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Aos familiares
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Procelária
É vista quando há vento e grande vaga
Ela faz o ninho no rolar da fúria
f
E voa firme e certa como bala
As suas asas empresta
à tempestade
Quando os leões do mar rugem nas grutas
Sobre os abismos passa e vai em frente
Ela não busca a rocha o cabo o cais
Mas faz da insegurança a sua força
E do risco de morrer seu alimento
Por isso me parece imagem justa
Para quem vive e canta no mau tempo

Sophia de Mello Breyner Andresen
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Abstract
The impacts of human-based
based environmental change on the global oceans have been increasing
exponentially in the last decades. The main environmental change factors affecting marine
ecosystems are those related to climate change and fishery activities, whose impacts are
widely distributed and have profound effects in the marine biodiversity. Top-predators,
Top
like
seabirds, experience the effects of those changes in many different levels, from the individual –
affecting behaviour, movement, body condition and breeding success – up to the community
level – species shifts and change in species interaction with cascading consequences through
the food webs. In this thesis, I explored the risks imposed by changing
nging environmental
conditions triggered by fisheries and climate change over the spatial distribution of seabird
species, and pointed out ways to minimize the impacts of those risks on seabirds.
seabirds I used yearround geolocator tracking data from 14 seabird
seabird species breeding in Islands of the South and
North Atlantic Ocean: Wandering Albatross (Diomedea
(
exulans),
), Tristan Albatross (D.
(
dabbenena), Black-browed
browed Albatross (Thalassarche melanophris), Grey-headed
Grey headed Albatross (T.
(
chrysostoma), Southern (Macronecte
Macronectes giganteus) and Northern (M. halli)) Giant Petrels, WhiteWhite
chinned Petrel (Procellaria
Procellaria aequinoctialis),
aequinoctialis Trindade (Pterodroma
Pterodroma arminjoniana)
arminjoniana and Deserta’s
(P. deserta)) Petrels, Antarctic Prion (Pachyptila
(
desolata), Cory’s (Calonectris
Calonectris borealis),
borealis Cape
Verde (C. edwardsii),
), Manx (Puffinus
(
puffinus) and Great (Ardenna gravis)) Shearwaters. Such
data were used to quantify home range, ecological niches, overlap with fisheries, and to
project distribution towards different scenarios of climate change and fishing activities.
act
The
main findings of this thesis are: 1) there is a potential causal link between seabirds’
seabirds individual
features and overlap with fisheries activities that may partially explain the population dynamics
of Southern Giant Petrels ; 2) future climate change acting on reducing availability of habitat
may increase the vulnerability of Deserta’s and Trindade Petrels;
Petrels 3) large seabird species from
the temperate southern ocean may experience dramatic shifts in their distribution and major
range contractions, with enhanced vulnerability from increased interactions with fisheries (for
species threatened by bycatch) or by having a reduced availability of resources (for
( scavenging
species); 4) this study proposes that new pelagic areas should be incorporated in the network
of Marine Protected Areas which should locally enhance the protection of seabird
assemblages.
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Resumo
Os impactos das mudanças ambientais sobre os oceanos globais têm aumentado
exponencialmente.. Os principais factores de mudanças ambientais que
que influenciam os
ecossistemas marinhos são as alterações climatéricas e actividades pesqueiras, cujos impactos
estão amplamente distribuídos e têm efeitos profundos sobre a biodiversidade marinha.
Predadores de topo, como as aves marinhas por exemplo, sofrem
sofrem os efeitos das mudanças em
diferentes níveis de organização, desde o indivíduo – alterando comportamento, movimentos,
condição corporal e sucesso reprodutivo – até ao nível da comunidade – alterações da
composição de espécies e interacções inter-específicas
inter
ficas nas comunidades. Nesta tese foram
avaliados os riscos impostos pelas mudanças nas condições ambientais despoletadas pelas
pescas e pelas mudanças climatéricas sobre a distribuição espacial de espécies de aves
marinhas, e estudadas formas de minimizar o impacto de tais riscos nas aves marinhas. Foram
utilizados dados anuais de rastreamento por geolocalização de 14 espécies de aves marinhas
que se reproduzem em ilhas do Oceano Atlântico Sul e Norte: Albatrozes Viageiro (Diomedea
exulans), de Tristão (D. dabbenena),
dabbenena de sobrancelhas (Thalassarche
Thalassarche melanophris),
melanophris de cabeça
cinza (T. chrysostoma), Petreis Gigantes do Sul (Macronectes giganteus) e do Norte (M. halli),
Pardela Preta (Procellaria
Procellaria aequinoctialis),
aequinoctialis Petrel de Trindade (Pterodroma
Pterodroma arminjoniana),
arminjoniana Freira
do Bugio (P. deserta), Faigão Rola (Pachyptila desolata), Cagarra (Calonectris
Calonectris borealis),
borealis Pardelas
de Cabo Verde (C. edwardsii),
), Sombria (Puffinus puffinus) e de bico preto (Ardenna
Ardenna gravis).
gravis A
partir dos dados de rastreamento, foram calculadas áreas vitais,
vitais, quantificado o nicho
ecológico, avaliada a sobreposição com actividades pesqueiras e projetada a distribuição das
espécies em relação a diferentes cenários de mudanças climáticas e mudanças nas actividades
pesqueiras. As principais conclusões desta tese
tese são: 1) existe um potencial elo de ligação entre
características individuais de Petréis Gigantes do Sul e sobreposição com actividades
pesqueiras que deve explicar parte da dinâmica populacional da espécie; 2) as futuras
alterações climatéricas ao reduzir
reduzir a disponibilidade de habitat podem vir a aumentar a
vulnerabilidade da Freira do Bugio e do Petrel de Trindade; 3) espécies de aves marinhas de
grande porte do hemisfério sul poderão experimentar alterações profundas na sua área de
distribuição, aumentando
ndo assim a sua vulnerabilidade devido à maior interacção com as pescas
(para as espécies ameaçadas pela captura acidental) ou através da redução da disponibilidade
de alimento (para as aves marinhas necrófagas); 4) este estudo propõe que novas áreas
pelágicas
icas sejam incorporadas na rede da Áreas Marinhas Protegidas, o que deverá melhorar a
protecção local das comunidades de aves marinhas no Atlântico Sul.
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General Introduction
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The impacts of human actions in the globe have been
bee increasing since the industrial
revolution (Dansgaard et al. 1993, Vitousek et al. 1997, IPCC 2014),
2014) reaching unprecedented
levels in the current days (Barnosky et al. 2012).
2012) The demands of a growing human population
have resulted in potentially irreversible situations (Rockström et al. 2009a, Frölicher and Joos
2010, Steffen et al. 2011, Brook et al. 2013),
2013), driving earth towards low resilience states (Steffen
et al. 2011). For instance, man-induced
man induced species extinction far surpassed the natural rate,
rate
driving the earth towards a fifth mass extinction (Rockström et al. 2009a, Steffen et al. 2011);
2011)
greenhouse gas concentrations are higher than at any time in the recent geologic time-scale
time
(Petit et al. 1999, Hansen and Sato 2012);
2012) and the effects of such high concentrations are to be
felt for the next millennia (Rockström et al. 2009a).
2009a)
Recently, more attention is being paid for environmental change in the oceans.
Cumulative impacts of environmental changes in the ocean have recognizably increased in
range and intensity all over the globe (Halpern et al. 2007, 2008a, Jackson 2008, Constable et
al. 2014). The impacts of human actions in the global oceans are so widespread that just less
than 4% of the global ocean can be categorized as ‘low impact area’ (Halpern et al. 2008a,
2
2015). Human pressures on the marine environment may be direct actions, such as (1)
different forms of marine litter and pollution (e.g. plastic pollution; van Sebille et al., 2012,
2015) or (2) the overexploitation and high rates of by-catch of marine biological resources
(Coleman and Williams 2002, Kappel 2005, Neubauer et al. 2013);
2013) or indirect actions, such as
those derived from climate change,
change including (1) reductions in ocean productivity
produc
(Behrenfeld
et al. 2006, Grémillet and Boulinier 2009, Sommer et al. 2015),
2015) (2) acidification (Halpern et al.
2008a, Grémillet and Boulinier 2009),
2009) and (3) potential re-distribution
distribution of biodiversity (StuartSmith et al. 2015).
The spatial distribution of those threats to marine ecosystems varies on the scale,
some having profound local effects while others being widely distributed (Halpern et al. 2007,
2008a). The most widespread impacts are those related to fisheries activities and climate
change (Halpern et al 2008, 2015). In fact, Halpern et al (2008) estimated that more than 3000
km2 of ocean
an area is affected by climate change with the highest estimated impact, followed by
impacts of fishing activities, which are slightly less widespread, but with an equivalent intensity
of impact. Particularly regarding climate change and fisheries, the intensity
intensity of impacts is
increasing under a short-term
term trend (Halpern et al. 2015) but studies in linking these
interactions are poorly studied (i.e. Kennicutt et al., 2014)
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The impact of Climate Change in marine ecosystems
Anthropogenic climate change is undoubtedly the most
mo challenging topic in
environmental sciences nowadays (Martens et al. 2009, Peters et al. 2013, IPCC 2014, Keohane
2014). In the case that changes trespass the higher ranges of temperature increases predicted
by climate models (Hansen and Sato 2012),
2012) the consequences according to Rockström et al
(2009) would “threaten the ecological life support systems” and “would severely
sever challenge the
viability of contemporary human societies”. Therefore, it is urgent that scientists make their
best efforts to understand and predict the consequences of climate changes so actions to
buffer its imminent effects may be taken (VijayaVenkataRaman et al. 2012, Peters et al. 2013,
Warren et al. 2013, IPCC 2014).
2014)
Increases in the greenhouse gas concentrations due to human activities alter the
radiative forcing on the atmosphere (i.e., increasing the amount of sun energy trapped in the
higher atmosphere), causing the increase on global mean temperature observed in the last
century (Andrews et al. 2012, Hansen and Sato 2012).
2012) Higher temperaturess enhance oceanic
evaporation, thus disrupting the trends in air pressure,
pressure, wind and oceanic currents with
consequent redistribution of the energy across the globe. Positive and negative feedbacks due
to local characteristics (i.e. differential surface reflectivity of sunlight, a localized increase in
clouds or water vapour in
n the atmosphere due to evapotranspiration, can increase or decrease
the effects of radiative forcing) are responsible for a rather local-specific effect of increased
global mean temperature (Hansen & Sato,
Sato 2012). Thus, the intensity and speed of the climate
clima
change effects are expected to be higher on oceans than on land (Burrows et al. 2011),
2011) which is
of particular concern, as oceans are the main climate regulators of the globe (MacDonald and
Wunsch 1996, Ganachaud and Wunsch 2000).
2000) Furthermore, zones of higher oceanic
biodiversity are expected to experience high rates of climate change(Burrows
change(Burrows et al. 2011,
Constable et al. 2014)
The biogeochemical components of the globe are all interconnected,
interconnected, soit
so is possible to
track the behaviour of climate variables under the influence of positive and negative feedbacks
of radiative forcing on the atmosphere (Andrews et al. 2012, Kim et al. 2012),
2012) as well as model
the response of climate under varying radiative forcing. Climate models based on these
assumptions (Coupled Climate-Carbon
Climate Carbon Earth System Models ESM) have been successfully
applied with a high power of prediction for several climate and oceanic variables (Dunne et al.
2012, 2013, IPCC 2014). The Intergovernmental Panel for Climate Change (IPCC) developed four
scenarios
rios for climate change based on the Coupled Model Intercomparison Project CMIP5,
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called Representative Concentration Pathways (RCPs). RCPs are based on different greenhouse
gas and air pollutant emissions and their radiative forcing (IPCC 2014). One scenario
scena assumes
low emissions with global temperature remaining close to the pre-industrial
pre industrial climate (RCP 2.6),
two scenarios assume intermediate emissions (RCP 4.5 and RCP 6.0) and one scenario assumes
high emissions (RCP 8.5). IPCC applied the highly accurate ESMs to these scenarios to project
the expected variability of climate for the next century (IPCC 2014).
Under climate change scenarios, species may need to shift their distribution to adjust
their niche and physiological requirements to new environment conditions
conditions (Walther 2010,
Ackerly et al. 2010, Burrows et al. 2011, Doney et al. 2012, García
García Molinos et al. 2015).
2015) The
species not able to do so may face extinction (McCarty 2001, Thomas et al. 2004, Parmesan
2006).. Such shifts are expected to cause a redistribution of marine biodiversity throughout the
globe (i.e., Beaugrand et al., 2015; Stuart-Smith
Stuart Smith et al., 2015; Poloczanska et al., 2016).
2016) The
redistribution of biodiversity
versity is expected
expect to disrupt ecological interactions at the community
level, which can lead to an impoverishment of marine ecosystems and a consequent cascade of
extinctions (Thomas et al. 2004, Cheung et al. 2009, Stuart-Smith
Stuart Smith et al. 2015).
2015) Several studies
modelling the response of species to climate change under different IPCC scenarios found
potential redistributions for groups of organisms such as seaweed (Takao et al. 2015) marine
fish (Lenoir et al. 2011, Hazen et al. 2012, Jones et al. 2013),
2013), marine invertebrates (Cheung et
al. 2009, Stuart-Smith
Smith et al. 2015),
2015) marine mammals (Hazen et al. 2012),, insects (Beaumont
and Hughes 2002, Kwon and Lee 2015, Kwon et al. 2015),
2015) ticks (Williams et al. 2015),
2015) terrestrial
birds (Araújo et al. 2005), and trees (Morin and Thuiller 2009, Goberville et al. 2015).
2015) A number
of studies has provided evidence of species’
species shifts in abundance and distribution
ribution in recent
decades,which can be attributed to shifts in climate variables (Poloczanska et al. 2013),
2013)
including those focusing on seabirds (Croxall 2002, Péron et al. 2010a, Weimerskirch et al.
2012, Poloczanska et al. 2013, Jenouvrier et al. 2014),
2014) marine fishes (Perry et al. 2005, Nye et
al. 2009, Genner et al. 2010, Poloczanska et al. 2013),
2013), marine invertebrates (Polockzanska et
al., 2013), plankton (Atkinson et al. 2004, Hays et al. 2005, Poloczanska et al. 2013) and marine
mammals (Poloczanska et al. 2013).
2013)
The impact of Fisheries in marine ecosystems
ecosy
There is compelling evidence of the un-sustainability
un sustainability of industrial scale fishing activities
(Pauly et al. 2002), as fishing stocks are collapsing all over the globe as a consequence of
overfishing (Pauly et al. 1998, 2002, Brander 2010, Pauly and Zeller 2016).
2016). Both the distribution
(Pauly et al. 2002, Swartzz et al. 2010, Halpern et al. 2015) and effort (Pauly et al. 2002, Brander
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2010, Pauly and Zeller 2016) of fisheries
ies in the global oceans have been increasing since the
1950s but recently, captures have experienced a slight decrease (Pauly et al. 2002, Watson
Wats et
al. 2006, Brander 2010).. The diminishing and collapsing stocks of targeted species (Pauly et al
1998, 2002, Brander et al 2010, Pauly & Zeller 2016) lead fisheries to increase the effort to
compensate the lower catch,, like increasing number of nets and hooks, diversifying the target
species and fishing areas, fishing deeper and investing in technological advancements to locate
and capture fish (Pauly et al. 2002, Watson et al 2006, Brander 2010).
Overfishing impacts marine ecosystems
ecosystem by reducing the biomass of targeted (Pauly et
al. 1998, Daskalov 2002, Scheffer et al. 2005, Daskalov et
e al. 2007) and non-targeted
targeted (bycaught)
species, such as seabirds, marine mammals and sea-turtles (Dayton et al. 1995, Jiménez et al.
2010, Lewison et al. 2014). Loss of key
k species at the bottom and top of the marine food webs
causes cascading loss of co-dependent
dependent species (Pauly et al. 1998, Scheffer et al. 2005, Daskalov
et al. 2007, Zhou et al. 2010) promoting ecosystem simplification (Scheffer et al. 2005,
Möllmann et al. 2008, Howarth et al. 2014)and
2014)and loss of ecosystem services (Worm et al. 2006).
By-catch
catch is one of the most pervasive effects of industrial fisheries. It can comprise as
much as 60% off the annual catch of some types of fisheries (Kelleher
lleher 2005, Davies et al. 2009).
2009)
Particularly, by-catch
catch is the main cause for risk of extinction of several species of long-lived
long
marine organisms like sharks (Molina and Cooke 2012), seabirds (Anderson et al. 2011b, Croxall
et al. 2012a), cetaceans (Read et al. 2006) and sea-turtles (Lewison et al. 2004).
2004) Thousands of
tonnes of non-targeted
targeted organisms are incidentally captured annually (Kelleher 2005, Keledjian
et al. 2014) and represent “a purposeless waste of valuable living resource” (Bellido et al. 2011)
. The amount of by-caught
caught species is not always monitored, and most of it is discarded
disca
at sea
without being documented.. The discards include undersized, poor quality or low value catches,
or even prohibited or protected species (Punt et al. 2006, Keledjian et al. 2014).
2014)
Fishery discards were recently recognized as a major issue for marine conservation in
the last decades.. Discards cause changes in ecosystem structure by altering biomass
distribution and changing resource availability to several marine organisms (Dayton et al. 1995,
Gilman et al. 2014,
014, Heath et al. 2014).
2014) Dayton el al (1995) provides several examples where
discards have been proven to change ecological interactions among species, providing
competitive advantage for those species able to explore the discards. The discards can also
alter
lter the decomposition processes leading to a local depletion of oxygen, proliferating diseases,
and directly impacting benthic organisms (Dayton et al.,
al. 1995). However, as scavenging species
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have adapted to feed on discards, some scientists argue that discards
discards should be managed
cautiously to avoid increased impact on these organisms (Votier et al. 2004, Heath et al. 2014).
2014)
Interacting effects between
n climate change with fisheries
Fisheries are highly linked to the distribution of their targeted species (Santos 2000,
Solanki et al. 2005, Klemas 2013).
2013) Therefore, it is very likely that under the assumption of
redistribution of biodiversity
iversity due to climate change, fishing activities may experience its
consequences (Pinnegar et al. 2002, Perry et al. 2005, Brander 2010, 2013).
2013). Moreover, conflicts
between conservation and fisheries may appear under such circumstances (Hobday et al.
2015a, b). Furthermore, the impacts of the shifting distribution and abundance reductions on
target species owing to climate variability may add up to the deep effects of overfishing and
stocks’ collapse putting at risk the future
future of fisheries. Linked net effects of climate change and
fisheries acting to simplify the marine communities can jeopardize marine ecosystems stability
(Howarth et al. 2014, Stuart-Smith
Smith et al. 2015),
2015) making it less resistant and resilient to impacts
(Palumbi et al. 2008).
The role of pelagic seabirds in marine ecosystems under a fisheries and environmental
change context
Seabirds are wide-range
range and long-lived
lived top predators that often forage over very large
oceanic areas and are exposed to a wide range of environmental conditions, thus providing
good indicator species for evaluating long-term
long term effects of environmental change at large scales
in marine ecosystems (Frederiksen et al. 2006, Sergio et al. 2008).
2008) Seabirds are among the most
threatened group of marine animals just losing in proportion of threatened species to seasea
turtles (Polidoro et al. 2009).. One third of the seabird species are facing extinction risk (Vié et
al. 2009),, and most species are pelagic seabirds, of which 50% are listed on an IUCN threat
category (Croxall et al. 2012a).
2012a) Therefore, it is crucial to assess how seabird species respond to
threats in the marine environment.
Seabirds are affected by climate change on different temporal and spatial scales. Local
deterioration of foraging habitat due to climate variability (i.e. local sea surface warming or
upwelling weakening) can affect the availability of food within the breeding season, forcing
individuals to increase their foraging effort (Dorresteijn et al. 2012, Paiva et al. 2013a, c) or rely
on low quality food sources (Grémillet et al. 2008a, Österblom et al. 2008, Kadin et al. 2012,
2016), with negative consequences for breeding success and recruitment (Trivelpiece et al.
2011, Kadin et al. 2012, 2016).
2016). On the other hand, seabirds can take advantage of changing
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wind conditions to increase their foraging speed, foraging area and enhance their body
condition and breeding success (Weimerskirch et al. 2012). Several
everal studies have documented
the effects of climate stochasticity on population dynamics
d
of seabirds (Croxall
roxall 2002, Rolland et
al. 2010, Barbraud et al. 2012).
2012) Besides that, several modeling studies have showed a
consistent response of distribution to climate change scenarios for several seabird species
(Hazen et al. 2012, Russell et al. 2015, Ramos et al. 2016, Poloczanska et al. 2016, Legrand et al.
2016). Equally, empirical studies had provided evidences that seabird species have shifted their
distribution
bution in the last decades according to changes in temperature and wind regimes (Péron
et al. 2010a, Weimerskirch et al. 2012).
Fisheries play an important role on seabird ecology. Fishery-induced
Fishery induced mortality is the
main cause of population decline of several seabird species (Rolland et al. 2009, 2010, Ramos
et al. 2012, Barbraud et al. 2013).
2013) Hundreds of thousands of seabirds are bycaught annually
(Anderson et al. 2011b, Žydelis et al. 2013),
2013), and this alone makes seabirds one of the most
threatened group of vertebrates (Polidoro et al. 2009, Vié et al. 2009, Croxall et al. 2012a).
2012a)
Additionally, the reduction in food resources as a consequence of competition with fisheries is
particularly concerning (Furness and Tasker 2000, Bertrand et al. 2012, Grémillet et al. 2016).
2016)
On the other hand, examples of seabird species which were able to take advantage of the
super-abundant
abundant fishery discards, ultimately
imately boosting their population numbers, are also
abundant (Giaccardi and Yorio 2004, Quintana et al. 2006, Furness et al. 2007, Copello et al.
2008, Copello and Quintana 2009, Crawford et al. 2014).
2014)
How to buffer the effects of environmental change on
on seabirds using Marine Protected Areas
One of the main approaches to buffer the effects of environmental change on global
marine ecosystems is the use of Marine Protected Areas (MPAs). MPAs are marine areas with
acknowledged relevance on ecological, biological
biological or oceanographic features that have integral
or partial restriction of human activities aiming to maintain and preserve those features
(Kelleher 1999, Cochrane et al. 2011, Sanders et al. 2011).
2011) Originally designed to manage
fishing activities and guarantee
uarantee sustainability of fish stocks (Kelleher 1999, Roberts et al. 2001,
200
Cochrane et al. 2011, FAO 2011, Sanders et al. 2011) the concept of MPAs enlarged to embrace
and protect other marine organisms. Moreover, it manages many other human activities or
impacts resulting from human activities, addressing not only biological, but also social and
economic criteria (Dalton 2004, McLeod et al. 2009).
2009)
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Efficiency of MPAs is often controversial, given the difficulty
difficulty to monitor and measure
the resulting benefits of an implemented MPA (Jameson
ameson et al. 2002, Mora and Sale 2011, Edgar
et al. 2014). But there are numerous examples of successful MPAs that were able to reach their
goals and protect their targets (Roberts et al. 2001, Ami et al. 2005, Mora and Sale 2011) . Such
examples of success, lead countries around the globe to sign an agreement to designate MPAs
covering 10% of the global oceans (Secretariat of the Convention on Biological Diversity 2006).
2006)
Nevertheless, presently
resently only 2.98% of the ocean area is currently protected, and <1% of the
global ocean comprise ‘no-take’
take’ zones, where no harvesting of marine resources are allowed
(Marine Conservation Institute 2015).
As top-predators,
predators, seabirds reflect the state of the
the trophic web under them (Hooker and
Gerber 2004, Sergio et al. 2008, Ronconi et al. 2012, Lascelles et al. 2012, Raymond et al.
2015). Several methods, using data on distribution of seabirds, have been proposed to create
protected marine areas, such as the presence of breeding colonies (Grecian et al. 2012, Harris
et al. 2015, Young et al. 2015),
2015) important foraging areas (Louzao et al. 2012, Tancell et al. 2012,
Péron and Grémillet 2013, Raymond et al. 2015),
2015) non-breeding areas (Frederiksen et al. 2012,
Grecian et al. 2016). One of the major efforts to identify relevant marine areas for protection
based on seabird data is the Important Bird Area (IBA) approach, implemented by Birdlife
Bir
International (http://www.birdlife.org/worldwide/programme
ttp://www.birdlife.org/worldwide/programme-additional-info/important
info/important-birdand-biodiversity-areas-ibas).
). Marine IBAs have been playing an important role in identifying
areas for conservation around the planet for more than 30 years. The increasing availability
availabil of
seabird tracking data on the last 10 to 15 years, enabled the emergence of several studies
joining seabird tracking data under different perspectives, to produce and propose MPAs
(Tancell et al. 2012, Arcos et al. 2012, Lascelles et al. 2012, 2016, Chivers et al. 2013, Delord et
al. 2014).
Seabirds as indicators of present and future marine environmental changes
Studies using ecological niche and species distribution models to predict seabird
distribution using different climate change scenarios are still scarce (but see Hazen et al. 2012,
Russell et al. 2015, Legrand et al. 2016).
2016). Several studies have benefited from the
Intergovernmental Panel for Climate Change (IPCC) models (Dunne et al. 2012, 2013, IPCC
2014) to quantify potential shifts in species occurrence, distribution and abundance for several
organisms (Hazen et al. 2012, Jones et al. 2013, Kwon and Lee 2015, Kwon et al. 2015, StuartStuart
Smith et al. 2015, Sunday et al. 2015, Takao et al. 2015, Williams et al. 2015, Goberville et al.
2015, Marzloff et al. 2016).. The few ‘seabird studies’ are mostly of species from temperate
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zones of the northern hemisphere and/or limited to their breeding distribution (Hazen et al.
2012, Peron et al. 2012, Russell
Russ et al. 2015, Poloczanska et al. 2016). These studies have found
a consistent trend of poleward movement of species, following the predicted movement of the
isotherms towards higher latitudes. As an example, Legrand et al.
al (2016) used year-round
year
distribution
bution of a tropical small gadfly species to predict their spatial responses to climate
change. They found a poleward trend on species distribution, which varied according to the
climate change scenario. It is not surprising that even basic information, such
su as ranges of
ecological niches, are not available for several species of small tropical and subtropical
seabirds, though some studies have been published in the last years following the
miniaturization and accessibility of tracking devices (Ramírez et al. 2013, Ramos et al. 2015a,
Legrand et al. 2016).
Most of the studies regarding seabird movements and interactions with fisheries are
from the breeding period (i.e.
(
Xavier et al. 2004, Votier et al. 2010, 2013, Patrick and
Weimerskirch 2014, Granadeiro et al. 2014).
2014) Moreover, the majority of tracking
tr
data with
higher resolution are only available during the breeding season, given current limitations of
GPS and PTT tags (Phillips et al. 2008).
2008) Some studies overlap non-breeding
breeding distribution of the
whole population of a given species with fisheries activities on a coarse scale (i.e., Reid et al.
2013, Thiers et al. 2014).. Overall, no fine-scale
fine scale information regarding different levels of
interactions with fisheries
ies for the non-breeding
non breeding period is available on the literature. For
instance, no study has been able to detect individual features explaining the seabird-fisheries
seabird
interaction, both during the breeding or the non-breeding
non breeding periods. Nonetheless, understanding
understandin
which factors drive the overlap of seabird population distribution on a larger and coarser scale
can provide important insights into global and macro-ecological
macro ecological processes, as well as to detect
regions of conflict between conservation of marine diversity and fisheries (Karpouzi et al.
2007a, van Keeken et al. 2007, Allison et al. 2009, Brander 2010),
2010) this issue has been largely
unexploited in the literature.
Finally, using different features to identify and propose important biological zones for
biodiversity is still a challenge, particularly for pelagic areas and international zones where
management and policy of large marine ecosystems are quite difficult (Louis W. Botsford et al.
1997, Duda and Sherman 2002, Levin and Mollmann 2015).
2015). Several studies have
h
identified
large important areas for conservation in international areas, but the overall global panorama
of marine protected areas is still dominated by coastal MPAs (Marine Conservation Institute
2015).
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Thesis Outlines and Objectives

