhoff PB, Christensen RHB (2017) ImerTest Package: Tests in Linear Mixed
Effects Models . | Stat Softw. doi: 10.18637/jss.v082.il 3

Lalli C, Parsons T (1997a) Phytoplankton and Primary Production. In: Biological Oceanography:
An Introduction. pp 39-73

Lalli C, Parsons T (1997b) The abiotic environment. In: Biological Oceanography: An

Introduction. pp 16-38

Laneri K, Louzao M, Martinez-Abrain A, Arcos |M, Belda EJ, Guallart J, Sénchez A, Giménez M,
Maestre R, Oro D (2010) Trawling regime influences longline seabird bycatch in the

Mediterranean: New insights from a small-scale fishery. Mar Ecol Prog Ser 420:241-252.

217



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

doi: 10.3354/meps08847

Langton R, Stirling DA, Boulcott P, Wright P] (2020) Are MPAs effective in removing fishing
pressure from benthic species and habitats? Biol Conserv 247:108511. doi:

10.1016/j.biocon.2020.10851 |

Lascelles BG, Langham GM, Ronconi RA, Reid |B (2012) From hotspots to site protection:
|dentifying Marine Protected Areas for seabirds around the globe. Biol Conserv |56:5—14.
doi: 10.1016/j.biocon.2011.12.008

Lascelles BG, Taylor PR, Miller MGR, Dias MP, Oppel S, Torres L, Hedd A, Le Corre M, Phillips
RA, Shaffer SA, Weimerskirch H, Small C (2016) Applying global criteria to tracking data
to define important areas for marine conservation. Divers Distrib 22:422-431|. doi:

10.1111/ddi.12411

Laurans M, Gascuel D, Chassot E, Thiam D (2004) Changes in the trophic structure of fish
demersal communities in West Africa in the three last decades. Aquat Living Resour

| 7:163—173. doi; 10.1051/alr:2004023

Lavers JL, Stivaktakis G, Hutton |, Bond AL (2019) Detection of ultrafine plastics ingested by
seabirds  using tissue  digestion. Mar  Pollut  Bull  142:470-474. doi:
10.1016/j.marpolbul.2019.04.00

Le Boeuf B, Crocker D, Costa D, Blackwell S, Webb P, Houser D (2000) Foraging ecology of
northern elephand seals. Ecol Monogr 70:353-382. doi: 10.1038/news050808- |

Le Corre M, Ollivier A, Ribes S, Jouventin P (2002) Light-induced mortality of petrels: A 4-year
study from Réunion Island (Indian Ocean). Biol Conserv 105:93—102. doi: 10.1016/S0006-
3207(01)00207-5

Le Corre M, Jaeger A, Pinet P, Kappes MA, Weimerskirch H, Catry T, Ramos JA, Russell |JC,
Shah N, Jaquemet S (2012) Tracking seabirds to identify potential Marine Protected Areas

in  the tropical western Indian Ocean. Biol Conserv 156:83-93. doi:

10.1016/j.biocon.2011.11.015

Lee ZP, Weidemann A, Kindle |, Arnone R, Carder KL, Davis C (2007) Euphotic zone depth:

218



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Its derivation and implication to ocean-color remote sensing. | Geophys Res Ocean. doi:

10.1029/2006)C003802

Leenhardt P, Cazalet B, Salvat B, Claudet ], Feral F (2013) The rise of large-scale marine
protected areas: Conservation or geopolitics? Ocean Coast Manag 85:112-118. doi:

10.1016/j.ocecoaman.2013.08.013

Lerma M, Dehnhard N, Luna-Jorquera G, Voigt C, Garthe S (2020a) Breeding stage , not sex ,
affects foraging characteristics in masked boobies at Rapa Nui. Behav Ecol Sociobiol

74:149. doi: https://doi.org/ 10.1007/s00265-020-0292 | - |

Lerma M, Serratosa |, Luna-Jorquera G, Garthe S (2020b) Foraging ecology of masked boobies
(Sula dactylatra) in the world’s largest “oceanic desert.” Mar Biol [67:1-13. doi:

10.1007/500227-020-03700-2

Leroy B, Peatman T, Usu T, Caillot S, Moore B, Williams A, Nicol S (2016) Interactions between
artisanal and industrial tuna fisheries: Insights from a decade of tagging experiments. Mar

Policy 65:11-19. doi: 10.1016/j.marpol.2015.12.001

Lewis S, Benvenuti S, Dall’Antonia L, Griffiths R, Money L, Sherratt TN, Wanless S, Hamer KC
(2002) Sex-specific foraging behaviour in a monomorphic seabird. Proc R Soc B Biol Sci

269:1687—-1693. doi: 10.1098/rspb.2002.2083

Lewis S, Schreiber EA, Daunt F, Schenk GA, Orr K, Adams A, Wanless S, Hamer KC (2005)
Sex-specific foraging behaviour in tropical boobies: Does size matter? Ibis (Lond 1859)

147:408—414. doi: 10.1111/].1474-919x.2005.00428.x

Lewison RL, Crowder LB (2003) Estimating fishery bycatch and effects on a vulnerable seabird
population. Ecol Appl |3:743-753. doi: 10.1890/1051-
0761(2003)013[0743:EFBAEO]2.0.CO;2

Lewison RL, Crowder LB, Read AJ, Freeman SA (2004) Understanding impacts of fisheries
bycatch on  marine  megafauna. Trends Ecol Evol 19:598-604. doi:
10.1016/j.tree.2004.09.004

Lewison RL, Crowder LB, Wallace BP, Moore JE, Cox T, Zydelis R, Mcdonald S, Dimatteo A,

219



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Dunn DC, Kot CY, Bjorkland R, Kelez S (2014) Global patterns of marine mammal, seabird

, and sea turtle bycatch reveal taxa-specific and cumulative megafauna hotspots. PNAS |0—

I5. doi: 10.1073/pnas. 13189601 | |

Li ML, Ota Y, Underwood PJ, Reygondeau G, Seto K, Lam VWY, Kroodsma D, Cheung WWL
(2021) Tracking industrial fishing activities in African waters from space. Fish Fish 22:85]—
864. doi: 10.1111/faf.12555

Li Y, Browder JA, Jiao Y (2012) Hook effects on seabird bycatch in the United States Atlantic
pelagic longline fishery. Bull Mar Sci 88:559-569. doi: 10.5343/bms.2011.1039

Lieske DJ, Tranquilla LMF, Ronconi R, Abbott S (2019) Synthesizing expert opinion to assess
the at-sea risks to seabirds in the western North Atlantic. Biol Conserv 233:41-50. doi:
10.1016/j.biocon.2019.02.026

Lindberg M, Walker | (2007) Satellite Telemetry in Avian Research and Management: Sample
Size Considerations. | Wildl Manage 71:1002—-1009. doi: 10.2193/2005-696

Lloyd 1] (1971) Primary production off the coast of north-west africa. ICES | Mar Sci 33:312—
323. doi: 10.1093/icesjms/33.3.312

Longhrust AR, Pauly D (1987) Ecology of Tropical Oceans. Academic Press, San Diego

Lopes K, Passos L, Rodrigues |G, Koenen F, Stiebens V, Székely T, Dutra A (2016) Sea Turtle,
Shark, and Dolphin Bycatch Rates by Artisanal and Semi-Industrial Fishers in Maio Island,
Cape Verde. Chelonian Conserv Biol 15:279-288. doi: 10.2744/CB-1213.1

Lopez-Ortiz R (2009) The diet of masked, brown and red-footed boobies (sulidae:

pelecaniformes) in the mona passage, puerto rico. University of Puerto Rico

Loring PH (2016) Evaluating Digital VHF Technology to Monitor Shorebird and Seabird Use of
Offshore Wind Energy Areas in the Western North Atlantic.

Loureiro NS, Reis E, Dias D, Veiga A (2021) Is Sula sula breeding in the cliffs of Baia do Inferno
, Santiago Island , Cabo Verde ? Zool Caboverdiana 9:14—16.

Louzao M, Hyrenbach KD, Manuel Arcos |, Abello P, Gil de Sola L, Oro D (2006)

220



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Oceanographic habitat of an endangered Mediterranean procellariiform: Implications for

Marine Protected Areas. Ecol Appl 16:1683—1695.

Louzao M, Arcos |M, Guijarro B, Valls M, Oro D (201 |) Seabird-trawling interactions: Factors
affecting species-specific to regional community utilisation of fisheries waste. Fish Oceanogr

20:263-277. doi: 10.1111/j.1365-2419.2011.00579.x

Louzao M, Wiegand T, Bartumeus F, Weimerskirch H (2014) Coupling instantaneous energy-
budget models and behavioural mode analysis to estimate optimal foraging strategy: An

example with wandering albatrosses. Mov Ecol. doi: 10.1186/2051-3933-2-8

Lubchenco |, Grorud-Colvert K (2015) Making waves: The science and politics of ocean

protection. Science (80- ) 350:382-383. doi: 10.1126/science.aad5443

Lidecke D, Makowski D, Waggoner P (2019) Assessement of Regression Models Performance.

https://cran.r-project.org/web/ packages/performance/index.html.

Ludynia K, Kemper |, Roux JP (2012) The Namibian Islands’ Marine Protected Area: Using

seabird tracking data to define boundaries and assess their adequacy. Biol Conserv

156:136—145. doi: 10.1016/j.biocon.2011.11.014

Lukies K, Friesen M, A G, C G (2019) Lighting adjustments to mitigate against deck strikes /

vessel impacts. New Zealand

Lynam CP, Llope M, Méllmann C, Helaouét P, Bayliss-brown GA, Stenseth N (2017) Interaction
between top-down and bottom-up control in marine food webs. PNAS | 14:1952—1957.
doi: 10.1073/pnas. 1621037114

Mallory ML, Forbes MR, Galloway TD (2006) Ectoparasites of northern fulmars Fulmarus
glacialis (Procellariiformes: Procellariidae) from the Canadian Arctic. Polar Biol 29:353—

357. doi: 10.1007/s00300-005-0063-8

Mallory ML, Robinson SA, Hebert CE, Forbes MR (2010) Seabirds as indicators of aquatic
ecosystem conditions: A case for gathering multiple proxies of seabird health. Mar Pollut

Bull 60:7—12. doi: 10.1016/j.marpolbul.2009.08.024

221



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Mangas ), Quevedo-Gonzélez LA, Déniz-Gonzalez | (2015) Oceanic intraplate volcanic islands

and seamounts in the Canary Current Large Marine Ecosystem. |OC Tech Ser | 15:39-51.

Martinez ML, Intralawan A, Vazquez G, Pérez-Maqueo O, Sutton P, Landgrave R (2007) The
coasts of our world: Ecological, economic and social importance. Ecol Econ 63:254-272.

doi: 10.1016/j.ecolecon.2006.10.022

Mason E, Colas F, Molemaker ], Shchepetkin AF, Troupin C, McWilliams JC, Sangra P (201 1)
Seasonal variability of the Canary Current: A numerical study. | Geophys Res Ocean | 16:1—
20. doi: 10.1029/2010JC006665

Masud MM, Aldakhil AM, Nassani AA, Azam MN (2017) Community-based ecotourism
management for sustainable development of marine protected areas in Malaysia. Ocean

Coast Manag 136:104—112. doi: 10.1016/j.ocecoaman.2016.11.023

Maxwell SL, Cazalis V, Dudley N, Hoffmann M, Rodrigues ASL, Stolton S, Visconti P, Woodley
S, Kingston N, Lewis E, Maron M, Strassburg BBN, Wenger A, Jonas HD, Venter O,
Watson JEM (2020) Area-based conservation in the twenty-first century. Nature 586:217—
227. doi: 10.1038/s41586-020-2773-z

Maxwell SM, Hazen EL, Lewison RL, Dunn DC, Bailey H, Bograd SJ, Briscoe DK, Fossette S,
Hobday AJ, Bennett M, Benson S, Caldwell MR, Costa DP, Dewar H, Eguchi T, Hazen L,
Kohin S, Sippel T, Crowder LB (2015) Dynamic ocean management: Defining and
conceptualizing real-time management of the ocean. Mar Policy 58:42-50. doi:

10.1016/j.marpol.2015.03.014

Maynard LD, Carvalho PC, Davoren GK (2020) Seabirds vary responses to supplemental food
under dynamic natural prey availability and feeding aggregation composition. Auk 137:1—

3. doi: 10.1093/auk/ukz062

MegaPesca (2010) Specific convention no. 28: Ex-post evaluation of the current protocol to the
fisheries partnership agreement between the Europea Union and Cape Verde and analysis

of the impact of the future protocol on sustainability.

Melo T, Monteiro R (2016) PAOC — 2016 (Dakar — Senegal).

222



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Melvin EF, Guy TJ, Read LB (2013) Reducing seabird bycatch in the South African joint venture
tuna fishery using bird-scaring lines , branch line weighting and nighttime setting of hooks.

Fish Res 147:72-82. doi: 10.1016/].fishres.2013.04.015

Mendez L, Cotté C, Prudor A, Weimerskirch H (2016) Variability in foraging behaviour of red-
footed boobies nesting on Europa Island. Acta Oecologica 72:87-97. doi:
10.1016/j.actao.2015.10.017

Mendez L, Borsa P, Cruz S, De Grissac S, Hennicke |, Lallemand ], Prudor A, Weimerskirch H
(2017a) Geographical variation in the foraging behaviour of the pantropical red-footed

booby. Mar Ecol Prog Ser 568:217-230. doi: 10.3354/meps|2052

Mendez L, Prudor A, Weimerskirch H (2017b) Ontogeny of foraging behaviour in juvenile red-
footed boobies (Sula sula). Sci Rep 7:1—1 1. doi: 10.1038/s41598-017-14478-7

Meunier T, Barton ED, Barreiro B, Torres R (2012) Upwelling filaments off cap blanc: Interaction
of the NW african upwelling current and the cape verde frontal zone eddy field? | Geophys

Res Ocean. doi: 10.1029/2012JC007905

Militao T, Dinis HA, Zango L, Calabuig P, Stefan LM, Gonzalez-Solis | (2017) Population size,
breeding biology and on-land threats of Cape Verde petrel (Pterodroma feae) in Fogo

Island, Cape Verde. PLoS One 12:1-20. doi: 10.1371/journal.pone.0 174803

Miller MGR, Silva FRO, Machovsky-Capuska GE, Congdon BC (2018) Sexual segregation in
tropical seabirds: drivers of sex-specific foraging in the Brown Booby Sula leucogaster. |

Ornithol 159:425-437. doi: 10.1007/s10336-017-1512-1

Moilanen A (2007) Landscape Zonation, benefit functions and target-based planning: Unifying
reserve selection strategies. Biol Conserv 134:571-579. doi:

10.1016/].biocon.2006.09.008

Moilanen A, Franco AMA, Early RI, Fox R, Wintle B, Thomas CD (2005) Prioritizing multiple-
use landscapes for conservation: Methods for large multi-species planning problems. Proc

R Soc B Biol Sci 272:1885-1891. doi: 10.1098/rspb.2005.3 | 64

Monteiro A (2005) Social-economic importance of the Cape Verde shearwater Calonectris

223



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

edwardsii in the communities of Ribeira Grande and Padl, Santo Antdo. |.
Monteiro A, Correia C (2007) Seabirds and Fishermen (Aves Marinhas e os Pescadores). Praia
Monteiro C (2019) Ecologia trdéfica de la comunidad de aves marinas de Cabo Verde. Barcelona

Monteiro P, Ribeiro D, Silva JA, Bispo ], Gongalves JMS (2008) Ichthyofauna assemblages from
two unexplored Atlantic seamounts: Northwest Bank and Joao Valente Bank (Cape Verde

Archipelago). Sci Mar 72:133—143. doi: 10.3989/scimar.2008.72n1 133

Montevecchi W (2001) Interactions between Fisheries and Seabirds. In: Schreiber E, Burger |

(eds) Biology of Marine Birds. Marine Biology Series, pp 527-558

Montevecchi W, Myers RA (1995) Prey harvests of seabirds reflect pelagic fish and squid

abundance on multiple spatial and temporal scales. Mar Ecol Prog Ser | 17:1-9.