“Aloft upon some distant shore
The seabird sets her wings to soar
The salt sea tang of crested breeze
Or howling gale of winters freeze”
Marshal Gebbie
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Thiss thesis is structured in four chapters, each one composed by one or two
manuscripts submitted, in review or accepted for publication on major scientific journals. Each
chapter aims to answer specific questions regarding the topics of seabird spatial ecology and
marine environmental change in order to contribute to fill in the knowledge gaps identified in
the previous section.
Chapter 1. The non-breeding
breeding distribution of Southern Giant Petrels from Antarctica and their
interaction with fisheries activities in South America
In this chapter, I quantify the spatial relations of non-breeding
non breeding distribution
di
of a
scavenging and highly dimorphic seabird species with fisheries off Antarctic and Patagonia
waters, aiming to quantify sex and individual differential overlap with fisheries, exploring the
effects of individual phenotype (body size) in influencing
influencing such overlap. I further inspect how a
potential historical increase in fishing activities may have been responsible to the population
increase of this species. This chapter is composed by two papers:
Krüger L, Paiva VH, Finger JVG, Petersen E, Xavier
Xavier JC, Petry MV, Ramos JA. Body Size explains
overlap with fisheries in a sexually dimorphic seabird: potential population
consequences. Submitted to Polar Biology;
Krüger L, Paiva
iva VH, Petry MV, Ramos
Ramo JA (2017)) Strange lights in the night: using abnormal peaks
p
of light in geolocator data to infer interaction of seabirds with nocturnal fishing vessels.
Polar Biology 40:221--226;
Chapter 2. Ecological niche of transequatorial
transequator al migrating Pterodroma species from the
Atlantic Ocean
In the second
nd chapter I quantify year-round
round ecological niche of two small migratory
gadfly petrels in the Atlantic Ocean. This chapter is composed by two papers. The first paper
describes the year-round
round distribution, habitat-use
habitat use and isotopic ecology of a highly unknown
unkno
Seabird the Trindade Petrel Pterodroma arminjoniana,, representing the first tracking study for
this species. The second paper explores the potential consequences of future climate change
on a highly threatened gadfly petrel species,the Deserta’s Petrel Pterodroma deserta.
deserta I
projected the distribution of the species based on ecological niche modeling to IPCC scenarios
and compared habitat suitability change in future scenarios compared to the current estimated
distribution:
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Krüger L, Paiva VH, Colabuono FI,
FI, Petry MV, Montone RC, Ramos JA (2016) Year-round
Year
spatial
movements and trophic ecology of Trindade Petrels (Pterodroma
(Pterodroma arminjoniana).
arminjoniana
Journal of Field Ornithology 87:404-416;
Krüger L, Pereira JM, Ramírez I, Ramos JA, Paiva VH. Blowin’ in the
the wind: how future climate
will modulate the non-breeding
non breeding distribution of an endangered gadfly petrel. Submitted
to Climatic Change;
Chapter 3. Climate change, seabirds and fisheries in the Southern Oceans
In the third chapter, I projected the distribution
distribution of seabird species and fisheries
activities in the Southern Ocean in order to detect species sensitivity to climate change and
locate potential areas of conflict between seabirds and fisheries, emerging from the influence
of climate change:
os JA, Xavier JC, Grémillet D, González-Solís
González Solís J, Petry MV, Phillips RA, Wanlkess RM,
Krüger L, Ramos
Paiva VH (2017)) Projected distributions of Southern Ocean albatrosses, petrels and
fisheries as a consequence of climatic change. Ecography DOI: 10.1111/ecog.02590;
10.1111/ecog.0259
Chapter 4. Identifying
fying pelagic marine protected areas applying species distribution models
with tracking data
Finally, in the fourth chapter I applied Species Distribution Models / Ecological Niche
Models for several species using the South Atlantic Ocean in order to quantify
quant exposure to
environmental change stressors, and to detect and propose key pelagic areas to be protected,
in an area where only coastal marine protected areas do exist:
Krüger L, Ramos JA, Xavier JC, Grémillet D, González-Solís
González Solís J, Kolbeinsson Y, Militão T, Navarro J,
Petry MV, Phillips RA, Ramírez I, Reyes-González
Reyes
JM, Ryan PG, SigurðssonIA,VanSebille
SigurðssonIA
E, Wanless RM, Paiva VH (2017) Identification of candidate pelagic marine protected
areas through a seabird seasonal-,
seasonal multispecific- and extinction risk-based
risk
approach.
Animal Conservation.. DOI: 10.1111/acv.12339.
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Chapter I
The non-breeding
breeding distribution of Southern Giant Petrels
from Antarctica and their interaction with fisheries
activities in South America

“Sea-bird!
bird! Seeker of the storm,
In its shriek thou dost rejoice
re
Sending from thy bosom warm,
Answer shriller than its voice.”
Anna Maria Wells
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Body size explains overlap with fisheries in a sexually dimorphic seabird: potential
population consequences
Abstract. The role of body size on mediating interaction of seabirds with fisheries have been
mostly explored at inter-specific
specific or between-sex
between sex levels, however, the fisheries have been
demonstrated to be a selective force over specific phenotypes with potential demographic
consequences. Wee tested how individual body size might explain the spatial overlap with
fisheries during the non-breeding
breeding period of Southern Giant Petrels Macronectes giganteus
from Antarctic Peninsula, and evaluated the relation between an increase in fishing effort
within the non-breeding
breeding area and historical population numbers. We tracked 31 individuals
with geolocators throughout the year. All individuals used waters off Argentina and Falkland
Islands during part of their breeding period, but females used areas further north than males.
The fishing vessels density within the individual core areas was inversely proportional to the
individual body size, independently of the sex, but fishing density was also higher in core areas
of females compared to males. This population
population has been increasing since the 1970s, matching
an increase in fishing effort for squid and pelagic fishes off Patagonia waters. Contrasting with
other studies, we found a sex and body-size
body size mediated mechanism that takes smaller
individuals to overlap more of their foraging area with zones of higher fishing effort. Such
findings highlight the need for a better understanding of the effects of fisheries discard/offal on
scavenging seabirds. Specifically, how such interaction with fisheries during the non-breeding
non
period might favour specific phenotypes and thus work as a carry-over
carry over effect on the
demography of the overall population.
Keywords. Antarctic Ecology; Macronectes giganteus;; Population Size; Scavenging behaviour;
Southern Giant Petrel; Tracking.
Introduction
Body size plays a major role in structuring ecological interactions and processes
(Emmerson and Raffaelli 2004, Woodward et al. 2005, Brose et al. 2006).
2006). For instance, body
size was found to influence individual interactions in communities and food webs (Woodward
et al. 2005, Brose et al. 2006, Mancini et al. 2014),
2014) sexual segregation (Weimerskirch et al.
2012, Clutton-Brock
Brock & Huchard 2013, Dehnhard et al. 2015), intra-sexual
sexual competition
(Barbraud 2000, Hahn and Peter 2003),
2003) nest-site selection (Barbraud 2000),
2000) habitat use
(Copello et al. 2011), individual spatial distribution (Cronin et al. 2012) and interactions with
fisheries (Copello and Quintana 2009, Votier et al. 2010a, 2013).
2013) Those can be linked to the
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dominance of larger individuals on aggressive interactions (Cain and Ketterson 2013),
2013)
phenotypical variability on physiological constraints towards environmental and climate
conditions (Porter and Kearney 2009, Ohlberger 2013),
2013), and energy flow through individuals in
trophic webs associated with the mass of food items that different sized individuals can handle
(Layman et al. 2005).. Body size can, therefore, organize individual resource and habitat use by
competition mechanisms, particularly over low resource environment or high density
populations, where larger individuals have a fitness advantage over smaller ones by exploiting
better quality food sources (Bolnick 2004).
2004)
Size dimorphism is also relevant when explaining ecological and behavioural
differences among sexes for several seabird species (Shaffer et al. 2001, Serrano-Meneses
Serrano
and
Székely 2006). Male-biased
biased size dimorphism may be a by-product
by
of sexual (Serrano-Meneses
(Serrano
and Székely 2006) and nest-site
site (Barbraud 2000) selection, which leads females and males to
segregate spatially and behaviourally due to physiological and competitive constrains
(González-Solís
Solís et al. 2000a, Shaffer et al. 2001, Navarro et al. 2009, Quintana et al. 2011, Lewis
et al. 2015).. Such differences may lead to a differential overlap and use of fisheries by both
sexes. Sex-biased
biased interactions with fisheries have been reported on several species, like
Northern Gannets (Votier et al. 2010a, 2013) Wandering Albatrosses (Xavier et al. 2004) and
even Giant Petrels (Thiers et al. 2014),
2014), but which sex is more impacted by fisheries is highly
variable among species (Petersen et al. 2009, Bugoni et al. 2011).
2011). For sexually dimorphic
seabird species in particular, it is important to consider the influence of both size and sex in
explaining individual niche variation and at-sea
at sea habitat use in relation to fisheries.
The degree of association with fisheries usually varies within a population, sometimes
with few specialized individuals within the overall population intensively using fishery discards
as primary or secondary food source (Bodey et al. 2014, Patrick and Weimerskirch 2014,
Granadeiro et al. 2014, Sommerfeld et al. 2016).
2016) For several species, the use of discards as an
alternative or complementary source of food boosts seabirds’ survival during the non-breeding
period, however it may reduce breeding success when extensively used to feed chicks, as it can
be of low quality (Grémillet et al. 2008a, Österblom et al. 2008).
2008). However, particularly for gull
populations, there are individuals specialized on using fishery discards, only using more natural
sources of food when fishery activity and related food subsidies are low or when there are
super-abundant
abundant and localized peaks of prey (e.g. Giaccardi and Yorio 2004).. Though there are
no clear evidences about how individual traits such as body size may explain differential
individual interaction with fisheries. In the Southern Ocean, the Southern Giant Petrel
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Macronectes giganteus (SGP) is the seabird species with the higher sexual
sexual segregation with
practically no size-overlap
overlap between sexes, which is a consequence of different roles in
reproduction and of different foraging strategies (Hunter 1987, Copello et al. 2006, Carlos and
Voisin 2008).. Sex and body size plays an important role in foraging behaviour and individual
competition of SGP (Hunter 1984, 1987, González-Solís
González
et al. 2000b, 2008),, therefore this is a
good model species to understand the effects of both sex and body size
size on the ecology of
populations. Male size is important in disputes for nest site selection and in competition for
food, as males feed much more on carrion and other seabirds on land (i.e. penguins) than
females, which forage mostly at sea on fish and squid
squid (Hunter 1987, González-Solís
González
et al.
2000a). So we would expect larger males to be more prone to feed on carrion than smaller
males, and the same should occur for females, which should be reflected in their spatial
distribution, habitat use and use of fisheries,
fisheries, mainly because fisheries can boost numbers of
certain phenotypes within a population (Barbraud et al. 2013).
Recently, Krüger et al (2016) confirmed that the populations of SGP from higher
latitudes shift their distribution to subantarctic waters during the nonnon-breeding season,
contrasting to the distribution of subantarctic populations which are less dispersive and remain
on subantarctic waters (Raya Rey et al. 2012).
2012). Recent increases in Argentine populations of SGP
were attributed to feeding on discards from trawlers and jiggers (Copello and Quintana 2003,
2009, Quintana et al. 2006),, contrasting to Antarctic populations whose population status is
highly variable from colony to colony (Patterson et al. 2008). Globally
lly the species is bycaught in
longline fisheries, but the rates of bycatch are relatively low (Favero et al. 2011, Yeh et al.
2013),, so there are negligible negative effects of their interaction with fisheries.
As SGP individual body size is important on feeding interactions, and fisheries are
important sources
rces of food for this species in the South Atlantic, we tested how the individual
differences in body size might explain individual spatial overlap with fisheries during the nonnon
breeding period. We envisage that smaller individuals should move further north
nort than large
individuals, thus overlapping more their distribution with fisheries. Further, we explored the
potential demographic consequences of such seabird-fishery
seabird fishery interactions. Assuming that the
interaction with fisheries might have an influence on SGP population numbers (Copello and
Quintana 2003, 2009, Quintana et al. 2006),, we evaluated the relation between fishing catches
(a proxy of fishing effort) within the current non-breeding
non breeding distribution, with the population
numbers of SGP from Elephant Island between 1970 and 2012.
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Methods
Study Area The study was conducted on
on Stinker Point, Elephant Island (61.17°S 55.35°W).
Stinker Point is a summer ice-free
ice free area where several seabird and mammal species breed, and
is also of high importance for moss, fungi and lichens diversity (Harris et al. 2015).
2015) This area
was recently included
cluded on an Antarctic Important Bird Area with two other adjacent areas, given
its relevance to Antarctic biodiversity (Harris et al. 2015).
Tagging Procedure We tagged 50 Southern Giant Petrels (SGP) with British Antarctic Survey
(BAS) MK19 geolocators (16x14x6mm,
16x14x6mm, 2.5g, 10 min. light resolution) in Stinker Point during the
incubation period (January): 20 adults in January 2011 and 30 in January 2014. All the selected
individuals were confirmed breeders. We recovered 12 individuals in December 2011 (5
females
les and 7 males) and 19 individuals in December 2014 (11 females, 8 males).
It is highly recommended that the total weight of a device attached to a bird does not
exceed 3% of the bird’s weight (Phillips et al. 2003, Paiva et al. 2010a, b).. With the rings (2.2g),
the 3M Super Weatherstrip Adhesive (to glue the tag to the ring) plus the
the plastic belts, the
device’s total weight had a maximum of 6.0g. The mean body mass of the tagged individuals
was 4275g (3000g min, 5400g max), so the total weight of the equipment was far below 1%,
even for the smaller individuals. All birds were measured
measured for bill length (with callipers) for sex
determination, as male bills are longer than 96mm (Hunter 1984).. It was confirmed
conf
by the
observation of the pair at the nest (male and female can be distinguished by eye when they are
together). Birds (10 females and 12 males) were weighted to the nearest 100g and measured
for total length and wing length (both with millimetre aluminium
alu
rulers).
Spatial Data processing Geographical data were processed by the BASTrack Package. We used
the BASTrackLocatorAid software to determine the sun elevation angle (=-1)
(= 1) using a ground
truth geolocator for calibration. We set the light threshold to 8. Thresholds in the light curves
are used to determine sunrise and sunset times, thus allowing an estimation of latitude based
on day length and longitude based on the timing of local midday with respect to Universal
Time. Daily light curves were cleaned
cleaned according to interruptions in the sunrise/sunset
sequence. The resultant points were excluded when the estimated velocity of the animal was
above 60 km/h (González-Solís
Solís et al. 2008, Péron et al. 2010b).
2010b). Data from the 15 days before
and after the equinoxes (20th March and 23rdSeptember in 2011, 21th March and
22rdSeptember in 2014) were also excluded.
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Individual home range (HR; 95% and 75% Kernel Density), individual foraging area (FA;
50% Kernel Density) and Core Area CA (25% Kernel Density) were calculated using the
KernelUD function of the ‘adehabitat’ R package (Calenge et al. 2016). We applied an
Epanechnikov kernel (Scaillet 2004) with smoothing bandwidth (h) equal to one degree,
according to the average error of GLS positions (Phillips et al. 2004).. We used only positions
from the non-breeding
breeding seasons. The egg laying period for this population was estimated to be
from the middle of November to the middle of December. Usually, birds arrive at the colony
and start
tart nest selection around one month before egg-laying
egg laying (ACAP 2010). Therefore, October
was assumed to be the start of the breeding season. No data were available regarding the
period when adults stop provisioning for their chicks in this population, but most
mo chicks start
moulting to adult plumage by March. April was used as a transition period to the non-breeding
non
season. So the data used in this study correspond to points from April until September. We
calculated percentage of individual overlap using the ‘kerneloverlap’
‘kerneloverlap’ function of the
‘adehabitat’ package (Calenge et al. 2016), overlapping only individuals tracked in the same
year. Individual mean overlap with other individuals of the same (intra-sex
(intra sex overlap) and of the
other sex (inter-sex
sex overlap) was calculated.
ca
Fisheries data Fishing vessel density was computed from the ship density shapefiles from
PASTA-MARE project (LuxSpace 2010) and was used as a measure of local fishing effort.
LuxSpace (2010) calculated the density of ships as “the average abundance of vessels within a
defined geographical area/ spatial grid”. They used a mean value of ship density using eight day
snapshots on a 0.25°x0.25° spatial grid from three months (01/01/2010 – 29/03/2010) Satellite
Automatic Identification System S-AIS
S AIS movement of 62000 vessels on a global scale. This data is
assumed to represent a good approximation picture of long-term
term distribution of ship data in
the studied area. We extracted mean values of fishing vessel density within the FA of each
individual (hereafter termed ‘fishing density’) using the ‘extract’ function of the ‘raster’ R
package (Hijmans 2016).
16). Historical fishing intensity was calculated from FishStatJ (FAO 2016),
using all catches data available per year from Argentina and Uruguay waters.
Southern Giant Petrel Population We used historical records for the number of breeding pairs
in Stinker Point in 1971 (Patterson
(Patte
et al. 2008),, and between 1986 and 1992 (Petry 1994). We
also counted the total number of breeding pairs from 2009 to 2012, by counting all incubating
birds.
Statistical Analysis First, we ran a Principal Component Analysis (PCA) over the body size
variables
ariables (body mass, total length, wing length and bill length) using the ‘vegan’ R-package
R
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(Oksanen et al. 2016).. We grouped individuals based in their position on the first component
(Size Component henceforth) in Small (value below the group mean) or Large (value above the
group mean).
We had different individuals sampled in different years, then we tested year
independence of the response variable (fishing density) through a generalized linear mixed
model using the ‘lmerTest’ R package (Kuznetsova et al. 2016), comparing one model with
random effect of the year [Fishery~Size*(1|year)] with a simple model with no random effect
(Fishery~Size).The accuracy of the both models was compared by the Aikaike Information
Criteria (AIC).
We tested the effect of sex, individual size and individual latitudinal distribution over
the fishing density during the non-breeding
non
period using an Analysis
lysis of Covariance ANCOVA in
R environment (R Core Team 2016). We interacted the Body Size and Sex terms (Fishing
Density~SizeGroup*Sex+Latitude) as the effects of sex and body size are inherently linked. The
fishing density was normal distributed (Shapiro-Wilk
(Shapir
W = 0.933, P = 0.143) and had
homogeneity of variances in both sex (Bartlett’s K2 = 0.201, P = 0.654) and body size group
(Bartlett’s K2 = 2.097, P = 0.150). We tested the effects of both body size and fishing density on
the intra- and inter-sex overlap
rlap also using ANCOVA, as intra-sex
intra
(Shapiro-Wilk
Wilk W = 0.941, P =
0.217; Bartlett’s K2 = 0.918, P = 0.338) and inter-sex (Shapiro-Wilk W = 0.948, P = 0.289;
Bartlett’s K2 = 0.392, P = 0.531) overlap were both within ANCOVA assumptions.
We evaluated the relation
ation between SGP number of breeding pairs and fisheries catches
in South America by applying linear regressions over the residuals of the annual variability of
the number of breeding pairs [Breeding Pairs~(1|Year), family = poisson] and fisheries catches
[log(Fisheries Catch)~(1|Year)] from Generalized Linear Mixed Models GLMMs in the ‘lmerTest’
R package (Kuznetsova et al. 2016).
Results
Body size, sex and overlap with fisheries The first two components of the PCA captured 83.8%
of individual size variability,
lity, with a clear positive relation of all body measures with the first
component (bill ρ = 0.86, wing ρ = 0.83, weight ρ = 0.62, length ρ = 0.58). There was no overlap
between sexes of the individual positions in Component 1 (fig.1).
Year had no random effect on the relation of fishing density and body size (AICno-random
effect

= 30.80, AICnrandom effect = 32.80, χ2 = 0.1, P = 0.998). Fishing density differed between Size

Groups (F1,17 = 9.45, β = 0.320, P = 0.007) and between sexes (F1,17 = 10.21, β = -0.136, P =
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0.005), the latitude effect was marginally significant (F
( 1,17 = 4.10, β = 0.080, P = 0.054) but the
interacted effect of Sex*Size was not significant (F
( 1,17 = 0.28, β = -0.187, P = 0.604). Smaller
individuals had a higher fishing density, irrespective of sex (fig.2a). Nonetheless, larger
individuals of the same sex had lower fishing density in their foraging area than the smaller
ones, and the sex effect also was important as females also tended to present higher fishing
density in their foraging areas than males, but the amount of variability between large and
small individuals was similar
imilar between sexes also indicated by the non-significant
non significant effect of the
interacting term “Sex*Size” (fig. 2b). It was also a consequence of latitude, as females moved
further north than males (fig 2b, fig. 3).