Montrond G (2020) Assessing Sea Turtle, Seabird and Shark bycatch in Artisanal, Semi-industrial

and Industrial of Fisheries in the Cabo Verde Archipelago. Cape Town

Moore JE, Cox TM, Lewison RL, Read AJ, Bjorkland R, McDonald SL, Crowder LB, Aruna E,
Ayissi |, Espeut P, Joynson-Hicks C, Pilcher N, Poonian CNS, Solarin B, Kiszka | (2010) An
interview-based approach to assess marine mammal and sea turtle captures in artisanal

fisheries. Biol Conserv 143:795-805. doi: 10.1016/j.biocon.2009.12.023

Mullers RHE, Navarro RA, Crawford RJM, Underhill LG (2009) The importance of lipid-rich fish
prey for Cape gannet chick growth: Are fishery discards an alternative?! ICES | Mar Sci
66:2244-2252. doi: 10.1093/icesjms/fsp210

Murray TE, Bartle JA, Kalish SR, Taylor PR (1993) Incidental Capture of seabirds by Japanese
southern bluefin tuna longline vessels in New Zealand waters , 1988-1992. Bird Conserv

Int 3:181-210. doi: 10.1017/50959270900000897

Naidoo R, Gerkey D, Hole D, Pfaff A, Ellis AM, Golden CD, Herrera D, Johnson K, Mulligan M,
Ricketts TH, Fisher B (2019) Evaluating the impacts of protected areas on human well-

being across the developing world. Sci Adv 5:1-8. doi: 10.1126/sciadv.aav3006

Nakagawa S, Schielzeth H (2010) Repeatability for Gaussian and non-Gaussian data: A practical

224



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

guide for biologists. Biol Rev 85:935-956. doi: 10.1111/j.1469-185X.2010.00141 .x

Natsir M, Ruchimat T, Agustina S, Yulianto | (2019) Application of global positioning system
tracker to detect the fishing ground location and effective effort in artisanal fishery. Sensors

Mater 31:803-814. doi: 10.18494/SAM.2019.2238

Navarro ], Moreno R, Braun L, Sanpera C, Hennicke JC (2014) Resource partitioning between
incubating and chick-rearing brown boobies and red-tailed tropicbirds on Christmas Island.

Zool Stud 53:1-6. doi: 10.1186/540555-014-0027-1

Neves T, Mancini PL, Nascimento L, Miguéis AMB, Bugoni L (2006) Overview of Seabird
Bycatch By Brazilian Fisheries in the South Atlantic Ocean. Col Vol Sci Pap ICCAT
60:2085-2093.

Neves VC, Nolf D, Clarke MR (201 |') Diet of bulwer’s petrel (Bulweria bulwerii) in the Azores,
NE Atlantic. Waterbirds 34:357-362. doi: 10.1675/063.034.0310

Neves VC, Bried |, Gonzalez-Solis ], Roscales JL, Clarke MR (2012) Feeding ecology and
movements of the Barolo shearwater Puffinus baroli baroli in the Azores, NE Atlantic. Mar

Ecol Prog Ser 452:269-285. doi: 10.3354/meps09670

Nevitt GA (2008) Sensory ecology on the high seas: The odor world of the procellariiform
seabirds. | Exp Biol 21 1:1706—1713. doi: 10.1242/jeb.015412

Norriss | V, Fisher EA, Denham AM (2020) Seabird bycatch in a sardine purse seine fishery.
ICES ] Mar Sci 77:2971-2983. doi: 10.1093/icesjms/fsaal 79

Nur N, Jahncke |, Herzog MP, Howar |, Hyrenbach KD, Zamon JE, Ainley DG, Wiens A,
Morgan K, Balance LT, Stralberg D (201 I') Where the wild things are: Predicting hotspots
of seabird aggregations in the California Current System. Ecol Appl 21:2241-2257. doi:
10.1890/10-1460.1

Oksanen |, Blanchet F, Kindt R, Legendre P, Minchin P, O’hara R, Simpson G, Solymos P, Stevens
M, Wagner H (2013) Package ‘vegan’. Community ecology package, version 2, 1-295.

Oliveira N, Henriques A, Miodonski |, Pereira |, Marujo D, Almeida A, Barros N, Andrade |,

225



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Marcalo A, Santos |, Oliveira IB, Ferreira M, Aradjo H, Monteiro S, Vingada |, Ramirez |
(2015) Seabird bycatch in Portuguese mainland coastal fisheries: An assessment through
on-board observations and fishermen interviews. Glob Ecol Conserv 3:5[1-61. doi:

10.1016/j.gecco.2014.11.006

Oliveira NUNO, Almeida ANA, Alonso H, Constantino E, Ferreira A, Gutiérrez |, Santos ANA,
Silva E, Andrade JOANA (2020) A contribution to reducing bycatch in a high priority area
for seabird conservation in Portugal. Bird Conserv Int. doi: 10.1017/50959270920000489

Oliver S, Braccini M, Newman SJ, Harvey ES (2015) Global patterns in the bycatch of sharks and
rays. Mar Policy 54:86-97. doi: 10.1016/j.marpol.2014.12.017

Oppel S, Meirinho A, Ramirez I, Gardner B, O’Connell AF, Miller Pl, Louzao M (2012)
Comparison of five modelling techniques to predict the spatial distribution and abundance

of seabirds. Biol Conserv |56:94—104. doi: 10.1016/j.biocon.2011.11.013

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

Orben RA, Adams |, Hester M, Shaffer SA, Suryan RM, Deguchi T, Ozaki K, Sato F, Young LC,
Clatterbuck C, Conners MG, Kroodsma DA, Torres LG (2021) Across borders: External
factors and prior behaviour influence North Pacific albatross associations with fishing

vessels. | Appl Ecol 58:1272—-1283. doi: 10.1111/1365-2664.13849

Orians G, Pearson N (1979) On the theory of central place foraging. In: Analysis of ecological
systems. Columbus Ohio Univ Press |54—177.

Paiva VH (2022) Seabirds as Indicators of Oceanographic Changes. In: Ramos ], Pereira L (eds)
Seabird Biodiversity and Human Activities. CRC Press, Boca Raton, FL, pp 149168

Paiva VH, Geraldes P, Ramirez |, Meirinho A, Garthe S, Ramos JA (2009) Foraging plasticity in

a pelagic seabird species along a marine productivity gradient. Mar Ecol Prog Ser 398:259—

274. doi: 10.3354/meps08319

226



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Paiva VH, Geraldes P, Ramirez |, Garthe S, Ramos JA (2010a) How area restricted search of a
pelagic seabird changes while performing a dual foraging strategy. Oikos | 19:1423—1434.
doi: 10.1111/j.1600-0706.2010.18294.x

Paiva VH, Geraldes P, Ramirez I, Meirinho A, Garthe S, Ramos JA (2010b) Oceanographic
characteristics of areas used by Cory’s shearwaters during short and long foraging trips in

the North Atlantic. Mar Biol 157:1385-1399. doi: 10.1007/500227-010-1417-5

Paiva VH, Geraldes P, Marques V, Rodriguez R, Garthe S, Ramos JA (2013a) Effects of
environmental variability on different trophic levels of the North Atlantic food web. Mar

Ecol Prog Ser 477:15-28. doi: 10.3354/meps|0180

Paiva VH, Geraldes P, Ramirez |, Werner AC, Garthe S, Ramos JA (2013b) Overcoming difficult
times: The behavioural resilience of a marine predator when facing environmental

stochasticity. Mar Ecol Prog Ser 486:277-288. doi: 10.3354/meps 10332

Paiva VH, Geraldes P, Rodrigues |, Melo T, Melo |, Ramos JA (2015) The foraging ecology of
the endangered Cape Verde shearwater, a sentinel species for marine conservation off

West Africa. PLoS One 10:1-19. doi: 10.1371/journal.pone.0139390

Paiva VH, Pereira |, Ceia FR, Ramos JA (2017) Environmentally driven sexual segregation in a

marine top predator. Sci Rep 7:1—1|. doi: 10.1038/s41598-017-02854-2

Palomares MLD, Pauly D (2019) Coastal Fisheries: The Past, Present, and Possible Futures.

Elsevier Inc.

Palumbi S (2003) Population Genetics, Demographic connectivity, and the design of marine

reserves. Ecol Appl 13:146—158.

Panagopoulou A, Meletis ZA, Margaritoulis D, Spotila |R (2017) Caught in the same net? Small-
scale fishermen’s perceptions of fisheries interactions with sea turtles and other protected

species. Front Mar Sci 4:1—15. doi: 10.3389/fmars.2017.00180

Parnell A (2020) Simmr: A Stable Isotope Mixing Model. R package version 0.4.2. In:
https://CRAN.R-project.org/package=simmr.

227



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Passadore C, Moller L, Diaz-Aguirre F, Parra GJ (2018) High site fidelity and restricted ranging
patterns in southern Australian bottlenose dolphins. Ecol Evol 8:242-256. doi:
10.1002/ece3.3674

Patrick SC, Weimerskirch H (2017) Reproductive success is driven by local site fidelity despite
stronger specialisation by individuals for large-scale habitat preference. | Anim Ecol 86:674—

682. doi: 10.1111/1365-2656.12636

Patrick SC, Bearhop S, Bodey TW, Grecian W/, Hamer KC, Lee ], Votier SC (2015) Individual
seabirds show consistent foraging strategies in response to predictable fisheries discards. |

Avian Biol 46:431-440. doi: 10.1111/jav.00660

Pauly D, Zeller D (2016) Catch reconstructions reveal that global marine fisheries catches are

higher than reported and declining. Nat Commun 7:1-9. doi: 10.1038/ncomms|0244

Pauly D, Christensen V, Dalsgaard |, Froese R, Jr FT (1998) Fishing down marine food webs.
Science (80-) 279:860-863.

Pauly D, Christensen V, Guénette S, Pitcher TJ, Sumaila UR, Walters CJ, Watson R, Zeller D
(2002) Towards sustainability in world fisheries. Nature 418:689-695. doi:
10.1038/nature0 1017

Pauly D, Watson R, Alder | (2005) Global trends in world fisheries: Impacts on marine
ecosystems and food security. Philos Trans R Soc B Biol Sci 360:5-12. doi:
10.1098/rstb.2004.1574

Pearcy WG, Fisher JP, Anma G, Meguro T (1996) Species associations of epipelagic nekton of
the North Pacific Ocean, 1978-1993. Fish Oceanogr 5:1-20. doi: 10.1111/j.1365-
2419.1996.tb000 1 3.x

Pebesma E (2018) Simple Features for R: Standardized Support for Spatial Vector Data,. R |
10:439-446.

Pelegri JL, Aristegui ], Cana L, Gonzdlez-Davila M, Hernandez-Guerra A, Herndndez-Le6n S,
Marrero-Diaz A, Montero MF, Sangra P, Santana-Casiano M (2005) Coupling between the

open ocean and the coastal upwelling region off northwest Africa: Water recirculation and

228



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

offshore  pumping of organic matter. | Mar Syst 54:3-37. doi:
10.1016/].jmarsys.2004.07.003

Pelletier L, Kato A, Chiaradia A, Ropert-Coudert Y (2012) Can thermoclines be a cue to prey

distribution for marine top predators? a case study with little penguins. PLoS One 7:4-8.

doi: 10.1371/journal.pone.003 1768

Pefa-lzquierdo |, Pelegri JL, Pastor M V., Castellanos P, Emelianov M, Gasser M, Salvador |,
Vazquez-Dominguez E (2012a) El sistema de corrientes de talud continental entre Cabo

Verde y las Islas Canarias. Sci Mar 76:65—78. doi: 10.3989/scimar.03607.18C

Pefa-lzquierdo ], Pelegri JL, Pastor M V., Castellanos P, Emelianov M, Gasser M, Salvador |,
Vazquez-Dominguez E (2012b) The continental slope current system between Cape

Verde and the Canary Islands. Sci Mar 76:65—78. doi: 10.3989/scimar.03607.18C

Pereira JM, Paiva VH, Phillips RA, Xavier JC (2018) The devil is in the detail: small-scale sexual
segregation despite large-scale spatial overlap in the wandering albatross. Mar Biol. doi:

10.1007/s00227-018-3316-0

Pereira JM, Ramos JA, Marques AM, Ceia FR, Kriiger L, Votier SC, Paiva VH (2021) Low spatial
overlap between foraging shearwaters during the breeding season and industrial fisheries

off the west coast of Portugal. Mar Ecol Prog Ser 657:209-221. doi: 10.3354/meps 13549

Pérez-Rodriguez P, Pelegri JL, Marrero-Diaz A (2001) Dynamical characteristics of the Cape
Verde frontal zone. Sci Mar 65:241-250. doi: 10.3989/scimar.2001.65s1241

Petrossian GA, Clarke RV (2020) Disaggregating illegal fishing losses for the 22 countries of the
West African Coast. Marit Stud. doi: 10.1007/s40152-020-00197-9

Pettex E, Bonadonna F, Enstipp MR, Siorat F, Grémillet D (2010) Northern gannets anticipate
the spatio-temporal occurrence of their prey. | Exp Biol 213:2365-2371. doi:
10.1242/jeb.042267

Pettex E, Lambert C, Fort |, Dorémus G, Ridoux V (2019) Spatial segregation between

immatures and adults in a pelagic seabird suggests age-related competition. | Avian Biol.

doi: 10.1111/jav.01935

229



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Phillips DL, Inger R, Bearhop S, Jackson AL, Jonathan W, Parnell AC, Semmens BX, Ward E|
(2014) Best practices for use of stable isotope mixing models in food web studies. Can |

Zool 92:823-835. doi: 10.1139/¢jz-2014-0127

Phillips RA, Xavier JC, Croxall JP (2003) Effects of sattelite transmitters on albatrosses and
petrels. Auk [20:1082-1090.

Phillips RA, Silk JRD, Phalan B, Catry P, Croxall JP (2004) Seasonal sexual segregation in two
Thalassarche albatross species: Competitive exclusion, reproductive role specializaion or
foraging niche divergence! Proc R Soc B Biol Sci 271:1283-1291. doi:
10.1098/rspb.2004.2718

Phillips RA, McGill RAR, Dawson DA, Bearhop S (201 |) Sexual segregation in distribution, diet
and trophic level of seabirds: Insights from stable isotope analysis. Mar Biol 158:2199-2208.
doi: 10.1007/s00227-01 |-1725-4

Philpot SM, Lavers JL, Nugegoda D, Gilmour ME, Hutton |, Bond AL (2019) Trace element
concentrations in feathers of seven petrels (Pterodroma spp.). Environ Sci Pollut Res

26:9640-9648. doi: 10.1007/s11356-019-04406-9

Pichegru L, Ryan PG, Van Der Lingen CD, Coetzee |, Ropert-Coudert Y, Grémillet D (2007)
Foraging behaviour and energetics of Cape gannets Morus capensis feeding on live prey
and fishery discards in the Benguela upwelling system. Mar Ecol Prog Ser 350:127—136. doi:
10.3354/meps07128

Pikitch EK, Rountos K], Essington TE, Santora C, Pauly D, Watson R, Sumaila UR, Boersma PD,
Boyd IL, Conover DO, Cury P, Heppell SS, Houde ED, Mangel M, Plaganyi E, Sainsbury K,
Steneck RS, Geers TM, Gownaris N, Munch SB (2014) The global contribution of forage
fish to marine fisheries and ecosystems. Fish Fish 15:43—64. doi: 10.1111/faf.12004

PNUD (2010) PRODOC:4176 - Programa Estratégico do Fundo Global do Ambiente (GEF)
para a Africa Ocidental - SPWA- Sub-Componente Biodiversidade - Consolidacio do

Sistema de Areas Protegidas de Cabo Verde, Praia. Praia

Poli CL, Harrison AL, Vallarino A, Gerard PD, Jodice PGR (2017) Dynamic oceanography

determines fine scale foraging behavior of Masked Boobies in the Gulf of Mexico. PLoS

230



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

One 12:1-24. doi: 10.1371/journal.pone.0178318

Polidoro BA, Ralph GM, Strongin K, Harvey M, Carpenter KE, Arnold R, Buchanan JR, Camara
KMA, Collette BB, Comeros-Raynal MT, De Bruyne G, Gon O, Harold AS, Harwell H,
Hulley PA, Iwamoto T, Knudsen SW, Lewembe | de D, Linardich C, Lindeman KC,
Monteiro V, Munroe T, Nunoo FKE, Pollock CM, Poss S, Russell B, Sayer C, Sidibe A,
Smith-Vaniz W, Stump E, Sylla M, Tito De Morais L, Vié JC, Williams A (2017) The status
of marine biodiversity in the Eastern Central Atlantic (West and Central Africa). Aquat
Conserv Mar Freshw Ecosyst 27:1021-1034. doi: 10.1002/aqc.2744

Ponton-Cevallos |, Dwyer RG, Franklin CE, Bunce A (2017) Understanding resource
partitioning in sympatric seabirds living in tropical marine environments. Emu | 17:31-39.

doi: 10.1080/01584197.2016.1265431

Potier M, Marsac F, Cherel Y, Lucas V, Sabatié R, Maury O, Ménard F (2007) Forage fauna in
the diet of three large pelagic fishes (lancetfish, swordfish and yellowfin tuna) in the western

equatorial Indian Ocean. Fish Res 83:60-72. doi: 10.1016/].fishres.2006.08.020

Potier S, Carpentier A, Grémillet D, Leroy B, Lescroél A (2015) Individual repeatability of
foraging behaviour in a marine predator, the great cormorant, Phalacrocorax carbo. Anim

Behav 103:83—-90. doi: 10.1016/j.anbehav.2015.02.008

Pott C, Wiedenfeld DA (2017) Information gaps limit our understanding of seabird bycatch in
global fisheries. Biol Conserv 210:192-204. doi: 10.1016/j.biocon.2017.04.002

Queiroz N, Humphries NE, Mucientes G, Hammerschlag N, Lima FP, Scales KL, Miller PI, Sousa
LL, Seabra R, Sims DW (2016) Ocean-wide tracking of pelagic sharks reveals extent of
overlap with longline fishing hotspots. Proc Natl Acad Sci U S A 113:1582—1587. doi:
10.1073/pnas. 15100901 13

Quillfeldt P, McGill RAR, Furness RW (2005) Diet and foraging areas of Southern Ocean
seabirds and their prey inferred from stable isotopes: Review and case study of Wilson’s

storm-petrel. Mar Ecol Prog Ser 295:295-304. doi: 10.3354/meps295295

Quillfeldt P, Strange 1], Masello JF (2007) Sea surface temperatures and behavioural buffering

capacity in thin-billed prions Pachyptila belcheri: Breeding success, provisioning and chick

231



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

begging. | Avian Biol 38:298-308. doi: 0.1 11/j.2007.0908-8857.03846.x

Ramos JA, Rodrigues |, Melo T, Geraldes P, Paiva VH (2018) Variation in ocean conditions
affects chick growth , trophic ecology , and foraging range in Cape Verde Shearwater.

Condor 120:283-290. doi: 10.1650/CONDOR-17-220.1

Ramos R, Gonzélez-Solis |, Ruiz X (2009) Linking isotopic and migratory patterns in a pelagic
seabird. Oecologia 160:97—-105. doi: 10.1007/500442-008-1273-x

Ramos R, Sanz V, Militao T, Bried ], Neves VC, Biscoito M, Phillips RA, Zino F, Gonzélez-Solis |
(2015) Leapfrog migration and habitat preferences of a small oceanic seabird, Bulwer’s

petrel (Bulweria bulwerii). | Biogeogr 42:1651—1664. doi: 10.1111/jbi.1254

Ramos R, Ramirez |, Paiva VH, Militdo T, Biscoito M, Menezes D, Phillips RA, Zino F, Gonzélez-
Solis | (2016) Global spatial ecology of three closely-related gadfly petrels. Sci Rep 6:1—11.
doi: 10.1038/srep23447

Ramos R, Carlile N, Madeiros |, Ramirez |, Paiva VH, Dinis HA, Zino F, Biscoito M, Leal GR,
Bugoni L, Jodice PGR, Ryan PG, Gonzalez-Solis | (2017) It is the time for oceanic seabirds:
Tracking year-round distribution of gadfly petrels across the Atlantic Ocean. Divers Distrib

23:794-805. doi: 10.1111/ddi.12569

Read AJ, Drinker P, Northridge S (2006) Bycatch of Marine Mammals in U . S . and Global
Fisheries. Conserv Biol 20:163—169. doi: 10.1111/j.1523-1739.2006.00338.x

Receveur A, Menkes C, Allain V, Lebourges-Dhaussy A, Nerini D, Mangeas M, Ménard F (2020)
Seasonal and spatial variability in the vertical distribution of pelagic forage fauna in the
Southwest Pacific. Deep Res Part Il Top Stud Oceanogr 175:104655. doi:
10.1016/j.dsr2.2019.104655

Reeves RR, Mcclellan K, Werner TB (2013) Marine mammal bycatch in gillnet and other
entangling net fisheries , 1990 to 2011|. Endanger Species Res 20:71-97. doi:
10.3354/esr00481

Relano V, Palomares MLD, Pauly D (2021) Comparing the performance of four very large

marine protected areas with different levels of protection. Sustain. doi:

232



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

10.3390/sul3179572

Requena S, Oppel S, Bond AL, Hall J, Cleeland ], Crawford RJM, Davies D, Dilley BJ, Glass T,
Makhado A, Ratcliffe N, Reid TA, Ronconi RA, Schofield A, Steinfurth A, Wege M, Bester
M, Ryan PG (2020) Marine hotspots of activity inform protection of a threatened
community of pelagic species in a large oceanic jurisdiction. Anim Conserv 23:585-596.

doi: 10.1111/acv.12572

Reyes-Gonzalez |M, De Felipe F, Morera-Pujol V, Soriano-Redondo A, Navarro-Herrero L,
Zango L, Garcia-Barcelona S, Ramos R, Gonzalez-Solis ] (2020) Sexual segregation in the
foraging behaviour of a slightly dimorphic seabird: Influence of the environment and fishery

activity. ] Anim Ecol 90:1 109—1121. doi: 10.1'111/1365-2656.13437

Reynolds S), Wearn CP, Hughes B, Dickey RC, Garrett LJH, Walls S, Hughes FT, Weber N,
Weber SB, Leat EHK, Andrews K, Ramos JA, Paiva VH (2021) Year-Round Movements of
Sooty Terns (Onychoprion fuscatus) Nesting Within One of the Atlantic’s Largest Marine
Protected Areas. Front Mar Sci 8:1—15. doi: 10.3389/fmars.2021.744506

Robards MD, Silber GK, Adams |D, Arroyo |, Lorenzini D, Schwehr K, Amos | (2016)
Conservation science and policy applications of the marine vessel Automatic ldentification

System (AIS)-A review. Bull Mar Sci 92:75—-103. doi: 10.5343/bms.2015.1034

Roberts CM, Halpern B, Palumbi SR, Warner RR (2001) Designing Marine Reserve Networks
Why Small, Isolated Protected Areas Are Not Enough. Conserv Pract 2:10-17. doi:
10.1111/j.1526-4629.2001.tb000 | 2.x

Roberts CM, Hawkins JP, Gell FR (2005) The role of marine reserves in achieving sustainable
fisheries. Philos Trans R Soc B Biol Sci 360:123—132. doi: 10.1098/rstb.2004.1578

Robertson GJ, Reed A, Gilchrist HG (2001) Clutch, egg and body size variation among common
eiders breeding in Hudson Bay, Canada. Polar Res 20:85-94. doi: 10.1111/j.1751-
8369.2001.tb0004 | .x

Rocha AC, Afonso CM, Hazevoet C|, Almeida C, Lopes E, de Loura |, Melo ], Melo J, Cabral ],
Lopes JF, Ferreira JA, Ceriaco LM, Brooke M de L, Donald PF, Vasconcelos R, Monteiro
R, Freitas R, Melo T, Lobin W (2015) Histéria Natural das llhas Desertas.

233



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Rodrigues | (2014) Ecologia Tréfica/Alimentar da Cagarra-de-Cabo-Verde (Calonectris
edwardsii) da Populagao do llhéu Raso, Cabo Verde. Univesity of Cabo Verde

Rodriguez A, Burgan G, Dann P, Jessop R, Negro JJ, Chiaradia A (2014) Fatal attraction of short-

tailed shearwaters to artificial lights. PLoS One. doi: 10.1371/journal.pone.01 101 [4

Rodriguez A, Garcia D, Rodriguez B, Cardona E, Parpal L, Pons P (2015) Artificial lights and
seabirds: s light pollution a threat for the threatened Balearic petrels? | Ornithol |56:893—
902. doi: 10.1007/s10336-015-1232-3

Rollinson DP, Wanless RM, Ryan PG (2017) Patterns and trends in seabird bycatch in the pelagic
longline  fishery off South  Africa. African ] Mar Sci 39:9-25. doi
10.2989/1814232X.2017.1303396

Ronconi RA, Lascelles BG, Langham GM, Reid |B, Oro D (2012) The role of seabirds in Marine
Protected Area identification, delineation, and monitoring: Introduction and synthesis. Biol

Conserv 156:1-4. doi: 10.1016/j.biocon.2012.02.016

Ropert-Coudert Y, Grémillet D, Ryan P, Kato A, Naito Y, Le Maho Y (2004) Between air and
water: The plunge dive of the Cape Gannet Morus capensis. Ibis (Lond 1859) 146:281—
290. doi: 10.1111/j.1474-919x.2003.00250.x

Rowlands G, Brown |, Soule B, Boluda PT, Rogers AD (2019) Satellite surveillance of fishing
vessel activity in the Ascension Island Exclusive Economic Zone and Marine Protected

Area. Mar Policy 101:39-50. doi: 10.1016/j.marpol.2018.11.006

Ryan PG, Ryan EM, Glass |P (2021) Dazzled by the light: the impact of light pollution from ships
on seabirds at  Tristan da  Cunha. Ostrich 92:218-224. doi:
10.2989/00306525.2021.1984998

Sabatié R, Potier M, Broudin C, Seret B, Ménard F, Marsac F (2003) Preliminary analysis of some
pelagic fish diet in the Eastern Central Atlantic. Col Vol Sci Pap ICCAT 55:292-302.

Sachs | (2001) Tropical Underdevelopment. Cambridge

Sahrhage D, Lundbeck | (2012) A History of Fishing. Springer Berlin Heidelberg

234



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Sala E, Giakoumi S (2018) Food for Thought No-take marine reserves are the most effective

protected areas in the ocean. ICES | Mar Sci 75:1166—1168. doi: 10.1093/icesjms/fsx059

Sanchez A, Belda E] (2003) Bait loss caused by seabirds on longline fisheries in the northwestern

mediterranean: Is night setting an effective mitigation measure! Fish Res 60:99—-106. doi:

10.1016/50165-7836(02)00055-3

Sato K, Watanuki Y, Takahashi A, Miller PJO, Tanaka H, Kawabe R, Ponganis PJ, Handrich Y,
Akamatsu T, Watanabe Y, Mitani Y, Costa DP, Bost CA, Aoki K, Amano M, Trathan P,
Shapiro A, Naito Y (2007) Stroke frequency, but not swimming speed, is related to body
size in free-ranging seabirds, pinnipeds and cetaceans. Proc R Soc B Biol Sci 274:471-477.
doi: 10.1098/rspb.2006.0005

Scales KL, Miller PI, Hawkes LA, Ingram SN, Sims DW, Votier SC (2014) On the front line:
Frontal zones as priority at-sea conservation areas for mobile marine vertebrates. | Appl

Ecol 51:1575—1583. doi: 10.1111/1365-2664.12330

Scheffer M, Carpenter S, De Young B (2005) Cascading effects of overfishing marine systems.
Trends Ecol Evol 20:579-581. doi: 10.1016/j.tree.2005.08.018

Schneider DC (1990) Seabirds and fronts: a brief overview. Polar Res 8:17-21. doi:
10.1111/}.1751-8369.1990.tb00370.x

Schreiber E, Burger | (2001) Biology of Marine Birds, CRC Marine. USA: CRC Press, Boca
Raton, FL

Semedo G (2020) Distribuigao , Abundancia e Conservagao das Aves Marinhas de Cabo Verde.

Coimbra

Semedo G, Paiva V, Militao T, Rodrigues |, Dinis H, Pereira ], Matos D, Ceia F, Almeida N,
Geraldes P, Saldanha S, Barbosa N, Hernandez-Montero M, Fernandes C, Gonzalez-Sélis
J, Ramos ] (2020) Distribution, abundance, and on-land threats to Cabo Verde seabirds.
Bird Conserv Int |-24. doi: 10.1017/50959270920000428

Sequeira AMM, Hays GC, Sims DW, Eguiluz VM, Rodriguez |P, Heupel MR, Harcourt R, Calich
H, Queiroz N, Costa DP, Fernandez-Gracia |, Ferreira LC, Goldsworthy SD, Hindell MA,

235



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Lea MA, Meekan MG, Pagano AM, Shaffer SA, Reisser |, Thums M, Weise M, Duarte CM
(2019) Overhauling Ocean Spatial Planning to Improve Marine Megafauna Conservation.

Front Mar Sci. doi: 10.3389/fmars.2019.00639

Shaffer SA, Weimerskirch H, Costa DP (2001) Functional significance of sexual dimorphism in
Wandering Albatrosses, Diomedea exulans. Funct Ecol 15:203-210. doi: 10.1046/j.1365-
2435.2001.00514.x

Shillinger GL, Palacios DM, Bailey H, Bograd S|, Swithenbank AM, Gaspar P, Wallace BP, Spotila
JR, Paladino F V., Piedra R, Eckert SA, Block BA (2008) Persistent leatherback turtle

migrations present opportunities for conservation. PLoS Biol 6:1408-1416. doi:

10.1371/journal.pbio.0060171

Signer |, Fieberg ], Avgar T (2019) Animal movement tools (amt): R package for managing
tracking data and conducting habitat selection analyses. Ecol Evol 9:880-890. doi:
10.1002/ece3.4823

Silva H (2009) Pesca Artesanal em Cabo Verde - Arte de pesca linha-de-m3o. Universidade de

Aveiro

Silvano RAM, Begossi A (2012) Fishermen’s local ecological knowledge on southeastern

Brazilian coastal fishes: Contributions to research, conservation, and management.