Figure 1. Component loadings of body size variables
ariables (body mass, total length, wing length and
bill length) from (F) females and (M) males Southern Giant Petrels (Macronectes
Macronectes giganteus)
giganteus on
the first 2 principal components, which collectively explained nearly 85% of the total variance
in the data.

Intra-sex
sex overlap was significantly lower for males (F
( 1,17 = 5.525, β = -0.131,
P = 0.006),
but there was no influence of body size (F
( 1,17 = 1.295, β = -0.075, P = 0.270) nor fishing density
(F1,17 = 2.632, β = -0.052, P = 0.167). On the other hand, inter-sex
inter sex overlap was not significantly
different between sexes (F1,17 = 0.916, β = -0.072, P = 0.351), size groups (FF1,17 = 0.454, β = 0.067, P = 0.509) nor had the influence of fishing density (F
( 1,17 = 0.424, β = 0.103, P = 0.523).
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Figure 2. Relationship between the individual position on the Size Component and fishing
density
ity within foraging area (a) and the mean (± sd) latitudinal center of the foraging area and
the fishing density within that foraging area for small and large females and males (b).

Figure 3. 25% (bold black line), 50% (thin black line), 75% (dark grey line)
line) and 95% (light grey
line) kernel utilization distribution (kernel UD) of tracked female (a) and male (b) Southern
Giant Petrels (Macronectes
Macronectes giganteus)
giganteus from Stinker Point, Elephant Island (white star) during
their non-breeding
breeding period (April-September),
(April
), and density of fishing vessels (c) measured as
number

of

vessels

per

geographical

area

(data

taken

from

https://webgate.ec.europa.eu/maritimeforum/en/ node/1603).
node/1603 The decadal mean sea ice cap
above 50% of ice cover (dot-dashed
dashed white line) are represented on the background.
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Population size and fisheries SGP population of Stinker Point increased from 555 breeding pairs
in 1971/72 to 983 pairs in 2011/12, in an estimate growth rate of 10.47 breeding pairs per year
(r2 = 0.67, F1,10 = 20.29, β = 10.47, P = 0.001). The annual variability of the number of breeding
pairs was proportional to the annual variability of Squid (r
( 2 = 0.461, F1,10 = 7.684, β = 7.837, P =
0.022) and demersal (r2 = 0.394, F1,10 = 5.843, β = 44.462, P = 0.034) fisheries, but was not
related to pelagic (r2 = 0.259, F1,10 = 3.493, β = 11.882, P = 0.091) nor coastal (r
( 2 = 0.237, F1,10 =
3.104, β = 6.731, P = 0.109) fisheries (fig. 4).

Figure 4. Relationship between the annual residuals of the number of Southern Giant Petrel
(Macronectes giganteus) breeding pairs and historical annual catchesof
of coastal, demersal,
pelagic and squid fisheries off Argentina and Uruguay between 1970 and 2012. Line is the
linear mean trend± standard
tandard deviation (shaded area). nsnon-significant;
significant; * p < 0.05.
Discussion
The hypothesis of association of smaller individuals with high density fishing areas was
met. We propose three possible explanations for this outcome: (1) larger birds are more
efficient
cient at finding ‘natural’ prey, therefore they do not need to rely on bycatch, (2) larger birds
out-compete
compete smaller ones, so smaller birds must disperse farther, and (3) larger birds are less
affected by cold, then remaining at low fishing areas in southerly
southerly latitudes during winter. Such
explanations are supported both at the individual and sexual levels, as on average females
moved further north towards higher fishing density areas. Assuming a higher overlap translates
into a higher use of fisheries resources
resou
(i.e. Copello and Quintana 2009),, we could suggest that
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less competitive (or less experienced, see Haug et al. 2015) individuals use fisheries as an
alternative resource during the harsh winter conditions to enhance their individual survival rate
(Grémillet et al. 2008a, Österblom et al. 2008).
2008). Evidences suggest that fisheries are a less
quality food used opportunistically
opportunistic
during the non-breeding
breeding period, compared to the breeding
period when parents reduce the use of fishery discards in order to maximize the chick’s body
condition (Grémillet et al. 2008a, Kadin et al. 2012, 2016).
2016). On the other hand, the Antarctic
Peninsula may pose opportunities to forage inland on seal carcasses and penguins and nearnear
shore on highly productive polynya waters (i.e.
(i.e. an area of open water surrounded by sea-ice)
sea
(Ribic et al. 2008, Joiris and Dochy 2013, Santora 2014).
Conversely, body size was not related to the individual foraging area overlap with other
individuals not even for individuals on low density fishing areas. Assuming that competition is
higher under low-abundant
abundant resources and it decouple stronger from
from weaker competitors
(Triplet et al. 1999, Lewis et al. 2001, Bolnick 2004, Ramírez et al. 2014),
2014), such finding reduces
the values of the competition explaining the higher overlap of smaller individuals with
fisheries.
es. It suggests that physiological size-based
size based constraints may influence the individuals’
distribution toward temperature/latitudinal gradients (i.e. Yamamoto et al. 2016) to ultimately
create opportunities
tunities to explore areas of higher fishing intensity.
Several studies found differences on overlap with fisheries at the sexual level (Votier et
al. 2010a, 2013),, but at the individual level there have been no strong evidence of any
individual feature influencing overlap with fisheries so far. We believe this is a consequence of
most studies being focused
sed on the breeding period (i.e. Votier et al. 2013; Patrick et al. 2014;
Granadeiro et al. 2014),, when the central place foraging and the need to provide chicks with
high quality food may buffer individual differences. Furthermore, the role that body size plays
on giant petrels ecology probably has more impact on individuals’ differences than on other
seabird species. Our results point to a potential favouring of females and smaller sized SGP
individuals if we assume that overlap with higher fishing intensity areas will translate into a
larger use of fishery resources by the birds. Such assumption is reasonable based on literature
suggesting that demography rates for several seabird species are related with foraging in high
density fishing areas (Tuck et al. 2001, Rolland et al. 2009, 2010, Barbraud et al. 2013, Thomson
et al. 2015).. The fisheries can be a selective force acting under given phenotypes (Barbraud et
al. 2013), or sexes (Tuck et al. 2001), and SGP individuals using areas of higher fishing intensity
will have an advantage at both sex and individual levels.
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Throughout the year, the SGPs from Argentina used the same areas utilised by SGPs
from Elephant Island during the non-breeding
non
period (Quintana et al. 2009, Copello et al.
2011),, where they highly interact with squid
squid and trawl fisheries (with slight sex differences),
which is assumed to be the main factor for the population increases of SGPs from those
populations (Quintana et al. 2006, Copello et al. 2008, Copello and Quintana 2009).
2009) It is likely
that a similar mechanism is occurring in the population of Elephant island as there is a portion
of the population which overlapped with areas of large fishing activities (this study), and
evidences of interactions with fishing vessels are robust (Krüger et al. 2016b).. The Stinker Point
population increased
ncreased from the 1970s to present day, which significantly matched the increase
in squid landings (this study). Furthermore, Krüger et al. (2016) showed that this same
population spent a considerably large amount of foraging time near the nocturnal squid
fisheries off Patagonia, during the non-breeding
non breeding period, with a sexual bias toward females.
Fishery discards are an important feeding resource explored by SGPs from Argentina,
particularly from trawlers and jiggers (Quintana et al. 2006, Copello and Quintana 2009).
2009) Illex
argentines is one of the most important squid for Argentine squid fisheries (Arkhipkin et al.
2015).. Discards from squid fisheries may comprise from 0.5% to 6.0 % of the total catch
(Kelleher
Kelleher 2005, Arkhipkin et al. 2015),
2015), which can be substantial when catches from I. argentines
fisheries are estimated to range from 70,000 to 270,000 tonnes annually (Arkhipkin et al.
2015). Furthermore, there are evidences that SGPs may scavenge and predate
predate on seabirds
killed or injured by fishing gears or cables (González-Zevallos and Yorio 2006).
Similar results to ours were obtained for other scavenging species (Furness et al. 2007)
such as gulls whose
se populations have been increasing exponentially (Bicknell et al. 2013),
2013) and
even for Black-browed
browed Albatrosses, with enhanced
enhanced breeding success related with feeding on
trawl fishery discards (Rolland
Rolland et al. 2010).
2010). While several SGP populations from subantarctic
and temperate regions are increasing, such as in Patagonia (Quintana et al. 2006, Copello et al.
2008, Copello and Quintana 2009),
2009) Falkland Islands (Reid and Huin 2008),
2008) South Georgia
Islands (González-Solís
Solís et al. 2000b) or Gough Islands (Cuthbert and Sommer 2004),
2004)
populations near or south of 60°S
60 show highly variable population trends (Sander et al. 2005,
Lynch et al. 2008, Patterson et al. 2008, Petry et al. 2016).
2016). Colonies may be exposed to the
effects of human presence locally (like
(like tourists and research stations, i.e. Sander et al. 2005)
but the large scale effects to which populations in the same archipelago (i.e. South Shetland
Islands) are exposed are similar, suggesting that differences for the non-breeding
non breeding distribution
could be acting to generate differences on the population breeding performance. We envisage
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the possibility that such large localized differences on high latitude populations may be caused
by variability on the interaction with fisheries during the non-breeding
non
period.
The possibility that small-sized
small sized phenotypes are being selected by a positive interaction
with fisheries during the non-breeding
non
period (i.e., Barbraud et al. 2013),, poses interesting
questions for future research on the effects of lower latitude fisheries over high latitude
populations of SGPs. This possibility
possibility gains even more relevance under current scenarios of
environmental stochasticity that might be favouring smaller body sized individuals (Gardner et
al. 2011).. In fact, there are evidences of climate effects on the dynamics of this SGP population
of Elephant Island (Krüger et al. 2011). Our study shows that we need to further understand
the effects of fishery discards/offal on scavenging seabirds of the Southern Ocean, and
highlight the importance of understanding the carry-over
carry over effects of the interaction of seabirds
with fisheries during the non-breeding
non
period into
o the population dynamics. Most studies on
individual use of fisheries are limited to the breeding period, where the seabirds are more
“concerned” in finding high quality food to provision their chicks, and thus are expected to
make a scarce use of fishery discards. An increased overlap with fisheries also increases the risk
of bycatch, and such trade--off
off between bycatch risk and feeding opportunities favouring
Southern Giant Petrel females and smaller individuals may occur in other areas and seabird
species.
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Strange lights in the night: using abnormal peaks of light in geolocator data to infer
interaction of seabirds with nocturnal fishing vessels
Abstract. Many seabird species forage at night, and potentially interact with nocturnal fishing
activities.
ivities. Jigging fisheries use powerful lights to attract squid, and such high intensity lights can
be recorded using global location sensing loggers (geolocators) attached to seabirds. We use
this potential source of information as evidence for interaction
interaction of Southern Giant Petrels
Macronectes giganteus with night fisheries during the non-breeding
non breeding season. We compared the
number of light spikes at night between sexes and evaluated if the intensity of the light on
those geolocator records matched periods of water immersion (wet-dry)
dry) of geolocators, as a
measure of foraging activity. Females had more night light spikes than males, and although the
activity on water was higher during nights with light spikes than nights without light spikes for
both sexes, females
les had a higher probability to be resting on the water when peaks of light
were higher. Females moved further north than males, and used areas of higher squid fishery
activities within Patagonian waters. This type of information is useful to record potential
potent
interactions with night fisheries, and propose that future studies should relate the accurate
distribution of individuals (from GPS-loggers)
GPS loggers) with light information (geolocators data) to
highlight this undocumented interaction. Southern Giant Petrels are
are recognized as interacting
intensively with fisheries off Patagonia waters with consequences for population dynamics (e.g.
mortality through by-catch
catch events).
Keywords. Antarctica, light-sensor
sensor data, Remote Sensing, Seabird Ecology, Spatial Ecology,
Squid Fisheries.
Introduction
Fisheries play an important role in seabird ecology because many seabird species feed
on fishery discards (e.g. Ryan and Moloney 1988), and fishery-induced
fishery induced mortality is one of the
main causes for strong population declines of seabird
seabird species like mollymawk albatrosses
Thalassarche spp. (Weimerskirch et al. 2000; Tew Kai et al. 2013; Rolland et al. 2010),
Wandering Albatrosses Diomedea exulans (Barbraud et al. 2013) or Cory’s Shearwater
Calonectris diomedea (Ramos et al. 2012). To quantify
quantify the interactions between seabirds and
fisheries it is important to understand how much of a population is affected by fishing activities
(Votier et al. 2010). The main studies on the subject have overlapped fishery areas with the
short- to long-term distribution of seabirds respectively, by means of satellite telemetry (e.g.
Xavier et al. 2004; Bugoni et al. 2009), geolocation (e.g. Reid et al. 2013), quantifying
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interactions by cameras attached to seabirds (Grémillet et al. 2010; Votier et al. 2013),
2013) or by
direct onboard sighting (Ryan and Moloney 1988; Bugoni et al. 2008; Yeh et al. 2013).
Literature has illustrated that the attraction to night lights from fisheries may have
noxious effects to night foraging seabirds – like colliding against vessels – but simply reducing
the amount of lights to a minimum on the outside of the vessel is an efficient solution (Black
2005; Glass and Ryan 2013). However, it is not the case for nocturnal fisheries that use
powerful lights to attract catch (Maxwell et al. 2003; Arkhipkin et al. 2015). They represent a
source of intense artificial light that can even be caught by satellites (Waluda et al. 2004, 2008).
Seabirds are attracted to jigging fisheries due the potent lights the vessels use to lure squid,
however it is assumed to have minimal bycatch for seabirds (Reid et al. 2006) as jigs are
designed to snag squids by the tentacles (Arkhipkin et al. 2015). On the other hand, nocturnal
bycatch is significant in longline fisheries, inclusively the amount of artificial light used to
attract prey is recognized to affect the rate of seabird bycatches, like White-chinned
White
Petrel
Procellaria aequinoctialis (Petersen et al. 2009; González et al. 2012) and Wandering Albatross
(González et al. 2012).
We quantified abnormal spikes
spikes on light curves registered by geolocator tags, which are
assumed to indicate potential interaction with nocturnal fishing vessels (Péron et al. 2010)
during the non-breeding
breeding season of Southern Giant Petrels Macronectes giganteus.
giganteus We relate
those light peaks with the individual wet/dry activity and overlap of the Giant Petrels home
range and foraging areas with the spatial distribution of nocturnal lights at sea. We envisage
this should be a useful method to identify and quantify individual interactions with squid
fisheries.
Methods
Twenty-three Southern Giant Petrels (13 females, 10 males) were tagged with Biotrack
MK3 geolocators (16 x 14 x 6 mm, 2.5 g) from January to December 2014 at Stinker Point,
Elephant Island, maritime Antarctic Peninsula (61°13'20.5"S,
(
55°21'35"W).
). All the tagged birds
were active breeders, incubating eggs when tagged. With the rings (2.2 g), the 3M Super
Weatherstrip Adhesive (to glue the tag to the ring) plus the plastic belts, the devices reached a
maximum weight of 6.0 g, which
which is well below the recommended 3% of the bird’s body mass
(Phillips et al. 2003), which was 4.27 kg (range: 3.00–5.40
3.00 5.40 kg) for the birds deployed on. We
analysed data from the non-breeding
breeding period, which we considered April to September. All birds
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were tracked
cked throughout the whole considered period, so they all have a similar amount of
tracking days during the non--breeding period (183 days).
Geolocators register the intensity of light continuously every 3 s providing a 10-min
10
cumulative value, measured in terms
terms of exposure of the light sensor to light flux per unit of
area (lux). Light intensity varies from 0 (night) to 64 (day). It is possible to estimate artificial
sources of light when there are odd peaks of light during the night period (Fox 2010). We
investigated
vestigated this, considering only peaks of light intensity above 10, so it would avoid any
natural source of light like bioluminescent organisms or reflection of a full moon on the water
or on ice. Geolocators also register a salt switch every 3 s, giving a record of when the bird is
sitting on the water. Then light and wet-dry
wet dry curves were merged, and each individual was
inspected for abnormal peaks of light intensity during the night in the nonnon-breeding season.
Wet-dry
dry activity records failed for two individuals
individuals (one female and one male) so we were able
to use only 877 out of the 1137 light peaks when relating to wet-dry
wet dry activity. We calculated for
each individual the number of nights with light spikes, the mean number of spikes per night
(considering only nights with spikes), and the mean Wet Activity per nights with and without
light spikes.
Geographical data was processed by the BASTrack Package. We used the
BASTrackLocatorAid software to determine the sun elevation angle (=-1)
(= 1) and set the light
threshold to 8. Thresholds in the light curves are used to determine sunrise and sunset times,
thus allowing an estimation of latitude based on day length and longitude based on the timing
of local midday with respect to Universal Time. Daily light curves were cleaned
clea
according to
interruptions in the sunrise/sunset sequence. Data from the 7 days before and after the
equinoxes (20th March and 22rd September in 2014) were also excluded (around 4% of
geographic positions). We calculated the 50% (Foraging Area, FA) and 25% (Core Area, CA)
kernel density for each individual and for sexes, using the adehabitat R package (Calenge
2006).
Satellite images from the National Oceanic and Atmospheric Administration (NOAA;
http://ngdc.noaa.gov/eog/) depicting global light at night
night were used to identify the activities of
squid fisheries vessels following methods described by Waluda et al. (2004), Paulino and
Escudero (2011) and Elvidge et al. (2015). Global light images represent the recordings for
cloud-free
free light intensity (NOAA 2015) presented in a 2.7 km grid image. We calculated a mean
value for the last four years of satellite data and filtered the light values through a 3x3 cell grid
median calculation, to detect light spikes (Elvidge et al. 2015).
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Mean wet activity was normally
norma
distributed (Shapiro-Wilk W=0.96,
=0.96, p=0.22) and
variances were homogeneous among nights with and without spikes (Bartlett’s K2=0.81,
p=0.37),
=0.37), the same goes for the individual number of nights with spikes (Shapiro-Wilk
(Shapiro
W=0.94,
p=0.19; Bartlett’s K2=0.44, p=0.51)
p=0.51) and number of spikes per night (Shapiro-Wilk
(Shapiro
W=0.93,
p=0.14; Bartlett’s K2=0.42, p=0.52).
p=0.52). So we used linear models to compare the Wet Activity
between sexes on nights with and without light spikes, and to compare number of nights with
spikes and number
mber of spikes per night between sexes. Generalized Linear Models (GLMs) with
logistic distributions were used to test the effect of sex and light intensity on the wet-dry
wet
activity of the giant petrels.. Analyses were conducted in R (R
R Core Team 2015)
2015 and data is
presented as mean ±SD.
Results
We can clearly see that females overlapped most of their FA with zones of high squid
fishing activities off the Argentina and Falklands waters, while males concentrated their
foraging areas in southern waters where these
the type of fisheries occurred less frequently (fig. 5).
5
However both sexes used at some extent the pelagic waters towards the north of Antarctic
Peninsula, the South America shelf
sh and Falkland Islands (fig. 5).
The number of nights with light spikes was marginally
marginally different between sexes
(F1,21=4.0, R2=0.17, β=-10.1, p=0.059)
p=0.059) with females (33.1±10.6 nights) having more nights with
light spikes than males (23.1±13.1 nights). On the other hand, the number of spikes per night
was not different between sexes (F
( 1,21=1.4, R2=0.06, β=-0.74, p=0.257).
=0.257). Individual mean
number of spikes per night varied from 1.68 to 6.7, with a mean value of 4.03±1.5. As each
spike corresponds to a 10 minute interval, the mean time spent around the squid fisheries was
around 40 minutes per night. The wet activity (F
( 3,40=10.3, R2=0.44, p<0.0001)
.0001) was significantly
higher in nights with light spikes than in nights without light spikes (T
( 3,40=4.73, β=52.17,
p<0.0001),
<0.0001), but the effect of sex was marginally significant (T
( 3,40=-1.74, β=-28.47,
28.47, p=0.07).
Females and males had similar wet activity during nights without light spikes (Females:
21.95% ± 12.00% [2.41%-40.45%],
40.45%], Males: 20.20% ± 14.54% [2.06% - 41.9%])
41
and both
increased wet activity during nights with light spikes (Females: 48.03% ± 11.61 % [26.45%[26.45%
64.45%], Males: 32.04% ± 16.10% [4.87%-56.3%];
[4.87%
fig. 6).
). There was a positive and significant
effect of night light intensity on the probability of landing
land on water (Z1,875=5.62, β=0.021, Odds
Ratio = 1.02, p<0.0001), with females having a higher probability to land on water than males
(Z2,874= 2.91, β = -0.025,
0.025, Odds Ratio = 0.97, p=0.003).
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Figure 5. Core areas (thick lines) and foraging areas (thin lines) of female (a) and male (b)
Southern Giant Petrels overlapped with the intensity of lights (lux) at night. Light data
extracted from NOAA satellites (http://ngdc.noaa.gov/eog/). White cross locates the breeding
colony, Elephant Island, light grey areas are zones of 50% probability
probability for sea-ice
sea
occurrence,
calculated based on 10-years
years mean data from NOAA coastwatch (coastwatch.pfeg.noaa.gov).

Figure 6. Mean ± SD individual percentage of time on water (wet activity) for Southern Giant
Petrel (Macronectes
Macronectes giganteus)
giganteus females and males
es during nights without (dark grey bars) and
with (light grey bars) night light spikes.
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Discussion
As proposed by Péron et al. (2010), we were able to quantify the number of night light
spikes, and this represents a potential source of information on interaction
interaction with squid fisheries,
as giant petrels’ wet activity behaviour changes coincide with the occurrence of night light
spikes. Many species of seabirds feed at night (i.e. Balance and Pittmann 1999; Dias et al. 2012;
Ramírez et al. 2013),
), and even species
species considered mostly diurnal (Weimerskirch and Wilson
1992; Regular et al. 2011) forage at night when abiotic conditions are favourable or take
advantage of the diel vertical migration of their prey (e.g. Elliott and Gaston 2015). This
behaviour, associated
ed with the attraction towards light (as an adaptation to find
bioluminescent organisms), may lead seabirds to interact with night light sources in the ocean.
Such attraction to artificial at-sea
at sea lights can also impact on survival, with birds colliding with
wit oil
platforms (Wiese et al. 2001; Black 2005), fishing vessels (Black 2005; Glass and Ryan 2013) or
being by-caught
caught on fishing gear (Ryan 1991; González et al. 2012). For instance, nocturnal
bycatch of White-chinned
chinned Petrels and Wandering Albatrosses has been positively correlated
with the amount of light used in longliners (Petersen et al. 2009; González et al. 2012). The
bycatch on jigging vessels is assumed to be very low (Arkhipkin et al. 2015), but the jigs’ crew
has been recorded to target seabirds as
as a food source when they approach the vessel, and this
could represent a substantial impact for threatened seabirds (Reid et al. 2006).
Southern Giant Petrels are known to interact with fisheries (González-Zevallos
(González
and
Yorio 2006; Copello and Quintana 2009;
2009; Yeh et al. 2013), feed on waste from trawlers and
jiggers (Quintana et al. 2006) and have been registered as bycatch at low rates in nocturnal
(Petersen et al. 2009; González et al. 2012) and diurnal longliners (Yeh et al. 2013). For
instance, catch rates
es of giant petrels reported for night longlining varied around one to five
percent of total catch (Petersen et al. 2009; González et al. 2012), and is similar to the amount
of catch rates for diurnal longlining (Favero et al. 2003; Yeh et al. 2013). Despite
Despi that,
interactions with night fisheries for this species are insufficiently documented. Southern Giant
Petrels in South America feed on squid species targeted by those night fisheries (Copello et al.
2008). For instance, squid Ilex argentines was an important
ortant food item for chicks of a population
of Southern Giant Petrels in Argentina during four consecutive years (Copello et al. 2008), and
is also the main target for the Argentine squid fisheries (Waluda et al. 2008). Jigging fisheries
off the Patagonia shelf are quite intensive – landings were reported to represent 40% of world
total catch for squids in 14 years (Arkhipkin et al. 2015).
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On the other hand, we also found a sexual effect for interactions with night fisheries.
Giant petrels are highly dimorphic
dimorphic and sexes have different foraging strategies (Hunter
(
1987; de
Bruyn et al. 2007).
). While males rely more on scavenging and preying upon other seabirds,
females feed more on fish and squid (Hunter et al. 1984; Gonzales-Solís
Gonzales Solís et al. 2000; Rey et al.
2012),, which likely explains the spatial differences we detected. Such sex-biased
biased interaction
with night fisheries might translate into females interacting more with jigging fisheries than
males. Despite the associated mortality of seabirds with jigging for squids
squids is assumedly low
(Reid et al. 2006; Arkhipkin et al. 2015), as already discussed, there is the issue of jiggers’ crew
using seabirds for food (Reid et al. 2006). Furthermore, similar methods of fishing proved to
have substantial bycatch of large seabirds
seabirds (González et al. 2012), and the use of jigging discards
as a food source may have demographic consequences for giant petrels (Quintana
(Quintana et al. 2006;
Copello et al. 2008).
Finally, we propose that future investigations should use the light sensor data
(provided
ovided by the geolocator device) with the accurate geographical locations of the bird
(captured by a GPS-logger),
logger), both deployed on the same birds, to precisely map seabird
interactions with fisheries at the individual level. Furthermore, tracking effort should
sh
be
coupled with onboard observations of seabirds attending fishing vessels during night. It would
provide valuable information to help with the at-sea
at sea conservation of seabird species, through
mitigation of the light induced seabird mortality.
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Chapter II
Ecological niche of transequatorial
transequator al migrating
Pterodroma species from the Atlantic Ocean

“As now thy solitary flight
I faintly trace on high
A speck, a mist that melts in light
Upon the sunset sky”
George Hill
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Year-round
round spatial movements and trophic ecology of Trindade Petrels (Pterodroma
(
arminjoniana)
Abstract. Trindade Petrels (Pterodroma
Pterodroma arminjoniana)
arminjoniana) are vulnerable gadfly petrels that breed
on the remote Trindade Island, located ~1100 km off
off the Brazilian coast. Little is known about
their spatial ecology, and their trophic ecology has only been described for the breeding
season. We tagged four Trindade Petrels with global location sensing loggers (GLS) from
October 2013 to November 2014 and sampled the blood and feathers (innermost primary,P1,
and the eighth secondary,S8) of 14 individuals to evaluate their year-round
year round spatial and isotopic
ecology. We examined individual distributions, habitat use and suitability, activity, and isotopic
valuess during the breeding, migration, and non-breeding
non breeding periods. Trindade Petrels used areas
in the southwest Atlantic Ocean (between 10°N and 50°S in latitude) during the breeding
season. They migrated through pelagic waters of the tropical Atlantic to the northwest
nor
Atlantic,
where they spent the non-breeding
non breeding season. Trindade Petrels used mostly tropical to
subtropical waters in areas of intermediate to high wind speeds and low marine productivity.
Individuals spent more time foraging at night than during the day.
day. During the breeding season,
birds in northerly areas had higher Carbon-13
Carbon 13 values, and birds that used more pelagic areas
foraged on prey at a higher trophic level (higher Nitrogen-15values)
Nitrogen 15values) than those in more
southern and coastal areas. Isotopic values during the breeding, migration, and non-breeding
non
periods differed, possibly due to differences among individuals in their at-sea
at
distribution
throughout the year. We confirmed the non-breeding
non breeding distribution of this species, which was
previously known only from vessel sightings and stranded birds. Our data also suggests a strong
temporal segregation in the at-sea
at sea distribution and trophic ecology between two groups of
individuals, which might indicate the existence of two separate breeding populations as
mentioned
ioned in previous literature. This is an interesting point for further research, with
important implications for the definition of at-sea
at sea conservation areas for this species as
individuals occurred within large and highly divergent oceanic areas.
Keywords. at-sea
sea distribution, endangered species, global location, habitat suitability, trophic
ecology
Introduction
Many small species of procellariiforms engage in trans-equatorial
trans equatorial migration, including
Bulwer’s Petrels (Bulweria
Bulweria bulwerii;
bulwerii Ramos et al. 2015),, Leach’s Storm Petrels (Oceanodroma
(
leucorhoa; Pollet et al. 2014),
2014), and gadfly petrels such as the Deserta’s Petrels (Pterodroma
(
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deserta; Ramírez et al. 2013, 2015).
2015). Because procellariiforms use vast areas of the ocean,
determining the areas that are important at each stage of their annual cycles is important
imp
(Freeman et al. 2013, Pollet et al. 2014).
2014). This is especially the case for threatened
procellariform seabirds (Croxall et al. 2012a) that migrate to areas with high marine
productivity, often in different ocean basins (Ramos et al. 2015) where they face several at-sea
at
threats (e.g.bycatch; Lascelles et al. 2014, Lewison et al. 2014).
2014)
Trindade Petrels (Pterodroma
Pterodroma arminjoniana)
arminjoniana are considered a Vulnerable species by
Birdlife International (Birdlife International 2016) and Endangered by the Brazil Environmental
Ministry (ICMBio 2014). They breed on Trindade Island located off the coast of Brazil in the
South Atlantic Ocean, with another small population breeding on Round Island in the South
Indian Ocean (Brown and Jordan
rdan 2009, Brown et al. 2010).The
2010).The current population on Trindade
Islands is estimated to be ~1130 pairs (Luigi et al. 2009, Kruger et al. in press).
press) Based on
onboard sightings and stranding records, Trindade Petrels move from the tropical Central
Atlantic (Luigi ett al. 2009, Flood 2010) to subtropical waters off the coast of Argentina (Savigny
et al. 2005, Luigi et al. 2009) during the breeding season. Trindade
Trin
Petrels are thought to spend
the non-breeding
breeding season in the North Atlantic, based on records of stranded birds and onboard
sightings (Brinkley and Patteson 1998,Pinguinhas
1998,Pinguinhas 2006). In fact, Lee (1999) reported over 60
sightings of this species off North Carolina’s Continental Shelf,
Shelf, but tracking data is necessary to
confirm this.
Previous studies of Trindade Petrels have provided population estimates and
information about their breeding phenology, morphology, and the diet of chicks (Fonseca-Neto
2004, Luigi et al. 2009),, as well as isotopic niche evaluation during the breeding season
(Quillfeldt et al. 2008, Mancini et al. 2014) and at-sea
sea observations during the non-breeding
non
season (Lee 1999, 2000).. Stable Isotopes provide
provi measures related
d to the trophic and spatial
ecology of animals. For example, δ 13C values increase from coastal to pelagic waters, whereas
δ15N is enriched at the top levels of food webs and indicates trophic position (i.e. Cherel et al.
2007). Year-round differences
nces on isotopic values can be explained by differences in foraging
strategies, type of food ingested and habitat explored, which can be insightful when classical
means to evaluate foraging strategies are not available (Cherel et al. 2007, Quillfeldt et
al.2008). During the breeding season, Trindade Petrels feed in several oceanic areas (indicated
by variability in the stable carbon isotopes) at higher trophic levels (indicated by the higher
values of stable nitrogen isotopes; Mancini et al. 2014). Trindade Petrels feed mainly on
cephalopods captured at night by pattering (Luigi et al. 2009).. However, little is known about
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their spatial distribution, trophic and isotopic ecology, and diurnal and nocturnal activity during
the non-breeding
breeding season. Because the conditions seabirds experience during the non-breeding
non
season can have
ave consequences for populations over both the short-term
short term (affecting breeding
success or survival) and long-term
long
(affecting population growth rate) (Ramos
(Ra
et al. 2009,
Sorensen et al. 2009, Péron and Grémillet 2013),
2013) understanding their year-round
year
ecology is
important, particularly for migratory seabirds exposed to different conditions during the
breeding and non-breeding
breeding seasons (Péron and Grémillet 2013, Bodey et al. 2014, Pollet et al.
2014). Our objectives were to examine the year-round at-sea
sea distribution, foraging behavior (in
terms of day and night at-sea
sea activity), and isotopic ecology
ecology of Trindade Petrels, comparing
isotopic values of body tissues synthesized during different periods of the annual cycle.
Methods
Our study was conducted on Trindade Island (20.6°S, 29.37°W), located ~1100 km off
the coast from Vitória, Espírito Santo, Brazil.
Brazil. In 1700,the British Navy released goats, hogs, and
guinea fowl onto the island as a food supply for passing vessels or castaways (Silva
(
and Alves
2011).. In 1957, the Oceanographic Post of Trindade Island was created and since then the
Island has been inhabited by a small Brazilian military contingency that successfully eradicated
the goats and hogs (Soto 2009, Silva and Alves 2011),
2011), and provides support for researchers.
However, two centuries of grazing largely destroyed the main vegetation that was described as
similar to a tropical forest and is now restricted to the highest
highest peaks on the island (Silva and
Alves 2011).. Trindade Petrels nest in open cavities on rocky slopes (Fonseca-Neto
Neto 2004).
2004)
Tagging and geolocator processing We tagged 40 birds with global location sensing (GLS)
loggers (MK4, Biotrack, Wareham, UK) fixed to the legs with open-split
open split plastic bands and a
plastic Hellerman cablee tie (Hellerman Tyton, Jundiaí,
Jundia Brazil)) in October 2013. Geolocators plus
plastic band and tie weighed ~3g, or ~1% of petrel body mass (397.5 ± 45.2 SD g for sampled
birds). Birds were also banded with numbered aluminum bands (provided by the Brazilian
Center
nter for Research and Conservation of WildBirds – Centro Nacional de Pesquisa para
Conservação de Aves Silvestres CEMAVE). We captured and tagged nesting adults (with eggs or
chicks) of unknown sex from accessible nests, and released them back on nests after
aft handling.
We left the island before the end of the breeding season so have no data concerning nest
success. Of the 40 birds tagged, we recaptured 16 (40%) at the same nest sites during the
previous breeding season in November 2014, but 11 had lost their loggers. In addition, one of
the five recovered loggers failed to collect data.
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Tracking data were processed with the BASTrack Package. We used a sun elevation
angle of -1,
1, based on known positions obtained during ground-truthing
ground truthing of the loggers on
Trindadee Island. The sun elevation angle is the position of the sun on the horizon at sunrise
(Fox 2010). GLS devices measure light intensity every minute (from 0 to 64 lux), and
an a threshold
value is needed to determine the timing of sunrise and sunset (from the light curves). Such
information is then used to estimate latitude (based on day length) and longitude (based on
the timing of local mid-day
day with respect to Universal Time).
Time). Using threshold values that are too
low might result in interference from artificial light (i.e.,from vessels or oil platforms; Krüger et
al. 2016), whereas values that are too high might result in interference from the behavior of
the birds (logger obstruction
struction by birds positioning their legs between feathers, Fox 2010). Thus,
we set our light threshold at 8 lux to avoid the aforementioned potential bias in determing dayday
night transitions. Data from the seven days before and after the equinoxes were also
als excluded
(~4% of locations).
Spatial ecology To estimate the start and end of breeding, migration, and non-breeding
non
periods,, we used the Multiple Changes in Mean by Binary Segmentation method from the
changepoint package (Killicket al. 2014) in the R environment
environment (R Core team 2015). This
procedure classifies data obtained from a different number of pre-determined
pre determined categories (in
this case, the different periods of the annual cycle) and identifies the breakpoints for classifying
those groups. Breakpoint identification
identification is based on comparison of the variance of multiple
geolocations using the cumulative sums test statistic (Page 1954, Scott and Knott 1974, Killicket
al. 2014) and,
d, in this case, represents the date when bird changed their distribution patterns,
marking a shift between periods.
periods. The first visit to the breeding colony was determined as the
first period of more than three consecutive days of dry activity (see below) after the arrival
date at the breeding area.
Kernel Utilization Distribution (KUD) estimations
estimations were generated at both the individual
and population level on the adehabitat R package (Calenge 2014). The smoothing bandwidth
(h)) was equal to one degree, according to the maximum error of GLS positions (~180km,
Phillips et al. 2004). At the individual
ind
level, we calculated 95% KUD (home range) contours for
the breeding, migration, and non-breeding
non breeding periods and, at the population level, generated
generate
both the home range and foraging area (50% KUD).
KUD). Latitudinal and longitudinal mean positions
(centroids)) were calculated with the mean center function on ArcGIS applied over the home
range files.
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To evaluate space use and estimate the suitable habitat available for the species, we
used species distribution modelling (SDM) under the Maximum Entropy (MaxEnt) software
(Oppel et al. 2012, Quillfeldt et al. 2013).
2013) MaxEnt SDMs
DMs calculate the probability of occurrence
of a species based on non-linear
non linear relations between presence points and environmental
variables, then calculating matches of environmental conditions favorable for a species even if
there are no occurrence points in the dataset. We set aside 10% of the data for the spatial
evaluation of the models (Araújo and Guisan 2006, Austin 2007) and used a bootstrap
procedure to generate confidence intervals of the estimates. Accuracy of models was assessed
assesse
using the area under the Receiver
Receiver Operating Characteristic (ROC) curve (AUC). The AUC
estimates proportion of points that are accurately predicted by the models.. The importance of
variables for each species was calculated
calculate by the Percentage of Permutation Importance which
measures the percentage of change in models’ accuracy (AUC) when the variable is not used in
the testing steps. We extracted data on chlorophyll-a
chlorophyll a concentration (Chl, mg m-3), sea surface
temperature (SST, °C), wind speed (m s-1), and depth (m) from NOAA Coastwatch browser
br
(http://coastwatch.pfeg.noaa.gov) to run the SDMs for the breeding and non-breeding
non
seasons. Data were downloaded as raster files from remote sensing satellite information
containing mean values of the aforementioned environmental variables within 1°x1°
1°
cells
covering our entire study area. We did not run SDMs for the migration periods because we
lacked the number of locations needed to run an appropriate modelling exercise. We also
extracted mean and standard deviation values of the environmental variables
variables within individual
home ranges using the extract function of the raster R package (Hijmans 2013).
We evaluated the behavior of birds using wet/dry data from the geolocators. The
loggers registered whether they were dry (0) or wet (1) by salt switch immersion every 3 sec,
and information was cumulative for each 10-min
10 min period. Thus, a bird with a value of 200 for
wet/dry activity at a given moment spent those 10 min in the water, and a value of zero meant
the bird spent those 10 min flying (Mattern et al. 2015).. If wet/dry value was neither 200 nor 0,
then a bird both flew and spent time in the water during that 10-min
min period, which indicated
foraging activity (Mattern et al. 2015). We then calculated the daily percentage of time spent
resting on the water during day and night using the percentage of cases where wet/dry activity
equaled 200 and the light intensity file (light = 0 for night, and light > 0 for day) (Mattern et al.
2015).. This is a standard method used previously in several studies (Ramirez et al. 2013, 2015,
Pollet et al. 2014, Ramos et al. 2015).
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Trophic ecology We collected, between September and November 2014, blood samples (1ml,
from tarsus) and feathers (tips of
of the inner most primary, P1, and tips of the eighth secondary,
S8) from 14 active breeders of unknown sex. These tissues should represent the trophic
ecology of individuals during the breeding season (blood), end of the previous breeding season
(P1), and middle of the non--breeding season (S8). Luigi et al. (2009) provided evidence that
molting of primary feathers begins at the end of the breeding season because only 13 of 86
Trindade Petrels collected during the breeding seasons from 1997 to 2003 were molting
primaries. This is evidence that
hat birds start molting primaries as soon as they finish breeding,
and thus the secondary feathers should be moulted in non-breeding
non breeding areas. Other Pterodroma
species have similar molting patterns (Stahl and Bartle 1991).. None of the sampled birds had
evidence of molting.
Stable isotope analysis was performed at the Oceanographic Institute (University of
São Paulo, São Paulo, Brazil). In the lab, feathers were washed with distilled water,
w
dried in the
oven at 40°C for 24h, and cut into small fragments using stainless-steel
stainless steel scissors. A subsample
(0.6mg) was analyzed for carbon and nitrogen stable isotopes using an Elemental Combustion
System (Costech Instruments – ECS4010 (CHNS-O)) coupled
pled to a Finnigan Delta V Advantage
Isotope Ratio MS (EA-IRMS).
IRMS). Accuracy (±
( 0.07 for δ 13C, and ± 0.1 for δ 15N) and precision (±
( 0.08
for δ 13C, and ± 0.2 for δ 15N) were calculated using secondary isotopic reference materials
(IAEA-600 and USGS-40)
40) and an in-house
house standard (homogenized albatross liver) that was
analyzed every 12 samples. Results were calculated using the equation: δX
X = [(Rsample/Rstandard)1], where X is eitherδ13C, as the ratio 13C/12C, or δ15N, as the ratio 15N/14N. Isotopic values were
wer
expressed in delta (δ)) notation in parts per thousand (‰), relative to the international
standards atmospheric N2 and V-PDB
V
for N and C, respectively.
Statistical analysis All statistical analyses were conducted within the R environment (R Core
team 2015). Generalized Linear Mixed Models (GLMM) were used to test the effect of period
(breeding, migration, and non-breeding)
non breeding) and time of day (day or night) on the percent time
resting on the water surface. GLMMs were run on the lmerTest package (Kuznetsova et al.
2016) with individual included as a random effect to control for pseudoreplication issues. We
compared the model with the random term, and one without the random term.
GLMMs were also used to test the effect of the sampled tissue (blood, P1, and S8) on
the nitrogen and carbon isotopic values of birds. Feathers tend to be carboncarbon and nitrogenenriched in δ13C and δ15N (Quillfeldt et al. 2008),
2008), and a correction is then necessary to compare
such tissues (Cherel et al. 2014).
2014). However, a significant relationship between blood and feather
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values (population consistency) is needed for the correction to be applied (Cherel et al. 2014).
Quillfeldt et al. (2008) and Cherel et al. (2014) found no such relationship for Trindade Petrels,
possibly a consequence of foraging in many different areas over a short period of time.
Therefore,
re, we tested for consistency between blood and feather isotope values using linear
regression. We used a Bayesian framework to compare isotopic niche among different tissues
using the Stable Isotope Bayesian Ellipses within the siar package (Parnell and Jackson
J
2015).
Population niche width for each tissue was quantified by the Standard Ellipse Area corrected
for small samples (SEAc), which is a 40% probability ellipse. Ellipses were then randomly
replicated 104 times to calculate significant differences among
among tissues. We also evaluated how

δ13C and δ15N varied among individuals according to the location of their home ranges
(latitudinal and longitudinal centroids of home ranges) using an Analysis of Covariance,
comparing isotope values among seasons using the location of home ranges as covariables.
Values are reported as means ± 1 SD.
Results
Year-round distribution The timing of the beginning of migration varied among individuals
(mean = 26 January ± 46.2 days), but times of arrival at the non-breeding
non breeding area
are (6 April ± 1.2
days), initiation of migration to the breeding area (28 July ± 4.7 days), and arrival at the
breeding area (9 August ± 2.5 days) were similar for three
t
individuals
ndividuals (Table 1, Fig.7).
Fig. The first
visit to the breeding colony by these three individuals
individuals varied by about a week (15 August ± 6.6
days). One individual had a different movement chronology (Table 1), starting migration earlier
(26 November), remaining at the non-breeding
non breeding area for a short period of time, and returning to
the breeding area
ea in the middle of the austral winter (5 May). Apparently, this bird went
directly to the colony on the night it arrived at the breeding latitude (5 May, Table 1). The mean
maximum distance of tracked birds from the colony during the breeding season was 2826.4
2
±
1087.5 km (Table 1).
Trindade Petrels used subtropical to temperate deep
eep waters throughout the year, areas with
low chlorophyll concentrations and
an intermediate
diate wind speeds (6 and 7 m s-1; Table 2). The
location of home ranges ranged
range between 10°N to 50°S in latitude during
ring the breeding season
(Fig. 8,, Table 2). Migration routes were associated with warmer waters above the continental
ridge where they moved to temperate waters of the North Atlantic at latitudes
latitud between 20°N
and 30°N (Fig. 8, Table 2).
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Table 1. Dates for the migration to the non-breeding
non breeding area, arrival at non-breeding
non
area,
migration to breeding area, and arrival at the breeding area. Values were obtained using the
Multiple Changes in Mean which uses the Binary Segmentation method in the
th chagepoint R
package (Killick et al. 2014). Also included are the first visits to colony determined by inspecting
wet/dry activity of the GLS loggers. The maximum distance from colony during the breeding
season is also included.

Individual

Migration

Arrive at

Maximum

to non-

non
non-

Migration

Arrive at

breeding

breeding

to breeding

breeding

First visit to

from colony

area

area

area

area

colony

(km)

distance

mk06

21/01/2014 06/04/2014 27/06/2014 07/08/2014

08/08/2014

2274.4

mk67

26/11/2013 16/01/2014 10/03/2014 05/05/2014

05/05/2014

1624.9

mk69

14/03/2014 06/04/2014 25/07/2014 09/08/2014

21/08/2014

4065.4

mk83

16/02/2014 08/04/2014 03/08/2014 12/08/2014

16/08/2014

3340.9

Figure 7. Year-round
round latitudinal position of each Trindade Petrel. Lines are 50% Gaussian
Gau
loess
smooth trend for each individual. Thin and grey dotted horizontal lines represent the equator
and location of Trindade Island. For exact dates of each season, see Table 1.
The SST had the higher value of permutation importance on SDM for both the
t breeding
(54.4 ± 4.0%) and non-breeding
breeding (71.4 ± 2.8%) seasons.
s. Wind speed (31.8 ± 2.7%) was also of
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high importance during the breeding season, but not during the non-breeding
non breeding season (13.3 ±
1.8%). Both water depth (11.9 ± 2.5%) and Chl (2.5 ± 1.4%) were
were of limited importance during
both seasons.
Table 2. Geographical center positon of individual home ranges during breeding, migration,
and non-breeding
breeding periods. Mean (± SD) values of environmental variables within the Home
Ranges.