Neotrop Ichthyol 10:133—147. doi: 10.1590/51679-62252012000100013

Silvano RAM, Valbo-|argensen | (2008) Beyond fishermen’s tales: Contributions of fishers’ local
ecological knowledge to fish ecology and fisheries management. Environ Dev Sustain

10:657-675. doi: 10.1007/s510668-008-9149-0

Singleton RL, Roberts CM (2014) The contribution of very large marine protected areas to
marine conservation: Giant leaps or smoke and mirrors? Mar Pollut Bull 87:7-10. doi:

10.1016/j.marpolbul.2014.07.067

Smallhorn-West PF, Stone K, Ceccarelli DM, Malimali S, Halafihi T, Bridge TCL, Pressey RL,
Jones GP (2020) Community management yields positive impacts for coastal fisheries

resources and biodiversity conservation. Conserv Lett |-12. doi: 10.1111/conl.12755

236



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Smith ADM, Brown CJ, Bulman CM, Fulton EA, Johnson P, Kaplan IC, Lozano-Montes H,
Mackinson S, Marzloff M, Shannon L, Shin Y], Tam J (201 I} Impacts of fishing low-trophic
level species on marine ecosystems. Science (80- ) 333:1147-1150. doi:

10.1126/science. 1209395

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

sea distribution using a time-in-area approach. Bird Conserv Int 25:87-96. doi:

10.1017/5095927091400001X

Soanes LM, Bright JA, Carter D, Dias MP, Fleming T, Gumbs K, Hughes G, Mukhida F, Green
JA (2016) Important foraging areas of seabirds from Anguilla, Caribbean: Implications for

marine spatial planning. Mar Policy 70:85-92. doi: 10.1016/j.marpol.2016.04.019

Soppa MA, Dinter T, Taylor BB, Bracher A (2013) Satellite derived euphotic depth in the

Southern Ocean: Implications for primary production modelling. Remote Sens Environ

137:198-211. doi: 10.1016/j.rse.2013.06.017

Soriano-Redondo A, Cortés V, Reyes-Gonzalez M, Guallar S, Bécares |, Rodriguez B, Arcos JM,
Gonzalez-Solis ] (2016) Relative abundance and distribution of fisheries influence risk of

seabird bycatch. Sci Rep 6:1-8. doi: 10.1038/srep37373

Sowman M, Sunde ] (2018) Social impacts of marine protected areas in South Africa on coastal
fishing communities. Ocean Coast Manag 157:168—179. doi:
10.1016/j.ocecoaman.2018.02.013

Spear LB, Ballance LT, Ainley DG (2001) Response of seabirds to thermal boundaries in the
tropical Pacific: The thermocline versus the equatorial front. Mar Ecol Prog Ser 219:275—

289. doi: 10.3354/meps219275

Springer A, Roseneau D, Lloyd D, McRoy C, Murphy E (1986) Seabird responses to fluctuating
prey availability in the eastern Bering Sea. Mar Ecol Prog Ser 32:1-12. doi:
10.3354/meps03200

Srinivasan U, Cheung WW, Watson R, Sumaila UR (2010) Food security implications of global
marine catch losses due to overfishing. | Bioecon [2:183-200. doi: 10.1007/s10818-010-

237



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

9090-9

Steele J, Thorpe S, Turekian K (2001) Ocean Currents. Encycl. Ocean Sci.

Steiner |, Birgi C, Werffeli S, DellOmo G, Valenti P, Troster G, Wolfer DP, Lipp HP (2000) A
GPS logger and software for analysis of homing in pigeons and small mammals. Physiol

Behav 71:589-596. doi: 10.1016/5003 -9384(00)00409- |

Stevenson TC, Tissot BN (2013) Evaluating marine protected areas for managing marine

resource conflict in Hawaii. Mar Policy 39:215-223. doi: 10.1016/j.marpol.2012.11.003

Stoffel M, Nakagawa S, Schielzeth H (2017) rptR: Repeatability estimation and variance
decomposition by generalized linear mixed-effects models. Methods Ecol Evol 8:1639—

| 644. doi: https://dx.doi.org/10.1111/2041-210x.12797

Sullivan BJ, Kibel B, Kibel P, Yates O, Potts JM, Ingham B, Domingo A, Gianuca D, Jiménez S,
Lebepe B, Maree BA, Neves T, Peppes F, Rasehlomi T, Silva-Costa A, Wanless RM (201 8)
At-sea trialling of the Hookpod: a ‘one-stop’ mitigation solution for seabird bycatch in

pelagic longline fisheries. Anim Conserv 21:159—167. doi: 10.1111/acv.12388

Surman CA, Wooller RD (2003) Comparative foraging ecology of five sympatric terns at a sub-
tropical island in the eastern Indian Ocean. | Zool 259:219-230. doi:
10.1017/50952836902003047

Swimmer Y, Zollett EA, Gutierrez A (2020) Bycatch mitigation of protected and threatened
species in tuna purse seine and longline fisheries. Endanger Species Res 43:517-542. doi:

10.3354/ESRO 1069

Sydeman W, Schoeman D, Thompson S, Hoover B, Garcia-Reyes M, Daunt F, Agnew P, Anker-
Nilssen T, Barbraud C, Barrett R, Becker P, Bell E, Boersma P, Bouwhuis S, Cannell B,
Crawford R, Dann P, Delord K, Elliott G, Erikstad K, Flint E, Furness R, Harris M, Hatch S,
Hilwig K, Hinke J, Jahncke |, Mills |, Reiertsen T, Renner H, Sherley R, Surman C, Taylor G,
Thayer |, Trathan P, Velarde E, Walker K, Wanless S, Warzybok P, Watanuki Y (2021a)
Hemispheric asymmetry in ocean change and the productivity of ecosystem sentinels.

Science (80-) 372:980-983. doi: 10.1126/science.abfl 772

238



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Sydeman W/, Hunt GL, Pikitch EK, Parrish JK, Piatt JF, Boersma PD, Kaufman L, Anderson DW,
Thompson SA, Sherley RB (2021b) Food for Thought South Africa ’ s experimental

fisheries closures and recovery of the endangered African penguin. ICES ] Mar Sci 0:1-6.

Sydeman W/, Hunt GL, Pikitch EK, Parrish JK, Piatt JF, Boersma PD, Kaufman L, Anderson DW,
Thompson SA, Sherley RB (2021c) South Africa’s experimental fisheries closures and
recovery of the endangered African penguin. ICES | Mar Sci 78:3538-3543. doi:
10.1093/icesjms/fsab231

Tasker ML, Camphuysen KCJ, Cooper ], Garthe S, Montevecchi W a, Blaber S|M (2000) The
impacts of shing on marine birds. ICES | M™ar Sci 57:531-547. doi:
10.1006/jmsc.2000.007 | 4

Team RC (2021) R: A language and environment for statistical computing. In: R Found. Stat.

Comput.

Teh LCL, Sumaila UR (2013) Contribution of marine fisheries to worldwide employment. Fish
Fish 14:77-88. doi: 10.1111/}.1467-2979.2011.00450.x

Thaxter CB, Daunt F, Hamer KC, Watanuki Y, Harris MP, Grémillet D, Peters G, Wanless S
(2009) Sex-specific food provisioning in a monomorphic seabird, the common guillemot

Uria aalge: Nest defence, foraging efficiency or parental effort? | Avian Biol 40:75-84. doi:
10.11117j.1600-048X.2008.04507 x

Thiebault A, Pistorius P, Mullers R, Tremblay Y (2016) Seabird acoustic communication at sea:

A new perspective using bio-logging devices. Sci Rep 6:1—-6. doi: 10.1038/srep30972

Thiebault A, Charrier |, Pistorius P, Aubin T (2019) At sea vocal repertoire of a foraging seabird.
) Avian Biol 50:1-14. doi: 10.1111/jav.02032

Thiebot |, Ropert-coudert Y, Raclot T, Poupart T, Kato A, Takahashi A (2019) Adélie penguins
’ extensive seasonal migration supports dynamic Marine Protected Area planning in

Antarctica. Mar Policy 109:103692. doi: 10.1016/j.marpol.2019.103692

Thiers L, Delord K, Bost CA, Guinet C, Weimerskirch H (2017) Important marine sectors for

the top predator community around Kerguelen Archipelago. Polar Biol 40:365-378. doi:

239



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

10.1007/500300-016-1964-4

Thomas AC, Carr ME, Strub PT (2001) Chlorophyll variability in eastern boundary currents.
Geophys Res Lett 28:3421-3424. doi: 10.1029/2001GLO13368

Torres L (2018) Moving from overlap to interaction in seabird-fishery analysis. In: GEMM Lab
Blog.  https://blogs.oregonstate.edu/gemmlab/2018/12/10/moving-from-overlap-to-

interaction-in-seabird-fishery-analysis/. Accessed 2| Dec 2021

Torres LG, Sagar PM, Thompson DR, Phillips RA (2013) Scaling down the analysis of seabird-
fishery interactions. Mar Ecol Prog Ser 473:275-289. doi: 10.3354/meps|007 |

Traisnel G, Pichegru L (2019) Success comes with consistency in hard times: Foraging

repeatability relates to sex and breeding output in African penguins. Mar Ecol Prog Ser

608:279-289. doi: 10.3354/meps|2827

Tremblay Y, Thiebault A, Mullers R, Pistorius P (2014) Bird-borne video-cameras show that

seabird movement patterns relate to previously unrevealed proximate environment, not

prey. PLoS One. doi: 10.1371/journal.pone.0088424

Troy JR, Holmes ND, Green MC (201 |) Modeling artificial light viewed by fledgling seabirds.
Ecosphere 2:1—-1 1. doi: 10.1890/es| [-00094.1

Tsui G, Palomares MLD, Froese R, Derrick B, Meeuwig J], N S, Woroniak |, Zeller D, Pauly D
(2020) Fishery biomass trends of exploited fish populations in marine ecoregions , climatic

zones and ocean basins. Estuar Coast Shelf Sci. doi: 10.1016/j.ecss.2020.106896

Underwood MP (2012) Does size matter! Sex differences in white-faced storm petrels ’

ecology. Deakin University

UNEP-WCMC, IUCN (2021) Protected Planet: The World Database on Protected Areas
(WDPA). In: Cambridge, UK. https://www.protectedplanet.net. Accessed 26 Jan 2021

van Ruth P, Redondo Rodriguez A, Davies C, Richardson AJ (2020) Indicators of depth layers

important to phytoplankton production.

Velarde E, Tordesillas M, Vieyra L, Esquivel R (1994) Seabirds as indicators of important fish

240



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

populations in the Gulf of California. Calif Coop Ocean Fish Investig Reports 35:137—143.

Votier SC, Bearhop S, Witt M), Inger R, Thompson D, Newton | (2010) Individual responses of
seabirds to commercial fisheries revealed using GPS tracking, stable isotopes and vessel

monitoring systems. | Appl Ecol 47:487—-497. doi: 10.1111/j.1365-2664.2010.01790.x

Votier SC, Fayet AL, Bearhop S, Bodey TW, Clark BL, Grecian J, Guilford T, Hamer KC, Jeglinski
JWE, Morgan G, Wakefield E, Patrick SC (2017) Effects of age and reproductive status on
individual foraging site fidelity in a long-lived marine predator. Proc R Soc B Biol Sci 284:0-
6. doi: 10.1098/rspb.2017.1068

Wakefield ED, Bodey TW, Bearhop S, Blackburn |, Colhoun K, Davies R, Dwyer RG, Green JA,
Grémillet D, Jackson AL, Jessopp M|, Kane A, Langston RHW, Lescroél A, Murray S, Le
Nuz M, Patrick SC, Péron C, Soanes LM, Wanless S, Votier SC, Hamer KC (2013) Space
partitioning without territoriality in gannets. Science (80- ) 341:68-70. doi:
10.1126/science. 236077

Wakefield ED, Cleasby IR, Bearhop S, Bodey TW, Davies RD, Miller PI, Newton ], Votier SC,
Hamer KC (2015) Long-term individual foraging site fidelity-why some gannets don’t
change their spots. Ecology 96:3058-3074. doi: 10.1890/14-1300. |

Wallace BP, Lewison RL, Mcdonald SL, Mcdonald RK, Kot CY, Kelez S, Bjorkland RK, Finkbeiner
EM, Helmbrecht S, Crowder LB (2010) Global patterns of marine turtle bycatch. Conserv
Lett 3:131-142. doi: 10.1111/}.1755-263X.2010.00105.x

Watson T, Haynie AC, Sullivan PJ, Perruso L, O’Farrell S, Sanchirico N, Mueter F| (2018)
Vessel monitoring systems (VMS) reveal an increase in fishing efficiency following regulatory

changes in a demersal longline fishery. Fish Res 207:85-94. doi:
10.1016/].fishres.2018.06.006

Watts ME, Stewart R, Martin T, Klein C, Carwardine ], Possingham H (2017) Systematic
Conservation Planning with Marxan. Learn Landsc Ecol. doi: 10.1007/978-1-4939-6374-4

WCPA/IUCN (2007) Establishing networks of marine protected areas: A guide for developing

national and regional capacity for building MPA networks.

241



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Weimerskirch H (1998) How can a pelagic seabird provision its chick when relying on a distant
food resource! Cyclic attendance at the colony, foraging decision and body condition in

sooty shearwaters. | Anim Ecol 67:99—109. doi: 10.1046/j.1365-2656.1998.00180.x

Weimerskirch H (2007) Are seabirds foraging for unpredictable resources! Deep Res Part ||
Top Stud Oceanogr 54:211-223. doi: 10.1016/j.dsr2.2006.11.013

Weimerskirch H, Inchausti P, Guinet C, Barbraud C (2003) Trends in bird and seal populations
as indicators of a system shift in the Southern Ocean. Antarct Sci 15:249-256. doi:
10.1017/50954102003001202

Weimerskirch H, Le Corre M, Jaquemet S, Potier M, Marsac F (2004) Foraging strategy of a top
predator in tropical waters: Great frigatebirds in the Mozambique Channel. Mar Ecol Prog

Ser 275:297-308. doi: 10.3354/meps275297

Weimerskirch H, Corre M Le, Jaquemet S, Marsac F (2005a) Foraging strategy of a tropical
seabird, the red- footed booby, in a dynamic marine environment.pdf. Mar Ecol Prog Ser

288:251-261.

Weimerskirch H, Le Corre M, Ropert-Coudert Y, Kato A, Marsac F (2005b) The three-
dimensional flight of red-footed boobies: Adaptations to foraging in a tropical environment!?

Proc R Soc B Biol Sci 272:53-61. doi: 10.1098/rspb.2004.2918

Weimerskirch H, Akesson S, Pinaud D (2006a) Postnatal dispersal of wandering albatrosses
Diomedea exulans: Implications for the conservation of the species. | Avian Biol 37:23-28.

doi: 10.1111/j.0908-8857.2006.03675.x

Weimerskirch H, Corre M Le, Ropert-Coudert Y, Kato A, Marsac F (2006b) Sex-specific
foraging behaviour in a seabird with reversed sexual dimorphism: The red-footed booby.