Id

mk06

mk67

mk69

mk83

Period

Center

Center

Chlorophyll-a
3

Sea Surface
Temperature

Depth

Wind

(km)

(m/s)

Latitud
Latitude

Longitude

(mg/m )

Breeding

22.97°S

32.94°W

<0.001

22.80 ± 2.65

6.12 ± 1.06 6.40 ± 0.70

Migration

11.38°N

44.60°W

<0.001

25.76 ± 1.21

6.33 ± 0.91 6.13 ± 0.50

Non-Breeding

36.02°N
.02°N

61.07°W

0.07 ± 0.48

20.15 ± 3.83

5.68 ± 1.71 7.22 ± 1.11

Breeding

23.74°S

27.64°W

<0.001

22.97 ± 2.10

6.71 ± 0.67 6.15 ± 0.63

Migration

6.27°N

35.30°W

<0.001

25.86 ± 0.91

6.50 ± 0.79 6.20 ± 0.59

Non-Breeding

22.85°N

42.92°W

<0.001

24.05 ± 1.82

5.97 ± 0.78 6.18 ± 0.54

Breeding

30.70°S

33.23°W

<0.001

18.56 ± 6.51

6.39 ± 0.80 7.05 ± 0.94

Migration

4.31°N

39.03°W

<0.001

25.97 ± 1.64

6.03 ± 0.92 6.18 ± 0.57

Non-Breeding

34.26°N

49.83°W

<0.001

20.64 ± 3.66

6.13 ± 1.22 7.04 ± 1.16

Breeding

19.45°S

32.29°W

<0.001

22.67 ± 3.60

6.06 ± 0.99 6.34 ± 0.85

Migration

0.30°N

34.23°W

<0.001

25.74 ± 1.49

6.26 ± 0.95 6.01 ± 0.52

Non-Breeding

35.87°N

51.05°W

0.04 ± 0.27

19.59 ± 3.60

5.48 ± 1.51 6.95 ± 1.05

(°C)

Models for both the breeding and non-breeding
n
seasonss were good at predicting the
distribution of Trindade Petrels (AUC breeding = 0.82 ± 0.03, AUC non-breeding
breeding = 0.83 ± 0.03).
Therefore, areas with >50% chance of occurrence presented a good match with the individual
home ranges (95% KUD), with the exception that home ranges did not include suitable habitat
located near Africa during the non-breeding
non
season (Fig. 9). More time wass spent resting on
water (Fig. 10)) during the day (F
( 1,189912 = 515.8, P < 0.001) and during the non-breeding
non
season
(F2,189912 = 317.9, P < 0.001), and the interaction between time of day and season was also
significant (F2,189912 = 29.5, P<0.001).
<0.001). The random effects of individuals on the residuals
accounted for 18.81% of data variance (AICno-random = 7482, AICrandom = 6291, χ28,15 = 51.3, P <
0.001).
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Isotopic niche Isotopic values for blood (δ13C = -18.43 ± 0.26‰, and δ15N = 10.04 ± 0.82‰)
13

15

13

and S8 (δ C = -16.72 ± 0.60‰
‰, and δ N = 10.23 ± 0.76‰)) were lower than those forP1 (δ C
13
= -16.42 ± 0.30‰, and δ15N = 10.70 ± 0.53‰).
). We found significant differences in δ C values
15

among tissues (F2,26 = 143.7, P < 0.001) and marginally significant differences for δ N values
(χ25,8 = 5.9, P = 0.05). The random effects of individuals represented 0.11% (AICno-random = 53.79,
AICrandom = 50.06, χ25,8 = 5.7, P = 0.02) and 0.05% (AICno-random = 97.92, AICrandom = 95.93, χ25,8 = 0.1,
13

15

P = 0.95) of variance for δ C values and δ N values, respectively. We found a weak
relationship between δ13C values of blood and feathers (R
( 2 = 0.16, F1,26 = 5.1, P = 0.03), which
disappeared when we considered different types of feathers (R
( 2 = 0.22, F3,24 = 2.2, P = 0.11), but
no significant relationship between feathers and blood with δ15N values (R2 = 0.05, F1,26 = 1.2, P
= 0.28). There were no differences
differences in the isotopic niche size between S8 and P1 feathers (SEAc
(
P1 = 0.5, SEAc S8 = 1.2, P = 0.11), and a small overlap between S8 and P1 (11%) despite S8
having slightly higher values for δ13C (Fig. 11).
Individual isotopic niche and distribution Individual δ13C values varied with the latitudinal
position of their home ranges (R
( 2 = 0.93, F5,6 = 28.4, P < 0.001), which was related to the period
in the annual cycle (Lat*Migration (P1) GLM t5,6 = 0.4, P = 0.69, Lat*Non-Breeding
Breeding (S8) GLM t5,6
= 3.1, P = 0.02). For both the breeding season (blood) and during migration (P1), individuals in
more northerly areas had higher δ13C values, and this trend was reversed during the nonnon
breeding season (S8). However, δ15N values did not vary with latitude (R 2= 0.57, F5,6 = 4.0, P =
0.06). Although δ13C values differed among seasons (R2 = 0.79, F5,6 = 9.4, P < 0.01), there was
no effect of longitude (Long*Migration [P1] GLM t5,6 = 0.3, P = 0.80, Long*Non-breeding
Long*Non
[S8]
GLM t5,6 = 0.2, P = 0.84). However, δ15N values varied according
ording to the longitudinal position of
the individual home range (R2 = 0.74, F5,6 = 7.3, P = 0.01), during the breeding (blood tissue) and
non-breeding season (S8 feather) (Long*Non-Breeding
(Long*Non
GLMt5,6 = 2.9, P = 0.02). Individuals that
spent the breeding season (blood tissue) in more pelagic areas (east) had higher nitrogen
values than those that remained closer to the coast.
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Figure 8. Year-round
round home range (dotted line; 95% kernel Utilization Distribution-UD)
Distribution
and
foraging areas (solid line; 50% kernel UD) of the four Trindade Petrels combined, overlapped
with Sea Surface Temperature (SST), water depth, wind speed, and chlorophyll-a
chlorophyll concentration
(Chl).
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Figure 9. Individual home ranges (95% kernel Utilization Distribution) during the breeding (BR;
solid line), migration (MIG; black dashed line), and non-breeding
non breeding (NBR; grey dashed line)
periods overlapped with the probability of occurrence (%) as estimated by the Maximum
Entropy (MaxEnt) Species Distribution Models. Crosses are the mean center position
(centroids)
ntroids) during the breeding (red) and non-breeding
non
(blue) periods.
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Figure 10. Proportion of time spent by Trindade Petrels resting on the water during the day
(light grey) and night (dark grey) during each season (daily mean ± SD). Table 1 For exact dates
of each season.

Figure 11. Isotopic niches of Trindade Petrels applied to SI ratios in S8 (non(non-breeding) and P1
feathers (early migration) and whole blood (incubation). The Standard ellipse areas corrected
for small sample size (SEAC) are represented by
by the solid (blood), dotted (P1), and dashed (S8)
lines (see Parnell and Jackson 2015 for more details on these metrics of isotopic niche width).
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Discussion
Despite the small sample size limiting the extrapolation of conclusions regarding the
whole population
ion our results add new and confirm some previous information about this
species. Trindade Petrels in our study
stu used tropical and temperate waters in the southwestern
Atlantic Ocean during the breeding season, and spent the non-breeding season in the north
Atlantic, primarily off the coasts of Canada and the United States. Our results are consistent
with those of previous studies (Brinkley and Patteson 1998, Lee 2000,Savigny
,Savigny et al. 2005,Luigi
et al. 2009,Flood 2010).. Trans-equatorial
Trans
migration is typical for Pterodroma spp. (Pinet et al.
2009, Ramírez et al. 2013, 2015).
2015) For instance, Deserta’s
’s Petrels perform a trans-equatorial
trans
migration from Deserta (Madeira Island, 32° N)) where they breed, spending the non-breeding
non
period in Brazilian waters at ~30°
~30 S (Ramírez et al. 2013, 2016).. Barau’s Petrels (Pterodroma
(
baraui)) shift their distribution from the southern Indian Ocean during the breeding season to
the northern Indian Ocean during the non-breeding
non
season (Pinet et al. 2009)
09).
The four tracked Trindade Petrels were most often located in subtropical waters with
low productivity in the southwestern Atlantic Ocean during the breeding season, and
an used
similar areas with similar conditions in the northwest Atlantic during the non
on-breeding season.
The northwest Atlantic is an important area for migratory seabirds due to the occurrence of a
coastal upwelling, and
d two individuals in our study appeared to spend time in that area (mk06
and mk83). The northwest Atlantic is used during the non-breeding
breeding season by many species of
seabirds that breed in the southern hemisphere, including Sooty Shearwaters (Ardenna
(
grisea;
Hedd et al. 2012) and South Polar Skuas (Catharacta
(
maccormicki; Kopp et al. 2011).
2011) Some
seabirds that breed in the northern hemisphere use the area during both breeding and nonnon
breeding seasons,
s, including Cory’s Shearwaters (Calonectris
(
borealis; Paiva et al. 2013a, b, Ceia
and Ramos 2015, Missagia et al. 2015) and Deserta’s Petrels (Ramírez et al. 2013).
2013)
Three of the four Trindade Petrels in our study left the breeding colony between
betwee
January and March. However, some investigators have suggested, based on sightings on the
North Atlantic (Lee 2000) and on studies of nesting chronology (Fonseca-Neto
(
Neto 2004, Luigi et al.
2009), that these petrels have two sub-populations
sub
with distinct breeding
ding seasons, one
breeding during the Austral summer and the other during the Austral winter. One bird in our
study (mk67) left the breeding colony in November 2013 and returned in May 2014, suggesting
that it may belong to the subpopulation that breeds during
during the Austral winter. With relatively
constant environmental conditions throughout the year on and around Trindade Island
(Miloslavich et al. 2011),, breeding would likely be possible throughout the year. However,
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additional study is needed to determine if there are two sub-populations
sub populations of Trindade Petrels
that breed at different times.
All four Trindade Petrels in our study were more active at night. Other Pterodroma
species (Rayner et al. 2008, Ramírez et al. 2013) and a number of other species
spec
of
Procellariiforms (Ballance and Pitman 1999, Dias et al. 2012) exhibit the same behavior. When
foraging at night, Pterodroma spp. feed primarily on squid (i.e.,Klages
Klages and Cooper 1997,
Cooper and Klages 2009, Bester et al. 2011) that make vertical migrations toward the surface at
night.
In species of tropical seabirds that forage over
over large oceanic areas, different individuals
foraging in different areas usually exhibit differences in diet that are responsible for large
population isotopic niches and lack of isotopic consistency (Quillfeldt et al. 2008, Cherel et al.
2014).. Our analyses, despite the small sample size, suggest that individual differences in
isotopic niche are due to a differences in foraging locations. We found strong isotopic
segregation on a latitudinal gradient for carbon-13
carbon
for both breeding
ding and non-breeding
non
periods, and on a longitudinal gradient
gradi
for nitrogen-15
15 during the breeding season, values
within the range of the known ocean isoscapes in the North and
an South Atlantic Ocean
(McMahon et al. 2013).. Such findings
findings indicate that the individual isotopic values are highly
influenced by the isoscapes used by the birds.
In conclusion, we found
found that Trindade Petrels migrate to the north Atlantic Ocean
during the non-breeding season,
season, moving towards subtropical and temperate waters in coastal
and pelagic waters east of Canada and the United States. Our results also suggest differences
among individual
vidual birds in spatial and temporal segregation in their at-sea
at sea distribution, which
may in part be related with sub-populations
sub populations breeding at different times of the year (FonsecaNeto 2004, Luigi et al. 2009).This
2009)
is an
n interesting point for further research, with important
implications for the delineation of important conservation areas for this species.
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Blowin’ in the wind: how future climate will modulate the non-breeding
non breeding distribution
distri
of an
endangered gadfly petrel
Abstract. The redistribution of biodiversity as a consequence of climate change is a topic of
concern on current environmental science. While several studies on temperate seabird species
have pointed out a poleward shift
shift with increased or contracted range, studies on
tropical/subtropical and/or transequatorial migrant seabirds are lacking. We entered eight
years of geolocation tracking data of the Deserta’s Petrel (Pterodroma
(Pterodroma deserta)
deserta on an Ensemble
Species Distribution Modelling procedure to quantify species-habitat
species habitat relationship in order to
predict wintering suitable habitat and project it to future climate conditions based on IPCC
scenarios. We found an important role of the wind in predicting the occurrence of the species
spe
in wintering habitat. Zones of intermediate wind conditions increased in future scenarios, and
then the projected distribution under full dispersion increased in more than 300%. However,
considering a limited dispersion (i.e. limiting by the current distribution)
distribution) more than half of the
wintering grounds became unsuitable. Wintering areas in the Canary Current and in the Gulf
Stream Current experienced the large amount of suitability decrease in future compared to
current conditions. This raises conservation
conservation concerns considering that the species exhibit sitesite
fidelity, and is a Vulnerable with very small population size. Furthermore, the species’ wintering
grounds are shared year-round
round by several other seabird species, most of them equally
endangered, and they may also suffer consequences for such decrease in habitat suitability in
the next 30 years. Of course such impact will depend on the ability of individuals to shift their
distribution in face of new conditions and on the ability of new generations to disperse and use
new wintering areas.
Keywords. Deserta’s Petrel, ensemble species distribution modelling, environmental changes,
Representative Concentration Pathways, Pterodroma deserta.
Introduction
The effects of human actions on the oceans are increasing
increasing alarmingly (Frölicher and
Joos 2010, Halpern et al. 2015, Chown et al. 2015),
2015), and there is a particular concern on how
ocean biodiversity will respond to climate change (Burrows et al. 2011, Constable et al. 2014).
2014)
Several studies on the redistribution of biodiversity to anthropogenic climate change show that
organisms not able to meet the optimal conditions of their thermal niche are forced to shift
distribution (Ackerly et al. 2010, Doney et al. 2012, García Molinos et al. 2015),
2015) or face
extinction (Thomas et al. 2004, Cheung et al. 2009, Stuart-Smith
Stuart Smith et al. 2015).
2015) Climate is the
main triggering for migration
gration of animals both terrestrial and marine (Newton 2008).
2008) When
conditions in the wintering grounds deteriorate, migration may have noxious consequences for
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a population (Votier et al. 2005, Jenouvrier et al. 2009, Robinson et al. 2009, Middleton et al.
2013, Fort et al. 2013).. Individual animals can be highly consistent to their migratory schedule
and wintering areas, as showed for fishes (Brodersen et al. 2012, Thorsteinsson et al. 2012),
2012)
sea turtles (Schofield et al. 2010) and seabirds (Dias et al. 2011; Satterthwaite et al. 2012;
Yamamoto et al. 2014; Ramírez et al. 2016;
201 Vardanis et al. 2016),, or be flexible to adjust their
wintering areas according to environment conditions (Quillfeldt et al. 2010, Dias et al. 2011,
McFarlane Tranquilla et al. 2014).
2014) For instance, trans-equatorial
equatorial seabird species present a large
percentage of their populations using the same wintering areas in several successive years
(Dias et al., 2011; Pinet et al., 2011; Raine et al., 2013; Ramírez et al., 2016).
2016) Then,
consequences of subtle shifts in the suitability of historical wintering areas may have a deep
effectt on populations of consistent species.
Empirical and theoretical studies on seabird species responses to climate change
suggest that species will move poleward and either gain or lose range (Lenoir et al. 2011,
Hazen et al. 2012, Russell et al. 2015).
2015). However, most studies are restricted to species from
temperate climate usually restricted to the breeding period ( i.e., Hazen et al. 2012; Péron et al.
2012; Russell et al. 2015).. So far, such predictions on distribution shifts induced by climate
change are
re largely lacking for tropical and trans-equatorial
trans equatorial seabird species specially during the
non-breeding
breeding season (but see Legrand et al. 2016, Ramos et al. 2016).
In this study, we assessed the wintering projected distribution of an endemic and
endangered gadfly petrel, the Deserta’s Petrel Pterodorma deserta according to the future
scenarios of the Intergovernmental Panel for Climate
Climate Change (IPCC), and compared changes in
distribution data considering a full dispersal and a limited dispersal scenario, as one can
assume there may be no room for a consistent species to abruptly change their wintering
grounds in few generations.
Methods
Tracking and geographical data The tracking study was performed on Bugio Islet (35º25’N,
16º29’W) located in the Desertas Island (Madeira archipelago), Portugal. Twenty six Deserta’s
Petrels were tagged over eight years (2007 to 2014) with GLS (Global Location
Location Sensing) tracking
devices (Mk14; British Antarctic Survey, BAS) recording 62 annual trips (see Ramírez et al. 2013;
2016 for more details on tagging and geolocations processing).
Geographical positions from November to May of each year cycle (corresponding
(corre
to
non-breeding
breeding period, Ramírez et al. 2013; 2015) were used to generate kernel utilization
distributions (kernel UD). Home ranges (95% kernel UD) and core foraging areas (50% kernel
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UD) were calculated from the geolocations data using adehabitatHR R package (Calenge 2011,
Tancell et al. 2012, Paiva et al. 2015).
2015). Smoothing parameter (h) was set in 1, according to the
average error of geolocations data (Wilson et al. 1992, Phillips et al. 2004, Nielsen and Sibert
2007).
Oceanographic predictors
dictors and data processing We used small-scale
scale predictors to characterize
the oceanic conditions and to model the distribution of non-breeding
non breeding Deserta’s Petrel.
Dynamic predictors were extracted as monthly (November to May) composites of: ChlorophyllChlorophyll
a concentration
ncentration (CHL, AquaMODIS product, 0.04˚
0.04˚ spatial resolution, ˚C), Sea Surface
Temperature (SST, AquaMODIS, 0.04˚,
0.04˚, ˚C) and ocean surface wind speed (WS, QuickSCAT, 0.25˚,
m/s).

CHL

and

SST

variables

(http://oceancolor.gsfc.nasa.gov/
http://oceancolor.gsfc.nasa.gov/)

were
and

downloaded
WS

from

from

Oceancolor
Coastwatch

Browser
Browser

(http://coastwatch.pfel.noaa.gov/coastwatch/)
http://coastwatch.pfel.noaa.gov/coastwatch/).. Static bathymetric data (BATH, blended
ETOPO1

product,

0.01˚˚

spatial

resolution,

m)

was

downloaded

from

https://www.ngdc.noaa.gov/mgg/global/global.html To group the montly composites
https://www.ngdc.noaa.gov/mgg/global/global.html.
predictors in a single raster we extracted the median peak of each raster in order to have a
single raster of each environmental feature to enter independent variable into the model
calibration process.All
All the environmental predictors were assembled according to a 1˚
1 cell size.
Ensemble Species Distribution Models Wee applied Ensemble Species Distribution Models
(ESDMs) over the selected variables using BIOMOD2 R package (Thuiller 2003, Thuiller et al.
2009, 2014) implemented in software R 3.4 (R Core Team 2016). ESDMs are considered a better
approach than a single-algorithm
algorithm when modelling distribution, once the modeling results are a
forecast ensemble of the best predictive features of each modeling technique, contributing to:
improve the robustness of the forecast models, to maximize the accuracy of species
distribution (Araújo and New 2007, Marmion et al. 2009, Thuiller et al. 2009) and to overcome
some of the limitations of correlative (statistical based) species distribution modelling
methodologies (likee the over-fitting
over fitting of predictions which can introduce bias on future
projections,Thuiller et al.l. 2009; Elith et al. 2010; Scales et al. 2016).
2016) We used ten modelling
techniques: (i) Artificial Neural Networks (ANN), (ii) Classification Tree Analysis (CTA), (iii)
Flexible Discriminant Analysis (FDA), (iv) Generalized Additive Models (GAM), (v) Generalised
Gener
Boosting Models, (vi) Generalised Linear Models (GLM), (vii) Multiple Adaptive Regression
Splines (MARS), (viii) Maximum Entropy Models (MaxEnt), (ix) Breiman and Cutlers Random
Forest for classification and regression (RF) and (x) Surface Range Envelops
Envelops (SRE).
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We only used the geolocation points that fell within the core areas (50%
(50% kernel UD) in
the modelling procedure following Legrand et al. (2016).. SDMs require the generation of
pseudo-absences
absences in order to calculate probabilities of occurrence, therefore we generated
10,000 random pseudo absences on 20 iterations (VanDerWal et al. 2009, Barbet-Massin
Barbet
et al.
2012).. Each model was set with 10-fold
10
cross-validation,
validation, with data splitedd on 80% for model
calibration and 20% for testing.
In order to avoid the threshold interference in the evaluation of models performance,
the results are assessed using the Area Under the Curve of the Receiver Operating
Characteristics (AUC of ROC), a threshold-independent
threshold independent statistical measure (Pearson et al.
2006).. This accuracy measure is accepted as suitable for assessing the performance of the
models, since it assesses the models ability to discriminate suitable from unsuitable conditions
(Lobo et al. 2008).. It is a statistical measure that ranges between 0.5 and 1, where value 1
indicates perfect discrimination ability and 0.5 indicates a low discriminatory capacity of the
model. AUC ≥ 0.8 is generally accepted as a very good discriminatory
di
ability (Engler et al. 2004).
2004)
Variable importance was calculated by the proportion of importance measured as the change
in AUC by excluding one variable in turn and retaining the remainders.
IPCC future scenarios projections We used the four scenarios of climate change of the IPCC that
assumes different concentration pathways
pathways of greenhouse gases and their radiative forcing, the
Representative Concentration Pathways RCP (IPCC 2014).. These scenarios assume the
following: a) low emissions reverting to pre-industrial
pre industrial conditions (RCP 2.6); b) the emissions
remain constant in relation to the current levels of emissions
emissions (RCP 4.5); c) emission levels
slowly increase in relation to current levels (RCP 6.0); and d) emission levels quickly increase in
relation to current levels (RCP 8.5). We used the climate projections of the Coupled ClimateCarbon Earth System Models (ESM2M) (Dunne et al. 2012, 2013) from
om the NOAA CMIP5 data
portal (http://nomads.gfdl.noaa.gov
http://nomads.gfdl.noaa.gov).
). Bathymetry entered as a fixed variable on future
projections.
The ensemble statistics used to predict species distributions were then applied over
the climate
imate projections for 2050 and 2100 under RCP scenarios 4.5, 6.0 and 8.5. Bathymetry
entered in the projections as a fixed variable. We created polygons from the mean distribution
of the ensemble projections, using the models’ mean threshold probability 64.76%
64
(JiménezValverde
verde and Lobo 2007, Barbet-Massin
Barbet
et al. 2012).
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Distribution Change Distribution change was calculated using the Species Range Change (SRC)
using the Biomod2 package (Thuiller 2003, Thuiller et al. 2009).. SRC is measured as the
percentage of suitable habitat change for each scenario compared to the
the current prediction; it
varies from -100
100 to 100, where negative values indicate range loss and positive values indicate
new range acquired. The SRC is calculated considering a full dispersion (species is able to reach
the entire new suitable habitat predicted
predicted by the model) or a limited dispersion (species is
limited by its current distribution).
Taking in account the limited dispersal scenario, because Deserta’s Petrel has individual
consistency in its breeding grounds (Ramírez et al. 2016),, we calculated the change in
suitability within each estimated wintering grounds by subtracting the future projections
probability of occurrence by the current prediction. We classified positive values as “Increase”
in suitability in the future predictions,
predictions, and negative values as “Decrease” in suitability in the
future predictions. Then we calculated a probability of projected suitability increase by using a
multinomial regression ‘multinom’ in the ‘nnet’ R package (Ripley and Venables 2015) with
“Increase” as the reference category, and interacting the terms of wintering grounds and
current suitability (multinom[Suitability
nom[Suitability Change ~ Wintering Grounds * Predicted Suitability]).
Wintering grounds were Gulf Stream Current, Canary Current, South Equatorial Current and
Brazil Current (adapted from Ramírez et al. 2013; 2015).
Results
Wintering Areas and Predicted Distribution
Di
Main wintering areas were located on the North
Atlantic at the Gulf Stream Current and the Canary Current, in the South Equatorial Current
(Northeast Brazil) and on Brazil Current (Fig. 12).
1 ). From the ten SDMs methods, five performed
better: CTA, GAM, GBM, MAXENT and RF (table 3).
). Sea Surface Temperature was the variable
with the higher proportion of importance in all models, followed by the Wind speed in seven
out of the ten models (Table 3).
). Such performance was reflected in the areas of higher
predicted
redicted probability of occurrence highly matching the Wintering core areas, and most areas
of intermediate probability of occurrence matching the home ranges. There were two
exceptions: 1) two pelagic areas in the central area of both the North and South Atlantic, and
2) one area on the extreme north of South America that extends towards Central America,
which represents suitable habitat not used by the tracked individuals (figure 12).
1 The most
accurate models all produced similar outputs for fitted predicted
predict occurrence
rrence towards SST and
WS (fig.13).
). They indicate that the main suitable habitat is within 20°C and 30°C of SST, and
within
hin 5 m/s and 8 m/s of WS (fig.13).
(fig.
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Figure 12. Ensemble modelled probability of occurrence of wintering areas of Desertas Petrel,
with 0.647 threshold values (grey dotted line) indicating the four main wintering areas,
overlapped by the winter home range (black thin line) and core areas (black thick lines). Gulf
Stream Current (a), Canary Current (b), South Equatorial Current (c), Brazil
Brazil Current (d).
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Table 3. Means ± SD models accuracy measured as the Area Under the ROC Curve (AUC) and
True Skill Statistic (TSS) and environmental variable importance calculated as the percentage of
change in AUC by excluding one variable in turn and retaining
retaining the remainders..Models:
Artificial Neural Networks (ANN), Classification Tree Analysis (CTA), Flexible Discriminant
Analysis (FDA), Generalized Additive Models (GAM), Generalised Boosting Models, Generalised
Linear Models (GLM), Multiple Adaptive Regression Splines (MARS), Maximum Entropy Models
(MAX), Breiman and Cutlers Random Forest for classification and regression (RF) and Surface
Range Envelops (SRE). **Highest percentage value, *second highest percentage value.
Model