Oecologia 146:681-691. doi: 10.1007/s00442-005-0226-x

Weimerskirch H, Pinaud D, Pawlowski F, Bost CA (2007) Does prey capture induce area-
restricted search? A fine-scale study using GPS in a marine predator, the wandering

albatross. Am Nat 170:734—743. doi: 10.1086/522059

Weimerskirch H, Le Corre M, Bost CA (2008) Foraging strategy of masked boobies from the

242



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

largest colony in the world: Relationship to environmental conditions and fisheries. Mar

Ecol Prog Ser 362:291-302. doi: 10.3354/meps07424

Weimerskirch H, Le Corre M, Gadenne H, Pinaud D, Kato A, Ropert-Coudert Y, Bost CA
(2009a) Relationship between reversed sexual dimorphism, breeding investment and
foraging ecology in a pelagic seabird, the masked booby. Oecologia 161:637-649. doi:
10.1007/s00442-009-1397-7

Weimerskirch H, Shaffer SA, Tremblay Y, Costa DP, Gadenne H, Kato A, Ropert-Coudert Y,
Sato K, Aurioles D (2009b) Species- and sex-specific differences in foraging behaviour and
foraging zones in blue-footed and brown boobies in the Gulf of California. Mar Ecol Prog

Ser 391:267-278. doi: 10.3354/meps07981

Weimerskirch H, Corre M Le, Kai ET, Marsac F (2010a) Foraging movements of great
frigatebirds from Aldabra Island: Relationship with environmental variables and interactions

with fisheries. Prog Oceanogr 86:204-213. doi: 10.1016/j.pocean.2010.04.003

Weimerskirch H, Bertrand S, Silva J, Marques JC, Goya E (2010b) Use of social information in
seabirds: Compass rafts indicate the heading of food patches. PLoS One. doi
10.1371/journal.pone.0009928

Weimerskirch H, Delord K, Guitteaud A, Phillips RA, Pinet P (2015) Extreme variation in
migration strategies between and within wandering albatross populations during their

sabbatical year, and their fitness consequences. Sci Rep 5:1-7. doi: 10.1038/srep08853

Weimerskirch H, Filippi DP, Collet ], Waugh SM, Patrick SC (2018) Use of radar detectors to
track attendance of albatrosses at fishing vessels. Conserv Biol 32:240-245. doi:

0.1 111/cobi.l2965

Weimerskirch H, Collet |, Corbeau A, Pajot A, Hoarau F, Marteau C, Filippi D, Patrick SC
(2020) Ocean sentinel albatrosses locate illegal vessels and provide the first estimate of the

extent of nondeclared fishing. PNAS | 17:3006-3014. doi: 10.1073/pnas.19154991 17

Weinstein MP, Baird RC, Conover DO, Gross M, Keulartz |, Loomis DK, Naveh Z, Peterson
SB, Reed DJ, Roe E, Swanson RL, Swart JAA, Teal JM, Turner RE, Van Der Windt H) (2007)

Managing coastal resources in the 2lst century. Front Ecol Environ 5:43-48. doi:

243



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

10.1890/1540-9295(2007)5[43:MCRITS]2.0.CO;2

Wenzel FW, Broms F, Lopez-Suarez P, Lopes K, Veiga N, Yeoman K, Rodrigues MSD, Allen |,
Fernald TW, Stevick PT, Jones L, Jann B, Bouveret L, Ryan C, Berrow S, Corkeron P (2020)

Humpback whales (Megaptera novaeangliae) in the cape verde islands: Migratory patterns,

resightings, and abundance. Aquat Mamm 46:21-31. doi: 10.1578/AM.46.1.2020.21

White TD, Carlisle AB, Kroodsma DA, Block BA, Casagrandi R, De Leo GA, Gatto M, Micheli
F, McCauley DJ (2017) Assessing the effectiveness of a large marine protected area for reef

shark conservation. Biol Conserv 207:64-71. doi: 10.1016/j.biocon.2017.01.009

Wiedenfeld D (2016) Seabird bycatch solutions for fishery sustainability. Am Bird Conserv 71.

Wilkinson BP, Haynes-Sutton AM, Meggs L, Jodice PGR (2020) High spatial fidelity among
foraging trips of Masked Boobies from Pedro Cays, Jamaica. PLoS One |5:1-12. doi:
10.1371/journal.pone.023 1654

Wilkinson C (2008) The New IUCN Definition for “ Protected Area ”: Examining Its Effects on
MPA Practice An Australian View on. MPA news [0:1-6.

Williams N (1998) Overfishing Disrupts Entire Ecosystems. Science (80- ) 279:809.

Williams P, Terawasi P (2009) Overview of tuna fisheries in the Western and Central Pacific

Ocean, Including Economic Conditions - 2009.

Wilson L}, McSorley CA, Gray CM, Dean BJ, Dunn TE, Webb A, Reid |B (2009) Radio-telemetry
as a tool to define protected areas for seabirds in the marine environment. Biol Conserv

142:1808—-1817. doi: 10.1016/].biocon.2009.03.019

Wojczulanis K, Jakubas D, Walkusz W, Wennerberg L (2006) Differences in food delivered to
chicks by males and females of little auks (Alle alle) on South Spitsbergen. | Ornithol
147:543-548. doi: 10.1007/510336-006-0077- |

Wong SNP, Gjerdrum C, Gilchrist HG, Mallory ML (2018) Seasonal vessel activity risk to
seabirds in waters off Baffin Island, Canada. Ocean Coast Manag 163:339-351. doi:
10.1016/j.0cecoaman.2018.07.004

244



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Wood S (2017) Generalized Additive Models: An Introduction with R (2nd edition) Chapman
and Hall/CRC.

Wood S, Pya N, Saefken B (2016) Smoothing parameter and model selection for general

smooth models (with discussion). ] Am Stat Assoc | | 1:1548—1575.

Wood SN (2004) Stable and efficient multiple smoothing parameter estimation for generalized

additive models. | Am Stat Assoc 99:673-686. doi: 10.1198/016214504000000980

Worm B, Hilborn R, Baum JK, Branch TA, Collie ]S, Costello C, Fogarty M), Fulton EA,
Hutchings JA, Jennings S, Jensen OP, Lotze HK, Mace PM, McClanahan TR, Minto C,
Palumbi SR, Parma AM, Ricard D, Rosenberg AA, Watson R, Zeller D (2009) Rebuilding
Global Fisheries. Science (80- ) 325:578-585. doi: 10.1126/science.| 173146

Wynn RB, Knefelkamp B (2004) Seabird distribution and oceanic upwelling off northwest Africa.
Br Birds 97:323-335.

Xavier |, Cherel Y (2009) Cephalopod beak guide for the Southern Ocean. British Antarctic
Survey. Cambridge, UK

Xavier JC, Trathan PN, Croxall JP, Wood AG, Podestd G, Rodhouse PG (2004) Foraging
ecology and interactions with fisheries of wandering albatrosses (Diomedea exulans)
breeding at South Georgia. Fish Oceanogr 13:324-344. doi: 10.1111/].1365-
2419.2004.00298.x

Yen PPW, Sydeman W/, Hyrenbach KD (2004) Marine bird and cetacean associations with
bathymetric habitats and shallow-water topographies: Implications for trophic transfer and

conservation. ] Mar Syst 50:79-99. doi: 10.1016/].jmarsys.2003.09.015

Young HS, McCauley DJ, Dirzo R, Dunbar RB, Shaffer SA (2010a) Niche partitioning among and
within sympatric tropical seabirds revealed by stable isotope analysis. Mar Ecol Prog Ser

416:285-294. doi: 10.3354/meps08756

Young HS, Shaffer SA, McCauley DJ, Foley DG, Dirzo R, Block BA (2010b) Resource
partitioning by species but not sex in sympatric boobies in the central Pacific Ocean. Mar

Ecol Prog Ser 403:291-301. doi: 10.3354/meps08478

245



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Zajkova Z, Militao T, Gonzalez-Solis | (2017) Year-round movements of a small seabird and
oceanic isotopic gradient in the tropical Atlantic. Mar Ecol Prog Ser 579:169—183. doi:
10.3354/meps 12269

Zavalaga CB, Halls [N, Mori GP, Taylor SA, Dellomo G (2010) At-sea movement patterns and

diving behavior of Peruvian boobies Sula variegata in northern Peru. Mar Ecol Prog Ser

404:259-274. doi: 10.3354/meps08490
Zeileis A, Kleiber C, Jackman S (2008) Regression Models for Count Data in R.

Zeller D, Cashion T, Palomares M, Pauly D (2017) Global marine fisheries discards : A synthesis
of reconstructed data. Fish Fish 1-10. doi: 10.1111/faf.12233

Zenk W, Klein B, Schroder M (1991) Cape Verde Frontal Zone. Deep Sea Res Part A Oceanogr
Res Pap 38:5505-5530. doi: 10.1016/s0198-0149(12)80022-7

Zhao Q, Stephenson F, Lundquist C, Kaschner K, Jayathilake D, Costello MJ (2020) Where
Marine Protected Areas would best represent 30% of ocean biodiversity. Biol Conserv

244:108536. doi: 10.1016/j.biocon.2020.108536

Zhou C, Jiao Y, Browder ] (2019) Seabird bycatch vulnerability to pelagic longline fisheries:
Ecological traits matter. Aquat Conserv Mar Freshw Ecosyst 29:1324—1335. doi:
10.1002/aqc.3066

Zonfrillo B (1986) Diet of Bulwer’s Petrel Bulweria bulwerii in the Madeiran Archipelago. Ibis
(Lond 1859) 128:570-572. doi: 10.1111/j.1474-919X.1986.tb02708.x

Zupan M, Bulleri F, Evans |, Fraschetti S, Guidetti P, Garcia-Rubies A, Sostres M, Asnaghi V,
Caro A, Deudero S, Gofii R, Guarnieri G, Guilhaumon F, Kersting D, Kokkali A, Kruschel
C, Macic V, Mangialajo L, Mallol S, Macpherson E, Panucci A, Radolovic M, Ramdani M,
Schembri PJ, Terlizzi A, Villa E, Claudet | (2018a) How good is your marine protected area
at curbing threats? Biol Conserv 221:237-245. doi: 10.1016/j.biocon.2018.03.013

Zupan M, Fragkopoulou E, Claudet |, Erzini K, Horta e Costa B, Gongalves EJ (2018b) Marine
partially protected areas: drivers of ecological effectiveness. Front Ecol Environ 16:381—

387. doi: 10.1002/fee.1934

246



Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Zydelis R, Small C, French G (2013) The incidental catch of seabirds in gillnet fisheries: A global
review. Biol Conserv 162:76-88. doi: 10.1016/j.biocon.2013.04.002

247






Tropical seabirds as indicators of Human stressors and as
tools for marine spatial planning in the Tropical Atlantic

Supplements

Table S2.1. Document used for fishermen interviews

Dados do entrevistador

N° do Questionario

Data _ /__ /20l Local

Nome do entrevistador

llha

DADOS GERAIS

I. Dados do entrevistado

NOME:
|dade: Experiéncia: Posicao que ocupa no barco:
[ ] 18-30 anos [ ] <de 2 anos [ Patrdo -
[]31-50 anos [ ]de2a5anos E ma””hlﬁ'rg
[ ]>50 anos [ ]de 6al0anos 0 Oergu ador
utra. Especificar:
[ ]> de 10 anos

2. Caracteristicas da embarcacao

Poténcia
(ev):

Numero de tripulantes:

Comprimento (m):

3. Artes de pesca utilizadas

Abril-Setembro

e N° questionario
adicional

Outubro-Mar¢o % anual

Artesanal | Covos

Linha de mao

Mergulho de apneia

Palangre

Rede de arrasto de praia

Rede de cerco

Rede de emalhar

Qutra: Qual?

Industrial | Covos

Linha/Vara
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Palangre

Rede de cerco

Rede de emalhar

Outra: Qual?

4. Caracteristicas da arte (Preencher s para as artes de pesca que o pescador utiliza)

Covo [ ] Artesanal [ ] Industrial
Ndmero de linhas da calada
Comprimento total da arte (metros)
Numero de covos por linha
Tamanho (entrada dos covos —em cm)
Material do covo
Numero de dias de pesca por més Primavera/Verio:
Outono/Inverno:

Isco utilizado Tino de isco: [ ]0-10em [ ] Primavera/Verio
Isco | o ce Isco: [ ]10-20 cm [] Outono/Inverno

- []>20cm
Tivo de isco: [ ]10-10cm [ Primavera/Verio
lsco 2 | PG [ ]10-20 cm [ ] Outono/Inverno

- []>20cm
. o [ ]0-10em [ ] Primavera/Verio
Isco 3 Tipo de isce; [ ]10-20 cm [] Outono/Inverno

- []>20cm

Observagoes:
Linha de mio/Vara [ ] Artesanal [ ] Industrial

N° de linhas/varas da calada

Comprimento total da arte (em metros)

Ndmero de anzdis em média

Medida do Anzal

Tamanho do anzol ~  -—"" g

/
! [ Garganta |abertura

Barbela

Tipo:

Bonta

Comprimento/Medida do anzol:
Abertura:
Garganta:

Numero de dias de pesca por més

Primavera/Verao:
Outono/Inverno:

Isco utilizado Tivo de isco: [ ]10-10cm [ Primavera/Verio
Isco | —po delsco. [ ]10-20 cm [] Outono/Inverno

- []>20cm
) . [ ]0-10em [ ] Primavera/Verio
Isco 2 Tipo deisco: [ ]10-20 cm [ ] Outono/Inverno

- []1>20cm
. . []0-10cm [ Primavera/Verio
Isco 3 Tipo de isco; [ ]10-20 cm [ ] Outono/Inverno

- []>20cm

Observacoes:

Mergulho de apneia

Numero de dias de pesca por més

Primavera/Verao:
Outono/Inverno:

Espécies alvo
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Observagoes:

Palangre

[] Demersal (fundo)
[ ] Pelagico (superficie)

Usa béias? Sim [ Nio [ ]

[ ] Industrial

Ndmero de linhas de calada

Comprimento total da arte (metros)

Ndmero anzdis em médio

Numero de dias de pesca por més

Primavera/Verao:
Outono/Inverno:

Medida do Anzol

Tamanho do anzol | -—""""gu | Comprimento/Medida do anzol:
A e Abertura:
| Garganta:
= Tipo:
Isco utilizado Tino de isco: [ ]10-10cm [ Primavera/Verio
lsco | | —P-AEIsCo: [ ]10-20 cm [ ] Outono/Inverno
- []>20cm
) o [ ]0-10em [ ] Primavera/Verio
Isco 2 Tipo de isco; [ ]10-20 cm [] Outono/Inverno
- []>20cm
Tino de isco: [ ]10-10cm [ Primavera/Verio
lsco 3 | —PAEsC0 EIO-ZO cm [ ] Outono/Inverno
- > 20 cm
Observagoes:

Rede de arrasto de praia

Tamanho (luz de la malha (poro) em cm)

Comprimentos total da arte (em metros)

Numero de dias de pesca por més

Primavera/Ver3o:
Outono/Inverno:

Observagoes:

[ ] Rede de cerco [ JRede de emalhar

[ ] Artesanal

Comprimento total da arte (em metros)

Tamanho (luz da malha (poro))

Altura da rede

Observagdes:

Outras Descrever os dados que correspondam as outras artes de pesca utilizadas
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ACTIVIDADE PESQUEIRA PARA A ARTE DE

NOTA: esta parte é para preencher para cada tipo de arte de pesca que o pescador
utiliza. Imprimir varias cépias desta parte do questionario (perguntas 5-16) para o caso
do pescador utilizar mais do que uma arte de pesca

N° questionario geral relacionado com este questionario adicional:
N° questionario adicional:

5. Duragao das saidas: 7. Halimites de pesca em determinados dias?
[ Inferior ou igual a | dia []Sim [] Nzo [ ] N3o sabe

[ ] De2a5 dias

[_] Superior a 5 dias. Especificar: Datainicio veda

Data final de veda

, Outros periodos sem pescar
6. Tempo que a arte estd na agua:

[1<6h [16-12h []12-24h []>24h

8. Horario de pesca:
[ ] Horério flexivel
[ ] Horério fixo

Noite [escura] Hora aproximada: Hora aproximada:

[ ] Raramente [ ] Raramente

[] Frequentemente [] Frequentemente
g Sempre g Sempre
Alvorecer Hora aproximada: Hora aproximada:
[ 1h desde o nascer do sol]

[ ] Raramente [ ] Raramente
] Frequentemente ] Frequentemente

g Sempre g Sempre

Hora aproximada: Hora aproximada:

[ ] Raramente [ ] Raramente

[] Frequentemente [] Frequentemente
g Sempre g Sempre

Ocaso Hora aproximada: Hora aproximada:
[+ 1h desde o por-do-sol]

[ ] Raramente [ ] Raramente
[] Frequentemente [] Frequentemente
[ ] Sempre [ ] Sempre
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9. Principais espécies alvo: (seleccionar maximo trés das seguintes categorias)

[] Pequenos peixes pelagicos Espécies:
[] Grandes peixes pelagicos Espécies:
[] Tubario Espécies:
[] Peixes demersais Espécies:
[] Cefalépodes (ex. lula) Espécies:
[] Gastrépodes (ex. buzio) Espécies:
] Bivalves (ex. mexilhio) Espécies:
[] Crustaceos (ex. lagosta) Espécies:
[ ] Outras Espécies:

10. A que profundidade(s)s pesca?! Pode indicar mais que uma opgao
[] <de 20 metros

] Entre 20 e 50 metros

[] Entre 50 e 200 metros

[ ] > de 200 metros

I 1. Ndmero de lances/caladas por jornadas de pesca:

R
03
[]>

o1 U N

12. Na calada nocturna, que tipo de iluminagao utiliza?
[] S6 luzes de posicio

[] lluminacdo extra na coberta

[] lluminagio extra para atrair a espécie(s) alvo

[] Nio faz esta operacio de noite

I3. No icado nocturno, que tipo de iluminagao utiliza?
[] S6 luzes de posicao

[] lluminagdo extra na coberta

[] lluminacdo extra para atrair a espécie(s) alvo

[[IN3o faz esta operacio de noite

I4. Costuma ter capturas acessoérias de peixe ou cefalépodes?
[ ] N3o

[] Sim. Neste caso preencher os dados da tabela debaixo

Motivo principal Tamanho Quantidade por
. uando ocorrem?
predominante lance Q

[] Nio tém tamanho Rango:
(] Excesso de quota B i 20 cm L] 1-10kg [ ] Durante a calada

) . []10-50 kg [ ] Durante o icado
] Baixo valor comercial []20-30 cm
[] Visceras []>30em []150-100 kg [ ] Navegando

] 100-500 kg ] Outro. Qual

?
[]Outro.Quall [] >500 kg
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I5. Zona onde opera esta arte de pesca (apontar os cédigos (por ex: B7; DI5, etc)
de um maximo de 5 quadrados por mapa):

Mapa Global:

Mapa Barlavento (Santo Antdo a Sao Nicolau):
Mapa Sal e Boavista:

Mapa Sotavento (Brava a Maio):

6. Nome da zona ou banco de pesca fora do ambito dos mapas proporcionados:

CONHECIMENTO SOBRE AVES MARINHAS E SUA

INTERACAO COM A PESCA (E CAPTURAS DE TARTARUGAS E
TUBAROES)

I7. Consegue identificar a espécie das aves que estao nas fotos? (mostrar fotos aves)
] Identifica correctamente todas as espécies

[] Identifica s6 algumas espécies. Quais?
[] Nio identifica correctamente nenhuma das espécies

18. Costuma observar aves associadas ao barco durante a sua actividade pesqueira?
] Nenhuma

[] Poucas (1-5)

[] Algumas (5-25)

[] Muitas (>25)

19. Que espécie de ave se associa mais ao seu barco durante a sua actividade

pesqueira?

] Nenhuma ] Pedreiro/Baitu/Topetigude ] Pedreirinho
[] Alcatraz ] Gongon/Biéro ] Qutra:

[] Rabo de Junco []Jodo Preto

] Cagarra [] Pedreiro azul

20. Que efeito tém as aves sobre a sua actividade profissional?
[ ] Perda do isco

[[] Perda de espago de captura

[] Afecta a arte (por ex. flutuacio)
[ ] Rutura das artes

[] Roubam as capturas

[] Incomodam (ruido, dejectos...)
[] Positivo. Indica locais com peixe
[] Nio é relevante

] N3o tenho opinido/Nao sabe
[] Outros. Especificar:

21. Como quantifica a perda econémica causada pelas aves?
[ ]alta [ ] baixa [ ]inexistente [_] n3o sabe

Estimativa da perda: ecv/ano
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22. Que grupos de espécies considera mais prejudiciais? (por ordem decrescente)

L. 2. 3.
Alguma espécie concreta?

23. Que grupos de espécies considera mais beneficiosas? (por ordem decrescente)

L. 2. 3.
Alguma espécie concreta!

24. Alguma vez aconteceu que aves marinas ficassem feridas ou morressem, de forma
acidental, como consequéncia da actividade pesqueira do seu barco? E tartarugas ou
tubaroes?

AVES MARINHAS TARTARUGAS TUBAROES
] N3o [ ] Nzo [ ] Nzo
[]Sim ] Sim ] Sim

25. Quando é que se produzem as capturas acidentais das aves? E as tartarugas ou
tubaroes?

AVES TARTARUGAS TUBAROES

[ ] Durante a calada [ ] Durante a calada [ ] Durante a calada

[] Com a arte ja calada [[] Com a arte j4 calada [] Com a arte j4 calada

[ Icando [] Igando [ Icando

26. Como ¢é que as aves ficam presas na arte? E as tartarugas ou tubaroes?

Ficam presas no sistema de pesca (linhas, redes, anzdis, etc.) [] Aves [ ] Tartarugas [ ] Tubardes
Engolem o anzol []Aves[ ] Tartarugas ]
Tubardes

Colidem com o sistema de pesca [] Aves [] Tartarugas []
Tubardes

Outros. Especificar: L] Aves [] Tartarugas ]
Tubardes

27. Qual é o estado das aves que ficam presas? e das tartarugas ou tubardes?

[] Vivas: com frequéncia []Aves[] Tartarugas ]
Tubaroes
[ ] Vivas: raramente [JAves[] Tartarugas ]
Tubardes
[ ] Mortas: com frequéncia []Aves[ ] Tartarugas ]
Tubardes
[ ] Mortas: raramente []Aves[] Tartarugas ]
Tubardes

28. Que arte acha que provoca mais capturas acidentais de aves? E em tartarugas ou
tubardes?

] Palangre []Aves[] Tartarugas ]
Tubardes
[] Rede de cerco []Aves[] Tartarugas ]
Tubardes
[ ] Rede de emalhar []Aves[ ] Tartarugas ]
Tubardes
[ ] Rede de arrasto de praia []Aves[ ] Tartarugas ]
Tubardes
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[ ] Pesca 2 linha/Vara [] Aves [ ] Tartarugas [_]
Tubardes
[ ] Outra. Especificar: [] Aves [] Tartarugas ]
Tubardes

29. Se uma ave/tartaruga ou tubarao é capturado acidentalmente que faz?

[] Se ainda est4 viva, solta-a []Aves[ ] Tartarugas ]
Tubardes
[] Se ainda est viva, mata-a para comer ou vender []Aves[] Tartarugas [ ] Tubardes
[]Se ja esta morta, atira-a para o mar []Aves[ ] Tartarugas ]
Tubardes
[]Se ja esta morta, come-a ou vende-a ] Aves [] Tartarugas ]
Tubardes
[] Outro. Qual? [] Aves [] Tartarugas ]
Tubardes

30. Qual é a sua percepgao perante esta situagao!?
[ ] E um incémodo

[] E um problema grave para os animais

[ ] Nio é relevante

[] N3o tenho uma opiniao

31. Considera que ao longo dos ultimos 10 anos tem havido alteragoes importantes
na captura acidental e intencional de aves marinhas? E tartarugas e tubaroes?
Acidental

[ ] Aumentou []Aves[ ] Tartarugas ]
Tubardes

[] Diminuiu [] Aves [ ] Tartarugas []
Tubardes

[ ] Nio se alterou []Aves[ ] Tartarugas ]
Tubardes

[] N3o tenho uma opinido/Nio sabe [] Aves [] Tartarugas []
Tubaroes

Intencional

[ ] Aumentou []Aves[] Tartarugas ]
Tubaroes

[] Diminuiu []Aves[ ] Tartarugas ]
Tubardes

[ ] N3o se alterou []Aves[] Tartarugas ]
Tubaroes

[] N3o tenho uma opinido/Nio sabe [] Aves [] Tartarugas []
Tubardes

No caso de ter havido alteragdes, pode explicar brevemente a qué que acha que se devem estas
alteracoes?

32. Costuma capturar intencionalmente aves marinhas? E tartarugas ou tubaroes?

Aves marinhas Tartarugas Tubardes
|:| Nao |:| Nao |:| Nzao
[]Sim [ ]Sim [ ]Sim

33. Como captura activamente as aves no mar?
[] Utiliza um pau com um anzol na ponta para apanhar as aves
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[[] Utiliza luzes para atrair as aves

[ ] Outro método. Qual?

PREENCHER A TABELA ABAIXO INDICADA CASO TENHA RESPONDIDO AFIRMATIVAMENTE A
unta 24) E/OU INTENCIONAL DE AVES MARINHAS (Pergunta 32)

CAPTURA ACIDENTAL (Per.

Espécie Que Com que frequéncia? Quantidade por Para qué? Quando?
captural ano!
Aves em [ ] Ovo L] vez por ano []<I10aves [ ] Consumir []
terra: [ ] Filhote | []2-5 vezes por ano [ ] 11-100 aves [ ] Vender Primavera -
que espécies [] Adulto | []6-10 vezes por ano [ ]101-1000 aves | [] Remédio verao
ou grupo! no ninho []>10vezes por ano [ ] >1000 aves [ ] Oferecer ]
] Qutro. | Outono -
Qual? inverno
Acidentalmente: Acidentalmente: [ ] Consumir []
L] vez por ano []<I10aves [ ] Vender Primavera -
Aves no []2-5 vezes por ano [ ] 11-100 aves [ ] Remédio verao
mar: que []6-10 vezes por ano []101-1000 aves | [ ] Oferecer ]
espécies ou []>10vezes por ano []>1000 aves ] Qutro. | Outono -
grupo!? Qual? inverno
Intencionalmente: Intencionalmente
[ ] 1 vez por ano :
[]2-5 vezes por ano [] <10 aves
[]6-10 vezes por ano (] 11-100 aves
[]>10vezes por ano []101-1000 aves
[]>1000 aves
[ ] Ovos L] vez por ano Adultos: [ ] Consumir L] []
[] Adulto E 2-5 vezes por ano E I E Vender Primavera -
6-10 vezes por ano 2-5 Oferecer verao
T;:i::%:s []>10vezes por ano []6-10 ] Qutro. | []
[]=>10 Qual? QOutono -
inverno
Acidentalmente: Acidentalmente: [] Consumir
] I vez porano ] ] Vender
[]2-5 vezes por ano []2-5 [ ] Oferecer
[]6-10 vezes por ano []6-10 ] Qutro.
[]>10 vezes por ano []>10 Qual?
Tartaruga . .
no mar Intencionalmente: Intencionalmente
[ ] 1 vez porano :
[]2-5 vezes por ano (]l
[]6-10 vezes por ano []2-5
[]>10vezes porano | []6-10
[]>10
Acidentalmente: Acidentalmente: [ ] Consumir []
L] vez por ano []<l0 [ ] Vender Primavera -
[] 2-5 vezes por ano ] 11-50 [] Remédio verio
[]6-10 vezes porano | []51-100 ] Oferecer ]
[]>10vezes por ano []>100 ] Qutro. | Outono -
Tubardo Qual? inverno
Intencionalmente: Intencionalmente
[ ] 1 vez porano :
[] 2-5 vezes por ano []<l0
[]6-10 vezes por ano []11-50

[]>10 vezes por ano

[]51-100

[]>100
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34. Estaria de acordo em levar um aparelho GPS no barco quando for pescar para
identificar as principais areas de pesca e comparar com as principais areas utilizadas

pelas aves marinhas para se alimentar?
[]Sim []Nao. Porqué?

Para ser preenchido pelo entrevistador:

Como valoras a atitude do entrevistado?
[ ] Esconde muita informacao [ ] Intermédio [ Parece totalmente sincero
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Table S2.2. Vessel power and length for artisanal and semi-industrial fisheries.

Artisanal (209)

Semi-industrial (25)

<30HP | >30HP Chi-square test <30HP | >30HP Chi-square test
Motor power 82 8 ¥ = 226.66, df = 2, p < 0.001 20 40 = 2.24,df =2, p=0326

<10m >10m Chi-square test <I10m > 10m Chi-square test
Vessel Length 87 8 X'=267.00, df =2, p < 0.00l 16 84 | x?=29.84,df=2,p<0.00l
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Type of Fishing Gear
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Figure S2.1. Frequency of occurrence of fishing arts identified by fishermen from
artisanal and semi-industrial vessels.
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Table S2.3. Fishing activity time for different fishing arts in artisanal and semi-

industrial vessels. Frequency of occurrence (%) based on fishermen’s answers.

Trip duration (days)

Time gear stay on the water

Type Art <! day dza)?s d>a YSS <6H | 6-12H | 12-24H | >24H
Handline 55.5 13.4 4.4 9.6 35.9 27.3 8.6
Artisanal Snorkeling 6.7 [.0 0.5 2.4 48 [.0 -
Purse-seine 0.5 2.9 53 - [.9 0.5 5.7
Gillnet [.9 | .4 [.0 0.5 33 0.5 -
, Handline 4.0 12.0 20.0 4.0 24.0 4.0 4.0
Semi- Longline - - 40 - - 40 -
Industrial -
Purse-seine 8.0 36.0 40.0 8.0 40.0 2.0 20.0
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B Artisanal ® Semi-industrial
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Figure S2.2. Frequency of occurrence of different bait species used in artisanal and
semi-industrial vessels. Questions were related to the 3 most used bait during fishing
operations. These results represent the species more frequently answered by fishermen
in answering order.
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Table S4.1. Monthly summary of the number of trips and individual (between brackets)
brown (BRBO) and red-footed (RFBO) boobies tracked in the current study. Shaded area
highlights the period when BRBO and RFBO co-occur in sympatry.

Year Month BRBO female BRBO male RFBO female RFBO male
2018 September 38 (5) 42 (5) 17 (2) 22 (7)
2018 October 46 (4) 25 (3) 4(2) 35 (7)
2018 November 50 (4) 72 (6) — —
2019 February 53 (9) 57 (11 — —
2019 March 503) 20 (3) — —
2019 April 23 (3) 27 (5) — —
2019 May 5@3) 13 (4) — —
2019 June 73 (9) 89 (13) 7(2) 25 (4)
2019 July 13 (2) 45 (21) 4(3) 14 (6)
2019 August 5(3) 6 (6) 4(2) 2 (2)
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Table S4.2. Multi-collinearity among covariates selected for three Generalized Additive Mixed
Models (GAMMs) assessed using variance inflation factors (GVIFs, AEDForecasting library in R.
Highly colinear variables (VIF > 3) were removed prior to modeling. DEP — depth (m); CHLA —
chlorophyll a concentration (mgm™); SST — sea surface temperature (°C); OMLT — ocean mixed
layer thickness (cm); SSH — sea surface height (m); GDEP — depth gradient (%); GCHLA — CHLA
gradient (%); GSST — SST gradient (%); GOMLT — OMLT gradient (%); GSSH — SSH gradient (%).

(A) brown boobies during | (B) brown boobies during | (C) red-footed boobies
Nov.-May Jun.-Oct. during Jun.-Oct.

Env. variables VIF value | VIF value | VIF value | VIF value | VIF value | VIF value
before after before after before after
selection selection selection selection selection selection

DEP 5.47 — 15.66 — 28.43 —

CHLA 2.14 2.06 5.47 — 2.55 2.19

SST .32 [.1] 2.16 |.57 1.98 .00

OMLT .05 .00 2.00 |.24 |.34 |.06

SSH 2.00 .78 |.84 [.22 2.39 2.22

GDEP [.27 [.17 .27 [.00 [.28 [.00

GCHLA 8.74 — |.88 [.21 [.53 [.20

GSST .07 .00 .00 .00 19.98 —

GOMLT 2.17 .98 [.09 [.05 [.69 |.66

GSSH 9.69 — 2.47 2.31 2.47 2.40
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Brown Boobies - Nov.-May Brown Boobies - Jun.-Oct. Red-footed Boobies - Jun.-Oct.