AUC

TSS

Chlorphyll-a

Sea

Concentration

Temperature

Wind Speed

Surface Sea

Surface

Bathymetry

ANN

0.935 ± 0.028

0.800 ± 0.069

24.5 ± 8.2

12.0 ± 5.9

64.1 ± 15.8**

36.6 ± 10.6*

CTA

0.989 ± 0.003

0.963 ± 0.006

17.5 ± 1.6

3.9 ± 3.4

73.5 ± 2.8**
**

21.7 ± 2.2*

FDA

0.964 ± 0.004

0.813 ± 0.012

7.6 ± 0.3

4.7 ± 0.4

90.3 ± 0.2**
**

11.3 ± 0.5*

GAM

0.976 ± 0.003

0.891 ± 0.009

13.3 ± 0.3

10.0 ± 0.6

58.9 ± 0.7**
**

25.7 ± 0.2*

GBM

0.991 ± 0.002

0.937 ± 0.007

10.0 ± 0.3

11.7 ± 0.7*

77.6 ± 1.1**
**

9.8 ± 0.3

GLM

0.936 ± 0.004

0.789 ± 0.010

15.1 ± 0.3

13.5 ± 0.4

50.4 ± 0.4**
**

31.3 ± 0.2*

MARS

0.967 ± 0.004

0.836 ± 0.013

8.7 ± 0.5

4.5 ± 0.3

74.3 ± 2.2**
**

22.0 ± 0.6*

MAX

0.970 ± 0.005

0.859 ± 0.012

13.6 ± 1.1

19.8 ± 2.2*

48.7 ± 1.8**
**

17.4 ± 1.7

RF

0.999 ± 0.001

0.995 ± 0.002

17.8 ± 0.3

37.4 ± 0.7*

62.9 ± 0.5**
**

21.9 ± 0.4

SRE

0.857 ± 0.007

0.713 ± 0.014

20.3 ± 0.5

23.1 ± 0.2

46.1 ± 0.1**
**

28.9 ± 0.2*

Future Projections A visual inspection of the full dispersion projected probability of occurrence
compared to the current predicted occurrence clearly indicates
indicates that the amount of suitable
area for this species increased in RCP scenarios, but localized reductions on suitable habitat
were visible, particularly on the Canary Current and the South Equatorial current (fig. 14) which
was evident over a limited dispersion
dispersion approach, principally when looking at the SRC values.
Over a limited dispersion approach approximately 50% of range remains within the core areas
for all scenarios, contrasting with range gains above 300% for the full dispersal approach (table
4).
The
he role of both SST and WS in ruling out the projections was clear when plotting the
future projected occurrence against the climate variables in 2050 and 2100. SST limited the
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north and south
h limits of distribution (fig. 15), and the core distribution is delineated
elineated on areas
of intermediate wind speeds (fig. 16).

Figure 13. Probability of occurrence of Deserta’s Petrel Pterodroma deserta in response to Sea
Surface Temperature and Surface Wind Speed fitted by the four most accurate models (Based
on AUC and TSS
SS results): Classification-Tree
Classification Tree Analysis (a,b), Generalized Additive Models (c,d),
Generalized Boosted Models (e,f) and Random Forests (g,h). Line is a 95% loess trend.
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Figure 14. Probabilty of occurrence projected to the RCP scenarios 4.5 (a,b), 6.0 (b,c)
(b, and 8.5
(e,f) for 2050 (a,c,e) and 2100 (b,d,f), and the current predicted occurrence (black lines).
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Table 4. Species range change measured as the percentage of future range in relation to the
current range, considering a limited and full dispersion.
Future Range Size (% of actual range)
RCP

Year

Limited Dispersion

Full Dispersion

4.5

2050

47.9

386.8

2100

52.4

382.1

2050

47.9

381.8

2100

53.5

490.9

2050

56.2

431.2

2100

58.8

510.6

6.0

8.5

plotted above the sea surface temperature (°C)
Figure 15. Predicted occurrence (black line) plotted
used in the modelling steps (present) and the IPCC projected scenarios for 2100.
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Figure 16. Predicted occurrence (black line) plotted above the sea surface wind speed (m/s)
used in the modelling steps (present) and the IPCC projected scenarios for 2100.
Change in Suitable Habitat Over Limited Dispersion The mean Suitability Change was negative
for all wintering grounds (Canary: -57.1% ± 1.9%; South Equatorial: -19.7%
19.7% ± 1.7%; Brazil: 11.1% ± 1.21%, Gulf Stream: -33.0%
-33.0% ± 3.12%), meaning that under a limited dispersal approach
the species lost range within all wintering areas. Areas of currently higher suitability (high
probability of occurrence) within wintering grounds had a lower probability of projected
increase,
e, which is true for all the wintering
winte
grounds separately (table 5).
). We detected that
within the Wintering grounds there are inversions on habitat conditions on future projections,
as the current highly suitable habitat had a lower probability of suitability
suitability increase in
i the future
projections (fig. 17).
). The Canary current had the lowest probability of suitability increase;
however the inverted trend was considerably strong for the Gulf Stream Current (fig. 17).
Discussion
Wintering Niche The modelled response of Deserta’s Petrel to SST indicated a slightly higher
mean temperature than that measured by Ramírez et al. (2013) within individual core areas of
wintering grounds, but matches quite well the range modelled for this species by Ramos et al.
(2016). This range of temperatures also are within the temperature range for other gadfly
petrels such as the Trindade Petrel P. arminjoniana (Krüger et al. 2016), Baraus Petrel P. baraui
(Pinet et al. 2011; Legrand et al. 2016), Zino’s P. madeira and Cape Verde P. feae
fea Petrels (Ramos
et al. 2016).. However, the ranges of wind speed were within those measured by Ramírez et al
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(2013) within core areas, and also within the ranges measured for other species (Pinet
(Pine et al.
2011, Krüger et al 2016, Legrand et al 2016, Ramos et al. 2016).
2016)
Table 5. Multinomial regression results testing the probability of increased suitability
conditions in Wintering Areas based on the current predicted suitability from the Ensemble
Species
ecies Distribution Modelling outputs. South Equatorial Current, Brazil Current and Gulf
Stream Current are compared to the Canary Current.
Models

Coefficients

Std. Err.

P

(Intercept)

1.825

1.087

0.009

Prediction

-0.043

0.013

0.001

South Equatorial

5.904

1.356

<0.0001

Brazil

2.488

1.396

0.007

Gulf Stream

12.725

2.189

<0.0001

Prediction*South Equatorial

-0.057

0.017

<0.0001

Prediction*Brazil

-0.008

0.017

0.006

Prediction*Gulf Stream

-0.139

0.027

<0.0001

Figure 17. Probability of habitat suitability increase over future climate conditions within the
current wintering grounds (current suitability above 0.647).
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Wintering Habitat and Climate Change The wintering areas of the Deserta’s Petrel (Ramirez et
al. 2013; 2015; this study) matches several of the upwelling zones in the Atlantic Ocean used by
several species throughout the year (Grecian et al. 2016).. Such areas are highly important for
fo
both breeding and non-breeding
breeding seasons of several trans-equatorial
trans equatorial migrating seabird species
such as the Trindade Petrel (Krüger et al. 2016), Manx (González-Solís et al. 2009, Freeman et
al. 2013), Sooty (Hedd et al. 2012),
2012) Cape-verde (González-Solís
Solís et al. 2009), Scopoli’s (GonzálezSolís et al. 2007, 2009) and Cory’s (Dias et al. 2011, 2012a, Missagia et al. 2015) Shearwaters.
These areas present year-round
round upwelling so they are predictable productive areas where birds
can rely on to find resources and suitable environmental conditions (Grecian et al. 2016).
Upwelling areas are highly dependent upon wind currents and local circulation trends (Young
et al. 2011, Lluch-Cota
Cota et al. 2013, Sydeman et al. 2014),
2014), so it is not surprising that species
actively search for areas with intermediate to higher wind speeds (i.e. Pinet et al. 2011,
Legrand et al. 2016). Changes on this parameter may have deeper impacts
impacts on local and global
marine productivity (Young et al. 2011, Lluch-Cota
Lluch Cota et al. 2013, Sydeman et al. 2014),
2014) with
varying consequences for top predators. The increasing evidence that wind trends have been
shifting in the last decades (Young et al. 2011, England et al. 2014, Sydeman et al. 2014) raises
concerns on how
w the habitats within those areas will shift and what are the consequences for
marine biodiversity.
Studies applying Species Distribution Modelling have found a primary or secondary
(Ramírez et al. 2013; Missagia
Missag et al. 2015; Ramos et al. 2016;; this study) role of wind on
modulating the distribution of several seabird species. In our study wind speed was responsible
for the projected increase of the Desertas’Petrel under no limited dispersion. With increasing
wind
ind speeds, the areas of intermediate wind speed that matched the wintering habitat of the
Deserta’s Petrel may expand, allowing the species to explore new areas. Such trend has been
verified for several breeding seabird species in the last decades, however,
however, it was advocated that
future increased wind speed for intermediate and high latitude areas may limit the distribution
of those same species when wind speed reach values too high to finally become unsuitable
habitat, at least during the breeding period (Weimerskirch et al. 2012; Dehnhard et al. 2013;
Lewis et al. 2015; Cornioley et al. 2016;
20
Tarroux et al. 2016).. During breeding period, when
birds are constrained by the need to return to the colony, stronger winds may be a flight cost as
birds may need to change flight paths or increase effort to cross stronger wind fronts (Lewis et
al. 2015, Tarroux et al. 2016a),
2016a), or may be favourable when birds are able to explore stronger
winds to increase travelled distances and increase foraging area
are (Weimerskirch et al. 2012,
Cornioley et al. 2016).. Nonetheless, all those studies were focused on the breeding period, but
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wind will also influence the migration movements (González-Solís
Solís et al. 2009) and wintering
distribution of several other species, particularly tropical /subtropical
/
(Pinet et al. 2011,
Ramírez et al. 2013, Legrand et al. 2016) or trans-equatorial
equatorial migrants (Ramírez
(Ramíre et al.
2013;Missagia et al. 2016; this study). During migration, wind impose costs of travelling to the
wintering areas and can greatly influence on the path chose by a bird (González-Solís
(González
et al.
2009),, but once within the wintering areas, the birds should be able to explore more
favourable wind conditions.
We found considerable increases
increases on the range of Desertas’ Petrel in full dispersion for
all scenarios, contrasting with results of Legrand et al. (2016) for Barau’s Petrel Pterodroma
baraui in the tropical Indian Ocean. Legrand et al. (2016) found a decrease range in both the
lowerr gas emission scenarios (RCP 2.6 and 4.5), but a range increase in the higher emission
scenarios (RCP 6.0 and 8.5), while our results where consistent among scenarios towards the
same direction, increases under full dispersion, and decrease under limited dispersion. Other
studies did not found important differences among scenarios in large spatial scales (Krüger et al
in prep, this study). However, for species with a smaller range such as the Barau’s Petrel
(Legrand et al. 2016), more localized variability in the distribution of the environmental
conditions seem to be more important in determining the global distribution of the species.
The position of Deserta’s Petrel wintering habitat drastically changed in the future
scenarios for both the limited and full
full dispersion scenarios. If we consider a limited dispersion
scenario, what is reasonable considering the potential for consistent use of individual wintering
areas in multiple years (Pinet et al. 2011; Ramírez et al. 2016), then this species may have
considerable
iderable losses on wintering habitat availability within an individuals’ lifetime. There is no
long term data, however, to quantify for how long one individual may insist in wintering under
unfavourable conditions, but literature on the breeding season suggest
suggest that long-lived
long
seabirds
may insist on a chosen area even under unfavourable conditions (i.e,. Danchin et al. 1998;
Bried and Jouventin
n 2002; Hamer et al. 2002; C. Naves et al. 2006).
2006). In this sense, habitat
consistency could represent a maladaptive behaviour under climate change scenarios, and
habitat selected by the birds could act as an ecological trap, if the habitat choice reduces the
t
population productivity (Fletcher et al. 2012; Sih 2013; Hale et al. 2016).. Different levels of
wintering consistency may be found for different transequatorial migrating seabird species
(Dias et al., 2011; Raine et al., 2013; Müller et al., 2014; Ramírez et al., 2016) and one can
advocate that the amount of risk imposed by changing climate conditions may vary as a
function of the individual’s ability to shift their wintering area, and the ability of new
generations to select new wintering areas. The process of immature seabirds selecting
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wintering areas remains not fully understood, but social information theory predicts that less
experienced animals may emulate more experienced ones in order to try to find proper
conditions (Péron and Grémillet 2013).
2013). In this case, the ability of a species to cope with
deteriorated climate conditions may depend on the ability / flexibility of the next generations
to explore and find new wintering grounds independently of the social information made
available by experienced individuals. In the case of long-lived
long lived seabirds, like Deserta’s
Deserta Petrel,
such changes will be felt within few generations and by animals alive at this moment. There
may not be enough time to a species with such reduced population to “come up” with
evolutionary solutions to deal with changing condition on their wintering
wintering habitat.
It is crucial for birds to be able to cope with suitable conditions as the wintering season
has negative effects on adult survival and recruitment of new breeders (i.e., Sandvik et al.
2007; Sandvik and Einar Erikstad 2008; Barbraud et al. 2012).
2012). As we stated before, those areas
used by the Deserta’s Petrel for wintering are also used systematically by several other seabird
species. The deterioratingg conditions on those particular areas may represent a potential
threat for most of those species. Under a full dispersion scenario, the climate change may
substantially increase the suitable habitat available for Deserta’s Petrels, but if the species
present
ent long term fidelity to sites and the influence of adults on immature choices for
wintering areas is strong, then the species may experience losses of wintering suitable habitat
at alarming rates. Such perspective is more disturbing considering the level of vulnerability of
the species to stochasticity due the small population size.
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Chapter III
Climate change, seabirds and fisheries in the Southern
Oceans

“En el alta mar navega el viento
Dirigido por el Albatros”
Pablo Neruda
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Projected
ojected distributions of Southern Ocean albatrosses, petrels and fisheries as a
consequence of climatic change
Abstract. Given the major ongoing influence of environmental change on the oceans, there is a
need to understand
stand and predict the future distributions of marine species in order to plan
appropriate mitigation to conserve vulnerable species and ecosystems. In this study we use
tracking data from seven large seabird species of the Southern Ocean (Black(Black-browed Albatross
Thalassarche melanophris,, Grey-headed
Grey
Albatross T. chrysostoma,, Northern Giant Petrel
Macronectes halli,, Southern Giant Petrel M. giganteus, Tristan Albatross Diomedea dabbenena
Wandering Albatross D. exulans and White-chinned Petrel Procellaria aequinoctialis
inoctialis , and on
fishing effort in two types of fisheries (characterised by low or high-bycatch
high bycatch rates), to model
the associations with environmental variables (bathymetry, chlorophyll-a
chlorophyll a concentration, sea
surface temperature and wind speed) through ensemble
ensemble Species Distribution Models. We then
project these distributions according to four climate change scenarios built by the
Intergovernmental Panel for Climate Change for 2050 and 2100. The resulting projections were
consistent across scenarios, indicating
indicating that there is a strong likelihood of poleward shifts in
distribution of seabirds, and several range contractions (resulting from a shift in the northern,
but no change in the southern limit of the range in four species). Current trends for southerly
shifts
fts in fisheries distributions are also set to continue under these climate change scenarios at
least until 2100; some of these may reflect habitat loss for target species that are already overover
fished. It is of particular concern that a shift in the distribution
distribution of several highly threatened
seabird species would increase their overlap with fisheries where there is a high-bycatch
high
risk.
Under such scenarios, the associated shifts in distribution of seabirds and increases in bycatch
risk will require much-improved
oved fisheries management in these sensitive areas to minimise
impacts on populations in decline.
Keywords. Geographic Information System, Representative Concentration Pathways, Seabirds,
Species Distribution Modelling, Tracking
Introduction
Concern has increased
creased over recent decades about the effects of anthropogenic changes
in marine environments, including on biodiversity (Vitousek et al. 1997, Worm et al. 2006,
Chown et al. 2015,, Halpern et al. 2015).
2015). In particular, human impacts on the biosphere may
exceed points of no-return;
return; for instance, the effects of increased atmospheric carbon dioxide
concentrations are believed to be irreversible on millennial timescales (Frölicher and Joos
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2010),, and the rate of biodiversity loss on the planet far exceeds the natural pace (Rockström
et al. 2009b).. Research on the spatial effects of anthropogenic climate change
ch
shows that
organisms may no longer encounter optimal conditions in terms of their thermal niche (Doney
et al. 2012),, and will be forced to shift their distribution (Walther 2010, Ackerly et al. 2010,
Burrows et al. 2011, García Molinos et al. 2015).
2015). This may lead to impacts on community
networks, for instance,
nce, changing food web connections (Parmesan 2006, Walther 2010,
Constable et al. 2014), culminating
nating in a cascade of extinctions within ecosystems (Thomas et al.
2004, Cheung et al. 2009, Stuart-Smith
Stuart
et al. 2015).. This is of particular concern for oceanic
regions,
ns, as many areas of high marine biodiversity are experiencing high rates of climate
changes (Burrows et al. 2011, Constable et al. 2014, Marzloff et al. 2016).
2016)
Marine top predators often
often forage over very large oceanic areas and are exposed to a
wide range of environmental conditions, thus providing good indicator species for evaluating
long-term
term effects of climate change at large scales (Frederiksen et al. 2006, Sergio et al. 2008).
2008)
Many empirical and theoretical studies provide evidence for shifts in distribution of marine
species, including predatory fish and seabirds, following the movement of particular
temperature isotherms towards higher latitudes (Cheung et al. 2009, Péron
éron et al. 2010,
Barbraud et al. 2012, Peron et al. 2012, Jones et al. 2013,
2013 Robinson et al. 2015, Sunday et al.
2015).. Seabirds are distributed worldwide, are relatively
relatively easy to track, and are often used as
models for testing the effects of climate variability on top-predators
top predators (Péron et al. 2010, 2012,
Weimerskirch et al. 2012) and their prey (Xavier et al. 2006). Short-term
term responses of seabirds
to climate change include reduced breeding success and body condition as the changing
environment requires that seabirds travel longer distances
distances to find optimal foraging grounds
with increasing energy expenditure as consequence of central-place
central place foraging (Dorresteijn et al.
2012, Péron et al. 2012, Paiva et al. 2013a, c),
c) which in the long-term
term may result in population
decreases (Grémillet and Boulinier
oulinier 2009, Barbraud et al. 2012).
2012) For instance, Péron et al. (2010)
reported that Wandering Albatross Diomedea exulans and Prions Pachyptila spp. moved
poleward within a decade while White-chinned
White
Petrels Procellaria
laria aequinoctialis moved
northward, which can be explained, at least partially, by changes in sea surface temperature
and wind speed. Weimerskirch et al. (2012) found a consistent poleward shift by Wandering
Albatrosses in two decades, which was related to an increase in zonal wind speed towards the
south. Foraging ranges of breeding King Penguin Aptenodytes patagonicus increased as sea
surface temperature increased (Péron et al. 2012). Such warming could explain recent reports
of breeding attempts at new,
new higher latitude sites by King Penguins (Petry et al. 2013) and
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Macaroni Penguins Eudyptes chrysolophus (Gorman et al. 2010).. Furthermore, several studies
have documented the effects of climate stochasticity on population dynamics of seabirds
(Croxall et al. 2002, Rolland et al. 2010, Barbraud et al. 2012).
2012)
Besides climate change,
hange, another anthropogenic stressor with a major impact on
marine biodiversity is fisheries (Worm et al. 2006,Grémillet and Boulinier 2009, Halpern et al.
2015). Impacts include a reduction in fish populations from overfishing (Pauly et al. 1998,
Daskalov 2002, Scheffer et al. 2005) and incidental mortality (bycatch) of non-target
non
organisms
such as seabirds, marine mammals or sea turtles (Jiménez et al. 2010, Lewison et al. 2014),
2014)
with repercussions for food webs contributing
co
to biodiversity loss (Pauly et al. 1998, Scheffer et
al. 2005, Daskalov et al. 2007) ecosystem simplification (Scheffer et al. 2005, Möllmann et al.
2008, Howarth et al. 2014) and loss of ecosystem services (Worm et al. 2006). Climate change
and fisheries may cause synergistic effects on species and populations (Walther 2010, Rolland
et al. 2010, Thomson et al. 2015).
2015). Bycatch in fisheries is one of the main causes for the
alarming declines and high threat of extinction of albatrosses and large petrels (Croxall et al.
2012b),, with 100,000s of birds killed annually (Anderson et al. 2011a, Žydelis et al. 2013).
2013)
Fisheries distribution is often correlated with oceanographic indices, as the target species are
usually associated with upwelling or temperature gradients (Santos 2000, Solanki et al. 2005,
2005
Klemas 2013),, so it is likely that fisheries are also affected by climate change (Pinnegar et al.
2002, Perry et al. 2005, Brander 2010),
2010) and conflicts
cts between conservation and fisheries may
increase due climate change (Hobday et al. 2015a, b). Hence, understanding whether shifts in
seabird distribution due to climate change may lead to greater overlap with fisheries is of high
importance for their conservation. The southern
southern oceans are rich in terms of diversity and
abundance of seabirds, and include several major global resource hotspots (Karpouzi et al.
2007b, Lascelles et al. 2016).. Although the regions of greatest overlap between seabirds and
fisheries may include only part of the overall distribution of those species (Karpouzi et al.
2007), seabird bycatch rates
es in these areas can be high and have severe effects at the
population level (Xavier et al. 2004, Lewison et al. 2014).
2014)
In this study we predict the distributions of multiple species of albatrosses and petrels,
and fisheries, in the southern oceans under current climate conditions, and then project these
distribution based on the
he Intergovernmental Panel for Climate Change (IPCC) scenarios for the
years 2050 and 2100. Our goal was to evaluate shifts in distribution of both selected seabird
species and fisheries, and to quantify likely changes in the resulting overlap. We used an
ensemble Species Distribution Model (SDM) procedure to make robust predictions and
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projections (Morin and Thuiller 2009, Goberville et al. 2015).
2015). Based on the literature we
anticipated that most species will lose previously suitable habitat and will likely show a
poleward shift in distribution. We also expected that these latitudinal shift in distribution will
lead to higher overlap with fisheries, as these are, similarly,
similarly, likely to move, thus increasing the
likelihood of seabird bycatch events. Indeed, the most challenging science issues in the coming
decades is to assess the synergetic effects between climate change and fisheries on the food
webs of the Southern Ocean (Kennicutt et al. 2014a, b)
Methods
Seabird Tracking We used data collected from the following seabird species using Global
Location Sensing (GLS) loggers: Black-browed
Bla
Albatrosses Thalassarche melanophis from Bird
Island, South Georgia (Phillips et al. 2005,
2005 Mackley et al. 2010) and New Island, Falkland Islands
(Grémillet et al. 2000),, Grey-headed
Grey
Albatrosses T. chrysostoma from Bird Island, South
Georgia (Croxall et al. 2005),, Northern Giant Petrels Macronectes halli from Bird Island, South
Georgia (González-Solís
Solís et al. 2008),
2
Southern Giant Petrels M. giganteus from Bird Island,
South Georgia (González-Solís
Solís et al. 2008) and from Elephant Island, South Shetland Islands
(Krüger et al. in prep), Tristan Albatrosses Diomedea dabbenena from Gough Island (Reid et al.
2013),, Wandering Albatrosses D. exulans from Bird Island, South Georgia (Mackley et al. 2010)
and White-chinned Petrels Procellaria aequinoctialis from Bird Island, South Georgia (Phillips et
al. 2006a) (Supplementary material
ma
Appendix 1, Table A1).
Climate and environmental variables The environmental predictors used in the SDMs were Sea
Surface Temperature (SST), Chlorophyll-a
Chlorophyll a Concentration (CHL), Wind speed (WIND), Ice Cover
(ICE) and Bathymetry (BATH) downloaded from the NOAA CoastWatch browser
(coastwatch.pfeg.noaa.gov/coastwatch)
coastwatch) (Supplementary
(Supplementary material Appendix 1, Table
T
A2,
Fig.A1). We choose these variables because other studies showed that they are good proxies
for seabird distribution and habitat use (Catry et al. 2013a),, with several studies pointing out
these as the most important in seabird modelling (Hazen et al. 2012, Quillfeldt et al. 2013,
Legrand et al. 2016).. Furthermore there is empirical evidence for
for some seabird populations of
shifts in distributions in response to spatial changes in some of those variables (i.e. Péron et al.
2010, Weimerskirch et al. 2012). We processed these data in ESRI ArcGIS 10.2 to extract annual
means on a 1° x 1° grid size, which corresponds to the mean error of the tracking devices (≈
(
180km; Phillips et al. 2004).
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Seabird distribution modelling We estimated suitable habitat for the study species in the
Southern Ocean by combining tracking data with environmental
environmental predictors through an
ensemble Species Distribution Modelling approach (Oppel et al. 2012, Scales et al. 2016) using
the ‘Biomod2’ package (Thuiller 2003, Thuiller et al. 2009) within the R environment (R Core
Team 2015). Slight differences in species distributions among models increases when
distribution are forecasted towards future projections even for models with similar outputs in
current predictions (Elith et al. 2010, Goberville et al. 2015);
2015); however, the use of ensemble
models improve results by reducing bias and problems associated with overov -fitting (Thuiller et
al. 2009, Elith et al. 2010, Scales et al. 2016).
2016). The logic behind ensemble modelling is that the
final distribution is a joint solution that combines all the models “emphasizing the ’signal’
emerging from the noise associated with different model outputs” (Araújo and New 2007) then
forecasting species’ distribution in a more conservative way, under uncertainties of projected
environmental variables (Thuiller 2004, Araújo and New 2007, Thuiller et al. 2009, Zhang et al.
2015).. For detailed discussions on the pros and cons of Species Distribution Models, please see
Thuiller (2003, 2004), Araújo and New (2007), Lozier et al. (2009),, Thuiller et al. (2009),
Planque (2016) and Zhang et al. (2015). For details and parameters of the models we used on
our analysis, see Supplementary material Appendix 1, Table
T
A3.
As GLS data provide presence-only
presence only data, SDM require the creation of pseudo-absences
pseudo
to calculate probabilistic relations of distribution with environmental variables (VanDerWal et
al. 2009, Barbet-Massin
Massin et al. 2012).
2012) We created 10,000 pseudo-absences
absences using the species
range exclusion ‘sre’ method, which forces the pseudo-absences
pseudo absences to be generated from within
the core habitat area used by the species (Barbet-Massin
Massin et al. 2012, Legrand et al. 2016).
2016 We
applied a cross-validation
validation procedure by setting aside 80% of the data-set
data set for training the
models and 20% for evaluation.
After the modelling we generated ensembles predictions and projections of occurrence
using the full dataset and statistic models
models (check ‘models assembly rules’ on Thuiller et al.
2014). The models were permuted 10 times for training/calibrating and to calculate the
importance of variables, which is measured as the change in the models’ accuracy by excluding
one variable in turn and retaining the remainder. We used the True Skill Statistic and Area
Under the Receiver Operational Characteristic Curve AUC to evaluate model accuracy (Allouche
et al. 2006, Liu et al. 2009).. AUC and TSS both compare Sensitivity and Specificity outputs
between the 80% data used for calibration with the 20% used for evaluation. Sensitivity
measures the percentage of presence cases
cases that are classified correctly (true positive rate) by
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the models, and Specificity measures the percentage of pseudo-absences
pseudo absences cases correctly
classified as absences (true negative rate) by the models. Accuracy can be linked to the number
of presences (Hernández et al. 2006, Wisz et al. 2008),
2008), the method of generating pseudopseudo
absences and the number of pseudo-absences
pseudo
(Barbet-Massin
Massin et al. 2012).
2012) An excessive
number of pseudo-absences
absences when there are fewer presences
presences can inflate the accuracy of the
models, which in our case is not a problem considering the large numbers of presence points.
On the other hand, an increasing number of presences makes the relation of distribution with
environmental variables more robust,
robust, thus increasing models’ accuracy (Hernández et al. 2006,
Wisz et al. 2008).
Climate and Species projections The IPCC developed four scenarios for climate change based on
the Coupled Model Intercomparison Project CMIP5, called Representative Concentration
Concentr
Pathways (RCPs). RCPs are based on different greenhouse gas and air pollutants emissions and
their radiative forcing (IPCC 2014).
2014). One scenario assume low emissions with global
temperature remaining close to the pre-industrial
pre industrial climate (RCP 2.6), two scenarios assumes
intermediate emissions
ions (RCP 4.5 and RCP 6.0) and one scenario assumes high emissions (RCP
8.5). Environmental and climate variables were projected by the National Oceanic and
Atmospheric Administration Geophysical Fluid Dynamics Laboratory (NOAA – GFDL),using the
Coupled Climate-Carbon
Carbon Earth System Models (ESM), which takes into account biogeochemical
components that regulate carbon circulation on ocean, land, atmosphere and biosphere (IPCC
2014). Two distinct models are based on differential assumptions concerning vertical layers of
ocean circulation, one based on water depth (ESM2M) and the other on water density
(ESM2G) (Dunne et al. 2012, 2013).
2013). Both models are assumed to have high power of prediction
(Dunne et al. 2012, 2013); however, we choose to use the projections of the ESM2M as its
predictions for several
eral ocean surface variables were slightly better than the ESM2G (Dunne et
al. 2012). Projections generated from the ESM2M models were downloaded from the NOAA
CMIP5 data portal (http://nomads.gfdl.noaa.gov). After applying SDM, we generated the
ensemble mean
ean statistic to predict species distributions using all the models. Those statistics
were then applied to the climate projections for 2050 and 2100 under each RCP scenario. We
also entered BATH in the projections as a fixed variable. We created polygons from
f
the mean
distribution provided by ensemble projections, using the mean threshold probability from the
models with AUC > 0.9 and TSS > 0.8 for setting species presence (Jiménez-Valverde
Valverde and Lobo
2007, Barbet-Massin
Massin et al. 2012).
2012) We opted for this level of accuracy because
use the ‘sre’ method
for generating pseudo-absences
absences tends towards over-optimistic
over
models (Thuiller et al. 2014).
2014)
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Specific measures of change We used the polygons from the mean ensemble
ensemble SDM to calculate
the centre of the distribution for each species for predictions and projections. A latitudinal shift
was calculated by subtracting the centre positions of the predictions from the respective centre
positions of the projections. For instance,
instance, when the centre of distribution of a species moved
south, the latitude range shift will be negative, and positive when it moved north. This
corresponds to the number of degrees of dislodgement of the future distribution in relation to
the current distribution.
stribution. Habitat suitability change was calculated for each species based on the
Species Range Change analysis (SRC) as the percentage of suitable habitat change, using the
Biomod2 (Thuiller 2003, Thuiller et al. 2009).
2009) SRC varies between -100
100 and 100, where values
below zero indicate range loss, values equal to zero indicate a stable range and values above
zero indicate new habitats acquired.
Fisheries projection Halpern et al. (2015) used catch data from the “Sea Around Us” project
(http://www.seaaroundus.org/
.org/)) to estimate the spatial distribution of industrial fishing effort,
dividing fisheries into four main categories, based on the mean rates of overall bycatch
(Watson et al. 2006):: pelagic low-bycatch,
low
pelagic high-bycatch,
bycatch, demersal low-bycatch
low
and
demersal high-bycatch.
bycatch. By definition, low-bycatch
low
fisheries were considered
idered to be more
selective in the number and type of organisms they catch, whereas the opposite applies to
high-bycatch
bycatch fisheries, which capture a higher proportion of non-target
non target organisms and produce
more discards (Hall et al. 2000, Pauly et al. 2002, Davies et al. 2009, Zhou et al. 2010).
2010) Hence,
high-bycatch
bycatch fisheries may represent a greater threat for seabirds if there is also a high risk of
seabird bycatch; however, they also provide a source of supplementary
supplementary food. Discard volume
and seabird bycatch risk are linked, since discarding attracts seabirds to fishing vessels, and in
the absences of seabird bycatch mitigation, the number killed can be related to the number
attending the fishing vessel (Yeh et al. 2013).
2013)
Fisheries distribution is often correlated with oceanographic predictors, as the target
species are usually associated with upwelling
upwel
or temperature gradients (Santos 2000, Solanki et
al. 2005, Klemas 2013).. Based on this assumption, we used catch data in Halpern et al. (2015)
(https://knb.ecoinformatics.org/#view/doi:10.5063/F1S180FS
nb.ecoinformatics.org/#view/doi:10.5063/F1S180FS)) to indicate fishery presence;
any pixel with a catch value above the minimum value was considered to be a presence, hence
selecting areas above the minimal fishing intensity (Supplementary
(Supplementary material Appendix
Appendi 1, Fig.
A2), for high-bycatch
bycatch fisheries (n = 4237 points) and low-bycatch
low bycatch fisheries (n = 8091 points). We
entered these points in an ensemble modelling procedure, similar to the procedure used for
seabird modelling, aiming to predict fisheries activities distribution and project the fishery
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activities’ distribution towards the future climate change scenarios for years 2050 and 2100. As
with seabirds, we generated polygons using threshold of the models with AUC > 0.9 and TSS >
0.8.
It is important to note that the estimation of fisheries catch distribution in Halpern et
al. (2015) was based on data from the Food and Agriculture Organizations of the United
Nations (FAO), and likely to be substantial underestimates, as shown in catch reconstructions
by Pauly and Zeller (2016). However, as we used a low recorded catch threshold to predict
fisheries presence, our model is probably a good approximation, given that peaks in
reconstructed catches match peaks in catches reported to the FAO (Pauly and Zeller 2016).
2016)
Statistical Analysis
Species Distribution
on Changes We used Permutational Multivariate Analysis of Variance
(PERMANOVA) implemented by the vegan R-package (Oksanen et al.l. 2012) to compare
differences in Latitudinal Shift and Species Range Change (1) among each scenarios
(Representative
Representative Concentration Pathway; RCP 2.6, RCP 4.5, RCP 6.0 and RCP 8.5) for 2050 and
2100 using species, and (2) among species, using scenarios, respectively,
respectively, as the repetitions. The
similarity metric was Euclidian distance, and significance was calculated by 999 permutations.”
permutations.
Species and Fisheries Overlaps We used Geographically Weighted Principal Component Analysis
(GWPCA) on the GWmodel package in R environment (Lu et al. 2014) to evaluate the shifts
s
in
seabird and fisheries distributions on a 5 x 5 degree spatial grid, using the probability of
occurrence of each species and fisheries currently and for the year 2100. GeographicallyGeographically
weighted models account for local variation in the response variables
variables that would not be
detected by a simple global model (Lu et al. 2014). As biomod2 outputs are represented as
percentages, data were arcsine transformed in order to meet the normality assumptions of
PCA. GWPCA Significance was calculated using a Monte Carlo
Carlo test, with 99 resampling events.
To represent the variability in the overlaps in spatial terms, we mapped the local CrossCross
Validation scores of the GWPCA (Lu et al. 2014) interpolated on a spatial grid by a Natural
Neighbour procedure in ArcGis 10.2 (Childs 2004). Cross-Validation
Validation scores represent the
localized amount of variability captured in the GWPCA components, so are useful for visualising
how the multivariate data behave spatially
spati
(Lu et al. 2014).
The GWPCA loadings represent the position of species and fisheries on each axis, and
the distance between their centroids represents a quantification of their overlaps. So we
measured the Euclidean distance of each species to fisheries
fisheri in the bi-dimensional
dimensional space of
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GWPCA in the prediction and in the scenarios. We subtracted the distance in the scenarios
from the distance in the prediction in order to calculate shifts in levels of overlap with fisheries.
Negative values would mean that
that a species increased its spatial overlap with fisheries (as it
reduced its bi-dimensional
dimensional distance from fisheries in the projections), whereas positive values
mean that a species decreased its overlaps (as it increased its bi-dimensional
bi dimensional distance from
fisheries
heries in the projections). Noteworthy current distribution and all projected scenarios were
entered as separated variables in the same GWPCA, so changes in the bidimensional distance
were always regarding spatial changes in time and scenarios, than simply a change in spatial
overlap.
Results
Seabird species - predicted and projected distributions Model’s Accuracy was high for all species
and models (AUC > 0.9, TSS > 0.8; Supplementary material Appendix 1, Table A4), except the
model Multiple Adaptive Regression
gression Splines for Black-browed
Black browed Albatross (AUC = 0.775, TSS =
0.531). Sea Surface Temperature (SST) had the highest permutation importance for most
species (0.523 ± 0.19) usually followed by CHL (0.240 ± 0.20) or WIND (0.186 ± 0.06), with the
exception of White-chinned
chinned Petrel (CHL = 0.661 vs SST = 0.325) (Supplementary
Supplementary material
Appendix 1, Table
able A4). A visual comparison between predictions and projections indicates
clearly that suitable habitat moved south for all species, and most species lost suitable habitat
h
(Fig. 18; Supplementary material Appendix 1, Fig. A3 to A9).
Fisheries predicted and projected distribution There was a high predictive power of the
fisheries distribution models for both high-bycatch
high bycatch (AUC = 0.98 ± 0.03, TSS = 0.90 ± 0.05) and
low-bycatch
catch (AUC = 0.96 ± 0.03; TSS = 0.87 ± 0.06; Supplementary material Appendix 1, Table
A5), except Surface Range Envelop for low-bycatch
low bycatch fisheries (AUC = 0.89, TSS = 0.78). Both
high-and low-bycatch
bycatch fisheries distributions were mostly related to WIND and SST
SS
(Supplementary
Supplementary material Appendix 1, Table A5). High-bycatch
bycatch fisheries clearly gained habitat in
southern waters, and occupied several previously unsuitable areas in tropical
tropica and subtropical
waters (Fig. 19; Supplementary material Appendix 1, Fig. A10).
A10 Low-bycatch
bycatch fisheries, despite
maintaining the latitudinal range, were predicted to contract in overall range in all scenarios
but gained new areas in the southeast Atlantic and south Pacific oceans (Fig. 19;
Supplementary material Appendix 1, Fig. A11).
A11
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Figure 18. Species probability of occurrence from zero (blue) to one (red) and the predicted
area of occurrence above the models’ thresholds (dashed black line), contrasted to the median
area of occurrence for all the climate change scenarios together (solid
(solid black line). BlackBlack
browed Albatross (BBA), Grey-headed
Grey headed Albatross (GHA), Northern Giant Petrel (NGP), Southern
Giant Petrel (SGP), Tristan Albatross (TA), Wandering Albatross (WA) and White-chinned
White
Petrel
(WCP).
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Figure 19. High and Low Bycatch Fisheries probability of occurrence from zero (blue) to one
(red) and the predicted area of occurrence above the models’ thresholds (dashed black line),
contrasted to the median area of occurrence for all the climate change scenarios together
(solid black line).
ecies Distribution Changes Neither Latitude Shift or Species Range Change differed among
Species
scenarios (PERMANOVA Pseudo-F
Pseudo 3,48 = 0.17, R2 < 0.01, p = 0.96), between years 2050 and 2100
(PERMANOVA Pseudo-F1,48 = 0.06, R2 < 0.01, p = 0.89), nor their interaction (PERMANOVA
Pseudo-F3,48 = 0.15, R2 < 0.01, p = 0.98). As these variables differed among species
(PERMANOVA Pseudo-F6,49 = 247.77, R2 = 0.96, p < 0.001), scenarios cannot be compared
readily across species; however, they can be used to evaluate changes within
wit
species. The
mean suitable habitat of all species was displaced
displaced towards the south (Fig. 20a). Tristan
Albatross and White-chinned
chinned Petrel showed the greatest Latitude Shift, moving almost
almo 10°
towards the south (Fig. 20a).
a). The range of Black-browed
Black
Albatross,
ss, Tristan Albatross, and
White-chinned
chinned Petrel increased, but by < 10%, whereas the ranges of Wandering Albatross and
Grey-headed
headed Albatross decreased
decreas substantially (by 70%; Fig. 20b).
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Figure 20. Mean ± SD (a) latitude shift and (b) species range change of
o Black--browed Albatross
(BBA), Grey-headed
headed Albatross (GHA), Northern Giant Petrel (NGP), Southern Giant Petrel (SGP),
Tristan Albatross (TA), Wandering Albatross (WA) and White-chinned
White chinned Petrel (WCP).
Species and Fisheries overlaps The Geographically Weighted
ed PCA axis one (PC1) captured 73.8%
of the data variation, and axis two (PC2) captured the remaining 26.2% (Monte-Carlo
(Monte
p = 0.01).
The amount of variability captured by PC1 was clearly related to the segregation of fisheries
(negative values) and seabirds (positive values) and was consistent in all Representative
Concentration Pathway (RCP) scenarios (Fig. 21).
). In contrast, PC2 captured the variability in the
data regarding fisheries and seabird overlaps for year
year 2100 (positive values) (Fig.21).
(Fig.
The only
species
cies with negative values on PC2 for all scenarios was the Southern Giant Petrel, indicating
the highest segregation from fisheries in relation
re
to the prediction (Fig. 21).
2 Most species
converged in their distribution towards the same area (Wandering Albatross,
Albatross, White-chinned
White
Petrel, Northern Giant Petrel, Grey-headed
Grey
Albatross and Black-browed
browed Albatross) in all
a the
scenarios RCP 2.6 (Fig. 21b),
b), RCP 4.5 (Fig. 21c), RCP 6.0 (Fig. 21d)
d) and RCP 8.5 (Fig. 21e). The
reduction in spatial overlap with fisheries for all scenarios (Fig. 21b,
b, c, d, e) is more evident
when the mean Principal Component distance from fisheries on projections is calculated (Fig
21f,g).
). Southern Giant Petrel moved the greatest distance from high-bycatch
high bycatch fisheries and both
Grey-Headed
Headed Albatross and Wandering
Wandering Albatross showed the smallest change (Fig. 21f).
However, the distribution of low-bycatch
low bycatch fisheries suggests a resulting increase in likely levels
of overlap with seabirds (Fig. 21b, c, d, e,g); indeed, only for Grey-Headed
Headed Albatross and
Wandering Albatross
atross was the overlap likely to be reduced.
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Figure 21. Biplot of the Geographically Weighted Principal Component Analysis showing the
species and fisheries centroid Prediction (a) and Projections for year 2100 over climate change
scenarios RCP 2.6 (b), RCP 4.5 (c), RCP 6.0 (d) and RCP 8.5 (e) representing the shifts in species
and fisheries overlaps, and the mean GWPCA bi-dimensional
bi dimensional distance of species from highhigh
bycatch fisheries (f) and low--bycatch
bycatch fisheries (g) on projections in relation to the prediction.
predi
Black-browed
browed Albatross (BBA), Grey-headed
Grey headed Albatross (GHA), Northern Giant Petrel (NGP),
Southern Giant Petrel (SGP), Tristan Albatross (TA), Wandering Albatross (WA), White-chinned
White
Petrel (WCP), High-bycatch
bycatch Fisheries (HIGH) and Low-bycatch
Low
Fisheriess (LOW).