17°

16°

17°

16°

-26° -25° 240 -26° -25° 240 -26° -25° -24°
Figure S4.1. Foraging tracks female (blue) and male (red) brown (BRBO) and red-footed (RFBO) boobies, tracked between November 2018 —
October 2019 at Raso Islet (star), Cabo Verde. Bathymetric relief in the background (max. 4012m). Shaded area highlights the period when BRBO
and RFBO co-occur in sympatry.
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Table S4.3. Comparison of isotopic niche metrics between study species, sexes, and seasons
(Nov.-May vs. Jun.-Oct.). Carbon range, the distance between max. and min. §"C values; (2)
nitrogen range, the distance between max. and min. §"°N values; (3) total area (TA), as the convex
hull area encompassed by all values in a §'°C — §"°N bi-plot space; (4) standard ellipse area (SEA);
(5) standard ellipse corrected for sample size (SEAc), depicting the area with 40% probability of
containing a subsequently sampled datum; (6) mean distance to centroid (CD), as the average
Euclidean distance of each isotopic value to the §°C - §"°N centroid, where the centroid is the
mean 6"°C — 6"°N value for all values in the food web; (7) mean nearest neighbour distance (NND),
as the mean of the Euclidean distances to each value nearest neighbour in bi-plot space, and thus
a measure of the overall density of ‘values packing’; (8) SD nearest neighbour distance (SDNND),
as a measure of the evenness of ‘values packing’ in bi-plot space that is less influenced than NND

by sample size.

Species Brown booby Red-footed booby
(BRBO) (RFBO)
Study seasons Nov. — May Jun. = Oct. Jun. = Oct.
Sex female | male | female male | female male
TA 2.72 3.69 3.50 3.68 2.65 5.94
SEA 1.09 [.1] |.76 .53 3.28 2.28
SEAC .17 l.16 1.89 |.60 491 242
Carbon Range 1.83 2.23 2.66 2.79 1.86 3.98
Nitrogen Range 2.29 2.20 2.21 |.80 2.70 2.46
Mean Distance to Centroid (CD) 0.71 0.74 0.96 |.03 1.29 l.16
Mean Nearest Neighbour Distance
(NND) 0.33 0.31 0.36 0.24 1.32 0.43
SD Nearest Neighbour Distance 0.28 0.27 0.17 0.16 0.72 0.32

266




Nov. - May Jun. - Oct.

14 — —
. 13-+ o _
- 12- -
pd
Te) o
F ] ]
o 11 g 5
O
10 - _| O BRBO female
O BRBO male
/A RFBO female
g - - A RFBO male
| | T T | T I | T | T T | T
-19 -18 -17 -16 -15 -14 -13 -19 -18 -17 -16 -15 -14 -13
513C (%) 513C (%o)

Figure $4.2. Isotopic bivariate niche space of female (blue; filled line) and male (red; filled line) brown boobies (BRBO; Sula leucogaster) and female
(blue; dashed line) and male (red; dashed line) red-footed boobies (RFBO; Sula sula).
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Table S4.4. Isotopic niche overlap (SEAs) between study species (brown booby; BRBO and red-
footed booby; RFBO), sex and seasons (Nov. — May and Jun. — Oct.).

Comparisons SEAe Overlap TjgrlziA

Nov. — May
BRBO male vs. BRBO female 0.51 0.85 0.58

Jun. = Oct.
BRBO male vs. BRBO female 0.68 |.38 0.65
BRBO male vs. RFBO male 0.90 |.23 0.44
BRBO male vs. RFBO female 0.95 |.44 0.28
BRBO female vs. RFBO male 0.77 .12 0.35
BRBO female vs. RFBO female 0.91 |.42 0.26
RFBO male vs. RFBO female 0.79 2.09 0.40
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Table $4.5. Former studies reporting inter-sexual differences of brown (BB) and red-footed (RFB) boobies in their foraging distribution (foraging #),
isotopic signatures (6'3C / 6"°N), dietary preferences [FF — Flying fish (Exocetidae); FS — Flying squid (Ommastrephidae); SP — Small pelagic - anchovy,
herring, sardines (Clupeidae)] and body mass (M=male; F=female). Shown are also other population-specific characteristics, namely ocean basin (P-
Pacific, A-Atlantic, |-Indian), population size, Chlorophyll a concentration (CHLA) in the colony surroundings, mean breeding period and breeding
stage (I — Incubation; CR — Chick-rearing) when the study was conducted. (1) — Differences during two periods of the year; (2) - F>M §'*C / F=M
8"N; (3) Females 6'"°N values higher than males; (4) — Females consumed more flying fish and males consumed equal proportions of fish and squid;
(5) - Consumed mostly flying squid; (6) — Unspecified prey with high pelagic signature; (7) — Unspecified breeding phase.

Sps  Ocean Colony Population size CHLA (mg m-3) Foraging # Isotopic Sig. Diet Weight (g) Breeding Breeding stage Publication
P Clipperton isl. 15000-25000 ind. 0.2 F>M - - - Nov 1&CR (Gilardi 1992)
. M =1077 +78 .
P Johnston Atoll 450 pairs - F<M - - F=1491+ 76 Mar | (Lewis et al. 2005)
. . . _ M =1194 + 85 . .
P Sanildefonso Isl. 2000 pairs High F>M F=M SP F-1448 + 86 Mar CR (Weimerskirch et al. 2009b)
P Palmyra Atoll ~400 pairs 0.14 - F>M FF, SP, FS - Jul I&CR (Young et al. 2010a)
. M = 1062
BB A Dog Isl. 2462 ind. - - - - F-1416 Mar-Apr CR (Soanes et al. 2015)
| Christmas Isl. 6000 pairs - - F=M - - Sep-Oct I&CR (Navarro et al. 2014)
P San Jorge Isl. 6000 ind. High F=M - SP - Nov-May I&CR (Castillo-Guerrero et al. 2016)
P Farallon Isl. 2400 ind. High F=M - SP - Jan-May I&CR (Castillo-Guerrero et al. 2016)
M =1197 £ 65
. . ) ) " .
P Raine Isl. 2642 ind. F>M FF, FS F=1430 + 147 Dec CR (Miller et al. 2018)
A Raso Islet ~289 ind. 0.15-0.38 F=M / F<Mm? F=M FF, FS 1246 + 227 Feb-Nov CR This study
. M=1035+70 .
P Johnston Atoll 1400 pairs - F=M - - F=1182 + 86 Mar | (Lewis et al. 2005)
. M =780 . .
| Europa Isl. 2800-3800 pairs 0.165 - - FF, FS F=1050 Aug-Sep I&CR (Weimerskirch et al. 2005a)
RFB . M =780 . .
| Europa Isl. 2800-3800 pairs 0.165 - - FF, FS F = 1050 Aug-Sep I&CR (Weimerskirch et al. 2005b)
| Europa Isl 2800-3800 pairs 0.165 F(1) > M(l) - FF, FS® M=891+64.4 Aug-Se 1&CR (Weimerskirch et al. 2006b)
pa st P ' ' F=1020+50.1 g-oep '
I Europa Isl. 9000 ind. - F>M F>M/F=M? FF, FS - Aug-Sep B-U7 (Cherel et al. 2008)
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P Palmyra Atoll ~2500 pairs - - F=M FF, SP, FS - Jul I&CR (Young et al. 2010a)

P Palmyra Atoll 1000-2500 pairs 0.1-0.2 F=M F=M ue '\':I:::ff:f May-Nov I&CR (Young et al. 2010b)

| Tromelin Isl 130-180 pairs 0.03-0.13 F=M - FF, FS® ||IVI==1?)§2, :_:_ Zég Dec-Jan CR (Kappes et al. 2011)

| Europa Isl. 2800-3800 pairs 0.153-0.154 F=M - - Fl\ﬂ zog(?(?.lgzo(?o Sep-Nov I&CR (Mendez et al. 2016)
| Europa Isl. 2800-3800 pairs 0.07 F=M - - - Sep-Oct | (Mendez et al. 2017a)
P Walpole Isl. 1000 pairs 0.07 F=M - - - Sep | (Mendez et al. 2017a)
P Chesterfiled Isl. 7200-7300 pairs 0.11 F=M - - - May-Jun I (Mendez et al. 2017a)
P Genovesa Isl. 140000 pairs >0.15 F=M - - - Nov | (Mendez et al. 2017a)
| Christmas Isl. 12000 pairs >0.15 F=M - - - Jul-Aug | (Mendez et al. 2017a)
A Raso islet ~133ind. 0.15-0.38 F=M F>M3 FF, FS 1041+178 Jun-Oct Non-breeding This study
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Table S5.1. Average maximum distance, tracking duration and dates of 8 seabird species by year (2013 — 2019), colony (I3 locations) and breeding
phase (incubation vs. chick-rearing) in the Cabo Verde archipelago.

Species

Bulwer's petrel
Bulwer's petrel
Bulwer's petrel
Bulwer's petrel
Bulwer's petrel
Bulwer's petrel
Bulwer's petrel
Bulwer's petrel
Bulwer's petrel
Bulwer's petrel
Bulwer's petrel
Bulwer's petrel

Cape Verde shearwater
Cape Verde shearwater
Cape Verde shearwater
Cape Verde shearwater
Cape Verde shearwater
Cape Verde shearwater
Cape Verde shearwater
Cape Verde shearwater
Cape Verde shearwater
Cape Verde shearwater

Cape Verde shearwater

Year
2017
2018
2018
2019
2019
2017
2017
2018
2018
2019
2019
2019
2013
2013
2014
2015
2015
2016
2017
2017
2018
2018
2019

Main Island

Fogo

Fogo

Fogo

Fogo

Fogo

Sdo Nicolau
Sdo Nicolau
Sdo Nicolau
Sdo Nicolau
Sdo Nicolau
Sdo Nicolau
Sal

Sdo Nicolau
Sao Nicolau
Sdo Nicolau
Sdo Nicolau
Sao Nicolau
Sdo Nicolau
Sdo Nicolau
Sao Nicolau
Sdo Nicolau
Sdo Nicolau

Sdo Nicolau

Colony
IIhéu de Cima
Ilhéu de Cima
IIhéu de Cima
IIhéu de Cima
IIhéu de Cima
lIhéu Raso
lIhéu Raso
IIhéu Raso
lIhéu Raso
lIhéu Raso

Ilhéu Raso

lIhéu Rabo Junco

lIhéu Raso
IIhéu Raso
lIhéu Raso
lIhéu Raso
IIhéu Raso
lIhéu Raso
lIhéu Raso
lIhéu Raso
lIhéu Raso
lIhéu Raso

Ilhéu Raso
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Breeding phase

chick-rearing
incubation
chick-rearing
incubation
chick-rearing
incubation
chick-rearing
incubation
chick-rearing
incubation
chick-rearing
incubation
incubation
chick-rearing
incubation
incubation
chick-rearing
incubation
incubation
chick-rearing
incubation
chick-rearing

incubation

N birds
15
16
24
14
44
4
I3
7
25
I
14
5
12
10
10
13
12
13
16
27
20
35
10

N trips
17
16
27
14
44

6
32
12
15
19
39
5
13
58
16
41
107
22
40
203
30
189
15

Max. dist. colony

347.7 £ 120.6
471.5 £ 216.1
442.1 £ 179.1
542.0 £ 144.6
531211833
291.8 £ 147.9
321.7 £257.6
3629 £2253
317.4£269.3
484.8 £ 284.0
351.7£277.0
5385+ 129.8
618.7 £333.9
176.5 £ 105.7
364.6 £ 257.0
222.6 £ 196.4
94.2 £ 52.1
584.2 £ 354.1
3824 £275.8
229.1 £ 174.1
589.4 £336.8
2364+ 174.0
606.1 £ 376.2

Period (d)
69129
[.] £4.4
10.6£7.0
10.5+29
10.6 +28
33127
26%1.8
58142
2,120
45133
29126
83%1.0
78140
1.8 127
37139
24130
l.I£1.2
53136
35136
1.7+20
4.6 131
1.7+22
36127

Start tracking
2017-06-22
2018-04-24
2018-05-11
2019-04-28
2019-04-20
2017-06-12
2017-08-22
2018-06-14
2018-07-28
2019-06-12
2019-07-16
2019-06-23
2013-07-02
2013-09-04
2014-06-17
2015-06-10
2015-09-18
2016-06-14
2017-06-13
2017-08-23
2018-06-15
2018-08-18
2019-06-20

End tracking
2017-07-17
2018-05-21
2018-07-19
2019-06-06
2019-07-21
2017-06-23
2017-08-31
2018-07-01
2018-09-02
2019-07-11
2019-08-29
2019-07-04
2013-07-17
2013-09-26
2014-07-09
2015-07-01
2015-10-02
2016-07-11
2017-07-09
2017-09-15
2018-07-09
2018-09-13
2019-07-04



Species
Cape Verde shearwater

Cape Verde shearwater
Cape Verde shearwater
Cape Verde shearwater
Cape Verde shearwater
Cape Verde shearwater
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird

Year
2019

2017
2018
2018
2019
2019
2017
2019
2017
2017
2018
2018
2019
2019
2017
2017
2018
2018
2019
2019
2017
2017
2018
2018
2019

Main Island
Sao Nicolau

Boavista
Boavista
Boavista
Boavista
Boavista
Boavista
Boavista
Boavista
Boavista
Boavista
Boavista
Boavista
Boavista
Sdo Nicolau
S4o Nicolau
Sdo Nicolau
Sdo Nicolau
S4o Nicolau
Sdo Nicolau
Sal

Sal

Sal

Sal

Sal

Colony

lIhéu Raso
Curral Velho
Curral Velho
Curral Velho
Curral Velho
Curral Velho
Ponta Roque
Ponta Roque
Ponta Rincon
Ponta Rincon
Ponta Rincon
Ponta Rincon
Ponta Rincon
Ponta Rincon
IIhéu Raso
lIhéu Raso
IIhéu Raso
IIhéu Raso
lIhéu Raso
IIhéu Raso
Serra Negra
Serra Negra
Serra Negra
Serra Negra

Serra Negra
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Breeding phase

chick-rearing
incubation
incubation
chick-rearing
incubation
chick-rearing
incubation
incubation
incubation
chick-rearing
incubation
chick-rearing
incubation
chick-rearing
incubation
incubation
incubation
chick-rearing
incubation
chick-rearing
incubation
chick-rearing
incubation
chick-rearing

incubation

N birds
29

35
32
23
56
27

7

2
24
14
53
41
10
10

5
22
15
20

2
I

N trips
160

37
35
43
63
58
23
16
49
36
88
79
32
38
27
48
36
45

8
39
20
27
26
27
10

Max. dist. colony

2108 £ 165.6
387.7 £270.9
562.0£231.3
232.6 £ 170.0
5652 £263.2
39151914
2169 £ 1269
942 £ 31.1
1252 +739
1373 £69.7
193.0+723
[44.1 £ 115.7
1563 £128.2
[11.4+76.0
107.5 1783
108.1 £69.9
3125 176.0
2573 £ 1546
24221 189.8
101.6 +68.0
[18.7 £ 823
86.3 £ 46.0
1345 £ 109.9
669517
146.4 £ 105.8

Period (d)
1.9£25

64135
87143
59+27
93156
8.1 £57
6.6+ 1.5
1.2+09
43128
58122
51132
55122
35+£27
35122
1.8 1.6
29+1.0
63133
48124
32140
07%1.0
60129
57%13
41123
4113
3.0+£43

Start tracking
2019-09-03

2017-06-11
2018-06-25
2018-06-26
2019-06-23
2019-07-06
2017-08-07
2019-01-07
2017-08-12
2017-08-21
2018-01-03
2018-01-03
2019-02-21
2019-01-31
2017-06-14
2017-01-06
2018-02-17
2018-02-17
2019-06-11
2019-02-13
2017-10-05
2017-11-11
2018-01-01
2018-01-15
2019-03-09

End tracking
2019-09-23

2017-07-10
2018-07-31
2018-08-28
2019-08-13
2019-08-30
2017-09-07
2019-04-28
2017-12-03
2017-11-28
2018-12-24
2018-12-24
2019-09-05
2019-09-05
2017-06-19
2017-02-11
2018-06-21
2018-03-31
2019-07-21
2019-07-04
2017-12-31
2017-12-28
2018-06-19
2018-10-22
2019-12-01



Species

Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Red-billed tropicbird
Cape Verde petrel

Cape Verde petrel

Cape Verde petrel

Cape Verde petrel

Cape Verde petrel

Cape Verde storm petrel
Cape Verde storm petrel
Cape Verde storm petrel

Cape Verde storm petrel
Cape Verde little
shearwater

Cape Verde little
shearwater

Cape Verde little
shearwater

Cape Verde little
shearwater

Year
2019
2018
2018
2019
2018
2018
2019
2019
2019
2019
2018
2018
2019
2018
2019
2018
2018
2019
2019

2018

2019

2018

2019

Main Island
Sal

Sal

Sal

Sal

Sal

Sal

Sal

Sal

Brava

Brava

Fogo

Fogo

Fogo

Santo Antdo
Santo Antdo
Fogo

Fogo

Fogo

Fogo

Fogo
Fogo
Sdo Nicolau

Sao Nicolau

Colony

Serra Negra

Cadjetinha e Furna
Cadjetinha e Furna

Cadjetinha e Furna

Monte Ledo
Monte Ledo
Monte Ledo
Monte Ledo
lIhéu Cima
lIhéu Cima
Fogo

Fogo

Fogo

Santo Antdo
Santo Antdo
lIhéu de Cima
lIhéu de Cima
lIhéu de Cima

Ilhéu de Cima
Ilhéu de Cima
lIhéu de Cima
lIhéu Raso

Ilhéu Raso
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Breeding phase
chick-rearing
incubation
chick-rearing
chick-rearing
incubation
chick-rearing
incubation
chick-rearing
incubation
chick-rearing
incubation
chick-rearing
incubation
chick-rearing
chick-rearing
incubation
chick-rearing
incubation

chick-rearing
incubation
chick-rearing
incubation

incubation

N birds
5

15

15

39

N NN Ul O N U W N

N —  —
N O R

22

27

N trips
12
38
39
47

8
17
12
18
32
31
10
I5

9

5

8
16
29
29
22

28

48

Max. dist. colony

4741283
2243 £ 133.0
[16.4+93.6
6751368
I171.5 % 106.0
75.6 £ 225
128.2 + 87.5
46.3 £ 24.0
193.7 £106.3
61.6x369
577413254
4774 £201.7
9144+ 156.8
497512919
4202 £2733
360.2 £ 1435
267211278
380.2+ 160.2
376.5 1822

24321733

15541749

68.6 £32.5

128.2 + 95.1

Period (d)
13212
56132
42134
1717
48105
4512
1.0+0.9
1.0+0.6
45123
30213
8.014.0
82124
[1.8£3.1
37120
53148
79186
[1.6+77
6.1 %119
87125

8.1 £4.0
6.1 £2.4
27+28

48135

Start tracking
2019-03-09
2018-02-11
2018-01-27
2019-01-02
2018-04-11
2018-04-14
2019-02-13
2019-02-23
2019-06-16
2019-11-09
2018-02-06
2018-03-04
2019-01-30
2018-02-13
2019-03-03
2018-11-11
2018-11-11
2019-03-20
2019-01-01

2018-02-23
2019-03-08
2018-03-08

2019-02-16

End tracking
2019-12-10
2018-12-05

2018-12-20
2019-04-03

2018-05-30
2018-05-22
2019-04-05

2019-04-05

2019-11-18
2019-12-18
2018-04-26
2018-04-24
2019-02-25
2018-03-17
2019-04-02
2018-12-23
2018-12-31

2019-11-21

2019-06-04

2018-03-20
2019-04-25
2018-03-19

2019-03-13



Species
Cape Verde little
shearwater

Brown booby
Brown booby
Brown booby
Red-footed booby
Red-footed booby

White-faced storm petrel

Year

2019
2017
2018
2019
2018
2019
2019

Main Island

Sao Nicolau
Boavista

Sao Nicolau
Sao Nicolau
Sdo Nicolau
Sdo Nicolau

Boavista

Colony

lIhéu Raso
Curral Velho
lIhéu Raso
lIhéu Raso
IIhéu Raso
lIhéu Raso

Ilhéu dos Passaros

275

Breeding phase

chick-rearing
chick-rearing
chick-rearing
chick-rearing
non-breeding
non-breeding

incubation

N birds

23

9
38
54
I
26
14

N trips

99
58
370
412
78
56
15

Max. dist. colony

97.0+53.6
240% 153
29.1 £ 15.1
2861 17.6
60.5x31.7
73.0+ 355
2447 £59.1

Period (d)

1.2£09
0.1 £0.1
08128
0.1 £0.1
1.0+26
08+ I.1
72+58

Start tracking

2019-03-29
2017-06-13
2018-03-11
2019-02-13
2018-09-01
2019-06-16
2019-03-08

End tracking

2019-05-04
2017-06-25
2018-11-30
2019-09-03
2018-10-27
2019-09-05
2019-04-16
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Figure S5.1. Foraging distribution of Bulwer’s petrels Bulweria bulwerii from Ilhéus Raso (light blue), Cima (pink) and Rabo de Junco (green), during

the incubation (left) and chick-rearing (right) phases (see Table S| for further details). Dashed black contour represents the Cabo Verde EEZ, black
polygons are current network of Key Biodiversity Areas (https://www.keybiodiversityareas.org), red contours are Marine Protected Areas of Cabo

-35.0 -30.0

Verde and off West Africa and the orange polygon sets a potential pelagic MPA (Oceania) under designation. Bathymetry in the background.
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Figure S5.2. Foraging distribution of Cape Verde shearwaters Calonectris edwardsiifrom llhéus Raso (green), Cima (pink) and Rabo de Junco (green),
during the incubation (left) and chick-rearing (right) phases (see Table S| for further details). Dashed black contour represents the Cabo Verde EEZ,
black polygons are current network of Key Biodiversity Areas (https://www.keybiodiversityareas.org), red contours are Marine Protected Areas of

Cabo Verde and off West Africa and the orange polygon sets a potential pelagic MPA (Oceania) under designation. Bathymetry in the background.
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Figure S5.3. Foraging distribution of Red-billed tropicbird Phaethon aethereus from Cadjetinha and Furna (royal blue), Ilhéu de Cima (pink), Monte
Ledo (green), Ponta Roque (gold), Ponta do Sol and Ponta Rincén (coral), llhéu Raso (light blue) and Serra Negra (dark yellow) during incubation
(left) and chick-rearing (right) phases (see Table S| for further details). Dashed black contour represents the Cabo Verde EEZ, black polygons are
current network of Key Biodiversity Areas (https://www.keybiodiversityareas.org), red contours are Marine Protected Areas of Cabo Verde and

off West Africa and the orange polygon sets a potential pelagic MPA (Oceania) under designation. Bathymetry in the background.
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Figure S5.4. Foraging distribution of Cape Verde petrel Pterodroma feae from Fogo (royal blue) and Santo Antdo (green) during incubation (left)

and chick-rearing (right) phases (see Table S| for further details). Dashed black contour represents the Cabo Verde EEZ, black polygons are current
network of Key Biodiversity Areas (https://www.keybiodiversityareas.org), red contours are Marine Protected Areas of Cabo Verde and off West

Africa and the orange polygon sets a potential pelagic MPA (Oceania) under designation. Bathymetry in the background.
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Figure S5.5. Foraging distribution of Cape Verde storm petrel Hydrobates jabejabe from Ilhéu de Cima during incubation (left) and chick-rearing
(right) phases (see Table S| for further details). Dashed black contour represents the Cabo Verde EEZ, black polygons are current network of Key
Biodiversity Areas (https://www.keybiodiversityareas.org), red contours are Marine Protected Areas of Cabo Verde and off West Africa and the

orange polygon sets a potential pelagic MPA (Oceania) under designation. Bathymetry in the background.
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Figure S5.6. Foraging distribution of Cape Verde Little shearwater Puffinus boydii from llhéus Raso (coral) and Cima (green) during incubation (left)

and chick-rearing (right) phases (see Table S| for further details). Dashed black contour represents the Cabo Verde EEZ, black polygons are current
network of Key Biodiversity Areas (https://www.keybiodiversityareas.org), red contours are Marine Protected Areas of Cabo Verde and off West

Africa and the orange polygon sets a potential pelagic MPA (Oceania) under designation. Bathymetry in the background.
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Figure S5.7. Foraging distributions of brown boobies Sula leucogaster from IIhéu Raso (green) and Curral Velho (light blue) during the incubation
phase (left) and non-breeding red-footed boobies Sula sula from IIhéu Raso (right) (see Table S| for further details). Dashed black contour represents
the Cabo Verde EEZ, black polygons are current network of Key Biodiversity Areas (https://www.keybiodiversityareas.org), red contours are

Marine Protected Areas of Cabo Verde and off West Africa and the orange polygon sets a potential pelagic MPA (Oceania) under designation.
Bathymetry in the background.
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Figure S5.8. Foraging distribution of white-faced storm petrel Pelagodroma marina from llhéu dos Passaros during the incubation phase (see Table
S| for further details). Dashed black contour represents the Cabo Verde EEZ, black polygons are current network of Key Biodiversity Areas
(https://www.keybiodiversityareas.org), red contours are Marine Protected Areas of Cabo Verde and off West Africa and the orange polygon sets

a potential pelagic MPA (Oceania) under designation. Bathymetry in the background.
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Figure S5.9. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of Bulwer’s petrels from llhéu de Cima (Fogo,
Cabo Verde) during the incubation phase. Different colours are different individuals (left) and red polygon represents proposed KBA at 88.5%

representativeness (right). Central dot represents the breeding colony.
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Figure S5.10. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of Bulwer’s petrels from Ilhéu de Cima (Fogo,
Cabo Verde) during the chick-rearing phase. Different colours are different individuals (left) and red polygon represents proposed KBA at 97.2%

representativeness (right). Central dot represents the breeding colony.

285



22°N 1 295N
20°N 4 20°N -
m 1]
3 1sn R
= =
= —
L | 3
16°M
16°N
14°M
14°N 1
LY
o 12°N
12°N 4 T T T T T T T
32°W 30°W 28°W 26°W 24°W 22°W 20°W 18°w 2% S 28T 28W AW 2w AW TR
Longitude

Longitude

Figure S5.11. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of Bulwer’s petrels from Ilhéu Raso (S. Nicolau,
Cabo Verde) during the incubation phase. Different colours are different individuals (left) and red polygon represents proposed KBA at 74 %

representativeness (right). Central dot represents the breeding colony.
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Figure S5.12. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of Bulwer’s petrels from Ilhéu Raso (S. Nicolau,
Cabo Verde) during the chick-rearing phase. Different colours are different individuals (left) and red polygon represents proposed KBA at 91.2 %

representativeness (right). Central dot represents the breeding colony.
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Figure S5.13. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of Cape Verde shearwaters from Ilhéu Raso
(S. Nicolau, Cabo Verde) during the incubation phase. Different colours are different individuals (left) and red polygon represents proposed KBA at
93.4 % representativeness (right). Central dot represents the breeding colony.
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Figure S5.14. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of Cape Verde shearwaters from Ilhéu Raso
(S. Nicolau, Cabo Verde) during the chick-rearing phase. Different colours are different individuals (left) and red polygon represents proposed KBA

at 94.3 % representativeness (right). Central dot represents the breeding colony.
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Figure S5.15. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of Cape Verde shearwaters from Curral Velho
(Boavista, Cabo Verde) during the incubation phase. Different colours are different individuals (left) and red polygon represents proposed KBA at
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94.5 % representativeness (right). Central dot represents the breeding colony.
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Figure S5.16. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of Cape Verde shearwaters from Curral Velho
(Boavista, Cabo Verde) during the chick-rearing phase. Different colours are different individuals (left) and red polygon represents proposed KBA

at 91.1 % representativeness (right). Central dot represents the breeding colony.
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Figure S5.17. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of red-billed tropicbird from Ponta Rincon (Boavista, Cabo
Verde) during the incubation phase. Different colours are different individuals (left) and red polygon represents proposed KBA at 82.9% representativeness (right).

Central dot represents the breeding colony.
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Figure S5.18. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of red-billed tropicbird from Ponta Rincon (Boavista, Cabo
Verde) during the chick-rearing phase. Different colours are different individuals (left) and red polygon represents proposed KBA at 95.8% representativeness

(right). Central dot represents the breeding colony.
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Figure S5.19. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of red-billed tropicbird from Ilhéu Raso (Sao
Nicolau, Cabo Verde). Different colours are different individuals (left) and red polygon represents proposed KBA at 87.7% representativeness (right).
Central dot represents the breeding colony.
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Figure S5.20. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of red-billed tropicbird from Serra Negra (Sal,
Cabo Verde). Different colours are different individuals (left) and red polygon represents proposed KBA at 83.8% representativeness (right). Central

dot represents the breeding colony.
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Figure S5.21. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of red-billed tropicbird from Cadjetinha e Furna
(Sal, Cabo Verde). Different colours are different individuals (left) and red polygon represents proposed KBA at 89.7% representativeness (right).

Central dot represents the breeding colony.
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Figure S5.22. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of Cape Verde Petrel from Fogo (Fogo, Cabo
Verde). Different colours are different individuals (left) and red polygon represents proposed KBA at 70.9% representativeness (right). Central dot

represents the breeding colony.
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Figure S5.23. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of Cape Verde storm petrel from llhéu de Cima
(Fogo, Cabo Verde). Different colours are different individuals (left) and red polygon represents proposed KBA at 85.9 % representativeness (right).

Central dot represents the breeding colony.
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Figure S5.24. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of Cape Verde little shearwater from Ilhéu de
Cima (Fogo, Cabo Verde) during the incubation phase. Different colours are different individuals (left) and red polygon represents proposed KBA

at 78.3 % representativeness (right). Central dot represents the breeding colony.
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Figure S5.25. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of Cape Verde little shearwater from Ilhéu de
Cima (Fogo, Cabo Verde) during the chick-rearing phase. Different colours are different individuals (left) and red polygon represents proposed KBA

at 86.9 % representativeness (right). Central dot represents the breeding colony.
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Figure S5.26. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of Cape Verde little shearwater from Ilhéu
Raso (Sao Nicolau, Cabo Verde). Different colours are different individuals (left) and red polygon represents proposed KBA at 86.5 %
representativeness (right). Central dot represents the breeding colony.
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Figure S5.27. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of Brown boobies from lIhéu Raso (Sao Nicolau,

Cabo Verde). Different colours are different individuals (left) and red polygon represents proposed KBA at 97.6 % representativeness (right). Central

dot represents the breeding colony.
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Figure S5.28. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of red-footed boobies from Ilhéu Raso (Sao
Nicolau, Cabo Verde). Different colours are different individuals (left) and red polygon represents proposed KBA at 82.5 % representativeness

(right). Central dot represents the breeding colony.
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Figure S5.29. 50% Kernel Utilization distributions (UD) (left) and Key Biodiversity Area (KBA) (right) of white-faced storm petrel from lIhéu dos
Péassaros (Boavista, Cabo Verde). Different colours are different individuals (left) and red polygon represents proposed KBA at 76.9 %
representativeness (right). Central dot represents the breeding colony
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