The greatest variability in the level of seabird-fisheries
seabird fisheries overlap was in temperate and
Antarctic waters between 40°S and 60°S in both the Atlantic and Indian oceans, which
coincides with areas where there was projected increases in species ranges
ranges and overlap with
both low- and high-bycatch
bycatch fisheries (Fig. 22).
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Figure 22.Cross-Validation
Validation (CV) scores coefficients of the Geographically Weighted Principal
Component Analysis, representing the spatiality of shifts in species and fisheries overlaps, and
lines of the distribution limits of fisheries types and species in the scenarios. The warm colours
indicate zones of higher CV scores, where there was the greater amount of shifts and overlap
of species and fisheries in the projected scenarios.
Discussion
We found very high accuracy values for most models, which indicates that the group of
variables selected for the models are excellent to predict spatial distribution of seabirds
species, as it has been showed by other empirical and modelling studies (i.e.,
(i.e. Pinaud and
Weimerskirch 2007, Hazen et al.
a 2012, Legrand et al. 2016). In fact, Sea Surface Temperature,
Chlorophyll-aa concentration and Bathymetry have been demonstrated to be the best predictor
variables to model the seabirds’ spatial distribution (Hazen et al. 2012, Quillfeldt et al. 2013,
2013
Legrand et al. 2016), and Wind have been increasingly found to be
be of high importance to a
multitude of seabirds (i.e. González-Solís
González Solís et al. 2009, Adams and Flora 2009, Weimerskirch et
al. 2012, Ramírez et al. 2013, Dehnhard et al. 2013, Legrand et al. 2016, Tarroux et al. 2016).
2016)
Furthermore, using a smaller amount of key variables is a better
better approach than adding several
correlated variables that could add noise to the modelling exercise and somehow hamper the
models’ predictive capacity to generate the projections (Merow et al. 2013).
2013) We have to
acknowledge, however, the influence of scale on seabirds’ habitat use (Hunt and Schneider
1987, Pinaud and Weimerskirch 2005, Thiebault and Tremblay 2013).. But even at finer spatial
and temporal scales those variables are still important for several seabird species (Pinaud and
Weimerskirch 2005, 2007) even on modelling studies (Péron et al. 2012, Ludynia et al. 2013,
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Scales et al. 2016). Recent studies using a similar approach also produced accuracy values
above 0.95 (i.e. Russell et al. 2015, Legrand et al. 2016).
Seabird Species Distribution The change in seabird distribution that we found using the RCP
scenarios matched the expectations of poleward shifts of marine predators according to
several theoretical models (Lenoir et al. 2011, Hazen et al. 2012, Russell et al. 2015).
2015) However,
we found that some species reduced their northern range without necessarily gaining new
habitat towards the south.
th. So, it is more accurate to say, at least for four species (Grey-headed
(Grey
Albatross, Northern and Southern giant petrels, Wandering Albatross), that there is likely to be
a contraction in their northern distribution instead of poleward movements as a result
resu of
climate change. The three species that moved substantially poleward in our projections gained
only small percentages of new habitat (Black-browed
(Black browed Albatross, Tristan Albatross and WhiteWhite
chinned Petrel). This is consistent with results of Russell et al. (2015) which projected that 15
out of 23 seabird species will reduce their range in European waters according to IPCC, with
their main distributions also shifting poleward. Our results are also consistent with Hazen et al.
(2012) which predicted range increases and poleward shifts for three procellariiform species in
the northern Pacific Ocean. Range contraction and poleward shifts have been projected for
severall groups of marine and terrestrial organisms, including seaweed (Takao et al. 2015,
2015
Marzloff et al. 2016),, marine fish (Lenoir et al. 2011, Hazen et al. 2012, Jones et al. 2013,
2013
Sunday et al. 2015),, marine invertebrates (Cheung et al. 2009, Stuart-Smith
Smith et al. 2015,
2015 Sunday
et al. 2015, Marzloff et al. 2016),
201 , marine mammals (Hazen et al. 2012), insects (Beaumont and
Hughes 2002, Kwon and Lee 2015, Kwon et al. 2015), ticks (Williams et al. 2015),
2015) terrestrial
birds (Araújo et al. 2005),, and trees (Morin and Thuiller 2009, Goberville et al. 2015).
2015) Such
changes were also projected to reflect in spatial redistribution of biodiversity with
consequences for ecosystem functioning (Constable et al. 2014, Stuart-Smith
Smith et al. 2015,
García Molinos et al. 2015).
Our predicted latitudinal shifts are within the range of those detected using empirical
data on distributions of seabirds that have changed in the last two to three decades (Péron et
al. 2010, Weimersirch et al. 2012). We found latitudinal shifts of Wandering Albatross which
matched those reported by Weimerskirch et al. (2012); around 5° towards the south. Perón et
al. (2010) also report
ort a poleward shift in the at-sea
at sea distributions of Wandering Albatrosses,
Giant Petrels and White-chinned
chinned Petrels. Thus, we believe our findings are within realistic
expectations. This is alarming, as two species in this study (Grey-headed
(Grey headed Albatross and
Wandering
andering Albatross) were projected to experience a range contraction of almost 70%, which
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was consistent for all scenarios for 2050 and 2100. These two species are highly threatened
with decreasing population trends – Grey-headed
headed Albatross is Endangered (Birdlife
(B
International 2016a) and Wandering Albatross is Vulnerable (Birdlife International 2016b). The
rate of breeding pairs’ decline of Grey-headed
Grey headed Albatross, globally, is projected to be 65.4%
(range 50% to 80%) in three generations (Birdlife International
International 2016a), and of Wandering
Albatross is expected to be >30% in 70 years (Birdlife International 2016b), as both species
presented population declines around one and five percent per year in the last decades (ACAP
2012). Most of those decreases are attributed
attributed to fisheries seabird bycatch, but losing suitable
area due to climatic change would put extra pressure on such highly threatened species
(Barbraud et al. 2012).. At a smaller scale, there is the risk that favourable foraging habitat will
move further from the breeding grounds (Ainley and Hyrenbach 2010, Péron et al. 2010a),
2010a)
forcing seabirds to increase their foraging effort (Péron et al. 2012, Paiva et al. 2013a, c).
c)
However, changes in the environment can also have positive consequences, for example for
Wandering Albatrosses which have shown long-term
term increases in foraging performance by
reducing time spent commuting in faster winds; however, as climate change becomes more
extreme, these benefits may disappear (Weimerskirch et al. 2012).. Our results do not provide
the temporal detail to evaluate whether favourable foraging habitat during incubation and
chick-rearing
ring would be at increasing distances from the respective colonies; however, for two
species, the Tristan Albatross and the Grey-headed
Grey headed Albatross, the core of the year-round
year
suitable habitat moves dangerously away from their breeding grounds. In the case of
o the
Tristan Albatross it is critical as this species only breed regularly on Gough Island. Studies of
habitat suitability at a finer temporal scale for this species are highly needed, as it is Critically
Endangered.
Fisheries Distribution We found an increase
inc
in suitable habitat for high-bycatch
bycatch fisheries, which
would increase the spatial and population impacts of this type of fishery, which is already
widely distributed in global oceans and known to have major effects on food webs (Halpern et
al. 2015).. Industrial fisheries catches are decreasing (Pauly and Zeller 2016), following
fo
the
decline of the main target stocks (Myers and Worm 2003, 2005, Brander 2010).
2010) However, even
under the situation of decreasing and collapsing stocks, some fisheries have increased effort to
compensate for the lower catch, i.e. increasing number of nets, hooks, fishing in remote areas,
fishing deeper, and investing in technological advancements to locate and capture fish (Pauly et
al. 2002, Brander 2010), so expanding their operational area to embrace a larger number of
marine habitats. World Fisheries have been expanding since 1950 to occupy over almost all the

99

open oceans in the last decades, avoiding only the least productive waters (Pauly et al. 2002,
Swartz et al. 2010).. Our projections
projec
showed that high-bycatch
bycatch fisheries may expand towards
areas that are currently unsuitable for fisheries, with potentially deleterious effects.
Furthermore, as oceanographic conditions shift, fisheries may have to expand in overall extent
to match the changing distribution of target species. Hence, the southward expansion of
fishing activities that has progressed in the last 60 years (Swartz et al. 2010) may continue
increasing to include more of the waters closer to what are currently subantarctic islands,
isl
and
potentially further south into Antarctic.
On the other hand, low-bycatch
low bycatch fisheries reduced in the extent of suitable habitat in all
scenarios. As this type of fishery is more selective (Pauly et al. 2002, Zhou et al. 2010),
2010) it is
logical to assume that decreases in suitable areas reflects more closely the loss in habitat for
the small number of target species. Selective fisheries are more efficient but may have large
effects by removing high biomass of key species in ecosystems, with top-down
top
effects on
marine food webs and a high risk of massive over-fishing
over fishing and stock collapse (Halpern
(Halper et al.
2008, Zhou et al. 2010). Without effective management, these fisheries can rapidly become
unsustainable (Pauly et al. 2002, Zhou et al. 2010), which is a key issue given that high seas
management is considerably difficult (Hobday et al. 2015b).. Such a trade-off
trade
between
increased high-bycatch
bycatch fisheries and decreased low-bycatch
low bycatch fisheries would support the call for
the balanced fishing strategy proposed in response to climate change by Zhou et al. (2010).
(2010)
Our results suggest that the impacts of fisheries on global oceans will increase under
climate change unless there is improved management to reduce deleterious effects (high rates
of bycatch and over-fishing).
fishing). There are ways to do this such as using special
special baits to reduce
seabird bycatch, fishing at night and setting economical penalties for bycatches (Cox
(
et al.
2007, Tuck et al. 2011, Worm et al. 2009).
2009) However, effectss of fisheries are likely to change with
a shift in distribution if this involves a different targeted stock or fishing methods, which makes
it difficult to anticipate the full consequences of climate change.
Species and Fisheries overlaps Seabird population
on responses to the combined effects of climatic
change and fisheries are highly variable (Barbraud et al. 2012).. Studies have recorded
reco
increases
(Delord et al. 2008, Péron et al. 2010, Rolland et al. 2010) or decreases in seabird abundance
(Delord et al. 2008, Thomson et al. 2015) if conditions warm, that may compensate for, or
exacerbate the population-level
level effects
effects of incidental mortality and the energetic contribution
from feeding on discards and offal (Rolland et al. 2010). Scavenger species may benefit from
interactions with fisheries by feeding on discards if the bird bycatch rate is low (Furness et al.
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2007).. This is thought to explain increases in populations of several gull species (Bicknell et al.
2013), giant petrels (Quintana et al. 2006, Delord et al. 2008, Copello and Quintana 2009) and
Black-browed
browed Albatross (discards from trawl fishery increased breeding success, Rolland et
al.2010). As high-bycatch
bycatch fisheries often provide extensive discards (Hall et al. 2000, Harrington
et al. 2005, Zhou et al. 2010),
2010) these scavenging
cavenging seabirds could suffer under scenarios that
predict reduced overlap. However, some scientists argue that it would be appropriate if
population sizes of scavenging seabirds returned to levels typical of years prior to the advent of
industrial fisheries
ries because the current, artificially-high
artificially high numbers can have major impacts on
other types of prey, including smaller seabirds (Votier et al. 2004, Furness ett al. 2007).
2007)
The main effects of fisheries on seabirds are population decreases due to incidental
mortality (Rolland et al. 2010, Barbraud et al. 2012, Thomson et al. 2015),
2015) so increases in
overlap with fisheries would entail a greater risk. Our results showed that several species
would overlap
lap less in the future with high-bycatch
high bycatch fisheries, independent of the climate change
scenario. A tendency for a southerly shift to decouple bird from fisheries distributions in the
Indian Ocean, and the conservation benefits, were stressed by Weimerskirch et al. (2012), and
seem likely to occur elsewhere. However, species that were displaced from most of the
projected distribution of high-bycatch
high bycatch fisheries also lost the northern portion of their current
range, so the net response may be negative; indeed, for
for four species, the reduction in overlap
with high-bycatch
bycatch fisheries comes from range contraction. On the other hand, Wandering
Albatross and Grey-headed
headed Albatross, the two species with the highest range reduction, were
predicted to increase their level of
o overlap with low-bycatch
bycatch fisheries. As both species are
declining largely because of incidental mortality, the consequences of climatic change are,
ultimately, likely to reflect the extent to which measures are taken to minimise seabird bycatch
by different
ent fleets, which may vary a great deal (Waugh et al. 1999, Nel et al. 2003, Rolland et
al. 2010, Tuck et al. 2011).
Overall there was a reduced overlap with fisheries for all scenarios, except for three
main oceanic regions; northeast of the Antarctic Peninsula in the Scotia Sea, the central South
Atlantic and the south Indian Ocean, where practically
practically all species converged. Currently, there is
little seabird bycatch in this first region, as the fisheries are well-regulated
well regulated by the Commission
for the Conservation of Antarctic Marine Living Resources (Waugh et al. 2008),
2008) contrasting to
higher levels of bycatch further
ther north within International Comission for the Conservation of
Atlantic Tunas ICCAT or the Commission for the Conservation of Southern Blue-fin
Blue
Tuna CCSBT
areas (i.e. Bugoni et al. 2008, Yeh et al. 2013).
2013). The monitoring and standard of management of
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fishing practices in this area needs to be maintained, and in the other regions to improve
imp
in
order to reduce the wider ecosystem-level
ecosystem level impacts. Efforts to reduce incidental mortality and
the amount of discarding are increasing including the development of technical solutions such
as the use of ‘hook Pods’ (http://fishtekmarine.com/hookpod.php
http://fishtekmarine.com/hookpod.php) (Gilman et al. 2005, Bull
2007, Pascoe et al. 2013),, and initiatives that increase public
public awareness of the actions needed
to protect seabirds, like the Save the Albatross campaign hosted by The Royal Society for the
Protection of Birds (http://www.rs
http://www.rspb.org.uk/joinandhelp/donations/campaigns/albatross/
pb.org.uk/joinandhelp/donations/campaigns/albatross/
index.aspx),
), or the Agreement on the Conservation of Albatrosses and Petrels
(http://www.acap.aq/). Improved management of both bycatch and discards would also
benefit other aquatic wildlife and the overall
ove
health of marine ecosystems (Furness et al. 2007,
Bellido et al. 2011),, and there are several possibilities of fisheries management approaches
taking in account climate change scenarios to which base present and future actions (i.e.,
Hobday et al. 2015b, Ogier et al. 2016).
2016)
Conclusions Consistent trends towards range contraction and poleward shift of Southern Ocean
seabirds trigger an alarm to conservationists. Climate
Climate change may alter the suitability of habitat
for several species and limit their distribution within our (and individual seabirds’) lifetime.
Seabirds’ populations may start to experience the effects of increased costs to find food and
deteriorated environmental
ronmental condition within four decades. It would also require a dramatic
change on the location of priority areas for conservation in the Oceans, which is nowadays a
troublesome topic. A likely convergence of several highly threatened seabird species towards
towa
areas of high risk of bycatch also displaced by climate change, poses the need to continuously
monitor fisheries and when needed mitigate bycatch of seabirds and other marine taxa.
Reduced ranges for low-bycatch
bycatch (selective) fisheries should be viewed with
with caution, as this may
in fact be depicting a low abundance of target prey-species
prey species which may already be at risk from
over-fishing.
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Supplementary Material: Appendix 1
Table A1. Seabird species included in the study, abbreviation used throughout the paper, IUCN
status of conservation, total number of points for each species, years of sampling and the
original publication of the tracking data. IUCN Status: LC=Least Concern, NT=Near Threatened,
VU=Vulnerable, EN=Endangered, CR=Critically Endangered.
Common Name

IUCN

Species

Abbreviation

Black-browed Albatross

Thalassarche melanophris

BBA

NT

19,798

Grey-headed Albatross

Thalassarche chrysostoma

GHA

EN

17,896

2003, 2006

Northern Giant Petrel

Macronectes halli

NGP

LC

14,854

1999, 2001

Southern Giant Petrel

Macronectes giganteus

SGP

LC

31,569

Diomedea dabanena

TA

CR

11,323

Wandering Albatross

Diomedea exulans

WA

VU

54,706

2003

White-chinned Petrel

Procellari aequinoctialis
Procellaria

WCP

VU

3,047

2003, 2004

Tristan Albatross

Status

Points

Years
1996, 1997,
2002, 2003

1999, 2001,
2011
2005, 2007,
2008

Table A2. Environmental variables used for Species Distribution Modelling, abbreviation used
throughout the paper, source (satellites names, or blended when using data from several
satellite plus earth stations) and period of the dataset used.
Variable

Abbr

Units

Chlorophyll a concentration

CHL

mgm

Sea Surface Temperature

SST

°C

Wind Speed

WIND

Sea Ice Cover
Bathymetry

Source

Dataset

Orbview-2 SeaWiFS

Jan/2000
Jan/2000-Dec/2010

Blended

Jan/2003
Jan/2003-Dec/2012

ms

NCDC Blended

Jan/2000
Jan/2000-Dec/2010

SIC

fraction

NCDC, AMSR+AVHRR

Jan/2003
Jan/2003-Dec/2010

BATH

Km

ETOPO1

-

-3

-1
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Table A3. Ensemble Species Distribution Modelling parameterizations.
Model

Parameters

Generalized Linear Model

type = 'quadratic'
interaction.level = 0
myFormu = NULL
myFormula
test = 'AIC'
family = binomial(link = 'logit')
mustart = 0.5
control = glm.control(epsilon = 1e-08,
1e 08, maxit = 50, trace = FALSE)

Generalized Boosted Model

distribution = 'bernoulli'
n.trees = 2500
interaction.depth = 7
n.minobsinnode = 5
shrinkage = 0.001
bag.fraction = 0.5
train.fraction = 1
cv.folds = 3
keep.data = FALSE
verbose = FALSE
perf.method = 'cv'

Generalized Additive Model

algo = 'GAM_mgcv'
type = 's_smoother'
k = -1
interaction.level = 0
family = binomial(link
bin
= 'logit')
method = 'GCV.Cp'
optimizer = c('outer','newton')
select = FALSE
knots = NULL
paraPen = NULL
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control = list(irls.reg = 0, epsilon = 1e-06,
1e
maxit = 100)
trace = FALSE, mgcv.tol = 1e-07,
1e
mgcv.half = 15
rank.tol = 1.49011611938477e-08
1.49011
nlm = list(ndigit=6, gradtol=1e-05,
gradtol=1e 05, stepmax=2, steptol=1e-04,
steptol=1e
iterlim=200,
check.analyticals=0)
optim = list(factr=1e+07)
newton = list(conv.tol=1e-06,
list(conv.tol=1e 06, maxNstep=5, maxSstep=2, maxHalf=30, use.svd=0)
outerPIsteps = 0, idLinksBases = TRUE,
TRUE, scalePenalty = TRUE, keepData = FALSE
Classification Tree Analysis

method = 'class'
parms = 'default'
cost = NULL
control = list(xval = 5, minbucket = 5, minsplit = 5, cp = 0.001
maxdepth= 25

Artificial Neural Network

NbCV = 5
size = NULL
decay = NULL
rang = 0.1
maxit = 200

Surface Range Envelop

quant = 0.025

Flexible Discriminant Analysis

method = 'mars'

Multiple Adaptive Regression
Splines

degree = 2
nk = NULL
penalty = 2
thresh = 0.001
prune = TRUE

Random Forest

do.clas = TRUE
do.classif
ntree = 500
mtry = 'default'
nodesize = 5
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maxnodes = NULL
Maximum Entropy

memory_allocated = 512
maximumiterations = 200
visible = FALSE
linear = TRUE
quadratic = TRUE
product = TRUE
threshold = TRUE
hinge = TRUE
lq2lqpt
lq2lqptthreshold
= 80
l2lqthreshold = 10
hingethreshold = 15
beta_threshold = -1
beta_categorical = -1
beta_lqp = -1
beta_hinge = -1
defaultprevalence = 0.5
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Figure A1. Spatial variability of environmental variables used in the modelling procedures.
proced
SST
– Sea Surface Temperature, CHL – Chlorophyll-a concentration, WIND – wind speed, BATH –
Bathymetry, SIC – Sea Ice Cover.
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Figure A2. Fisheries distribution in the southern oceans, based on the values above the
minimal standard deviation of landing
landing values for high bycatch fisheries (a) and low bycatch
fisheries (b), calculated from data of Halpern et al. (2015).

Grey
Table A4. Results of the Species Distribution Models for Black Browed Albatross (BBA), GreyHeaded Albatross (GHA), Northern Giant Petrel
Petrel (NGP), Southern Giant Petrel (SGP),Tristan
Albatross (TA), Wandering Albatross (WA) and White-Chinned
White Chinned Petrel (WCP). Area Under the
Receiver Operational Characteristic Curves (AUC) and True Skill Statistic (TSS), both measuring
model accuracy by comparing
ng the outputs of the 80% data used to train the model and 20%
used for evaluation of it’s performance. Sensitivity measures the percentage of cases of
presence that are classified correctly as presences (true positive rate) by the models and
Specificity measures
easures the percentage of cases of pseudo-absences
pseudo absences correctly classified as
absences (true negative rate) by the models. The permutation importance of each
environmental variable; bathymetry (BATH), chlorophyll-a
chlorophyll concentration (CHL), sea ice cover
(SIC), seaa surface temperature (SST) and wind speed (WIND) was measured as the amount of
reduction in the model AUC by excluding that variable from the model. Threshold is the
probability of occurrence calculated by the models. Artificial Neural Networks ANN,
Classification
ification Tree Analysis CTA, Flexible Discriminant Analysis FDA, Generalized Additive Model
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GAM, Generalized Boosted Models GBM, Generalized Linear Model GLM, Multiple Adaptive
Regression Splines MARS, Maximum Entropy MAXENT, Random Forest RF and Surface Range
R
Envelop SRE.
Species Model

AUC

TSS

Sensitivity Specificity BATH

BBA

ANN

0.986

0.932

96.691

96.500

0.051 0.404 0.107 0.699 0.181 46.400

CTA

0.991

0.965

98.025

98.450

0.010 0.177 0.025 0.685 0.263 49.000

FDA

0.981

0.896

92.870

96.700

0.005 0.135 0.089 0.607 0.162 92.400

GAM

0.992

0.922

96.358

95.800

0.020 0.271 0.016 0.467 0.185 42.400

GBM

0.995

0.951

96.845

98.200

0.002 0.263 0.005 0.416 0.140 48.700

GLM

0.975

0.878

92.460

95.350

0.046 0.423 0.072 0.395 0.148 54.500

MARS

0.775

0.531

97.487

38.700

0.000 0.009 0.994 0.004 0.008 48.900

MAXENT 0.972

0.936

94.178

99.400

0.086 0.139 0.018 0.504 0.282 33.200

RF

0.999

0.983

98.692

99.650

0.043 0.224 0.046 0.453 0.230 67.700

SRE

0.917

0.834

84.124

99.300

0.139 0.272 0.068 0.370 0.253 49.500

0.958

0.883

94.773

91.805

0.040 0.232 0.144 0.460 0.185 53.270

ANN

0.984

0.930

95.470

97.500

0.018 0.004 0.256 0.690 0.287 63.400

CTA

0.992

0.945

95.948

98.550

0.010 0.028 0.127 0.362 0.413 67.800

FDA

0.983

0.926

96.201

96.400

0.000 0.000 0.111 0.711 0.137 92.800

GAM

0.994

0.935

96.455

97.050

0.008 0.002 0.030 0.725 0.106 54.500

GBM

0.995

0.946

96.933

97.600

0.002 0.004 0.068 0.404 0.319 39.500

GLM

0.992

0.931

96.230

96.900

0.002 0.000 0.077 0.612 0.161 55.400

MARS

0.991

0.930

96.680

96.350

0.000 0.000 0.057 0.752 0.146 46.400

MAXENT 0.966

0.911

91.756

99.300

0.049 0.018 0.063 0.668 0.165 21.400

RF

0.998

0.971

98.199

98.850

0.027 0.039 0.085 0.420 0.228 64.600

SRE

0.915

0.829

83.455

99.450

0.098 0.240 0.094 0.365 0.351 49.500

0.981

0.925

94.733

97.795

0.021 0.034 0.097 0.571 0.231 55.530

ANN

0.995

0.962

97.862

98.350

0.017 0.526 0.101 0.511 0.243 75.600

CTA

0.993

0.971

98.642

98.450

0.024 0.440 0.030 0.231 0.286 46.000

FDA

0.991

0.939

96.809

97.250

0.000 0.485 0.026 0.154 0.280 96.700

GAM

0.997

0.961

97.183

98.900

0.004 0.461 0.016 0.214 0.244 71.700

Mean
GHA

Mean
NGP

CHL

SIC

SST

WIND Threshold (%)
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GBM

0.997

0.966

97.454

98.950

0.000 0.489 0.010 0.124 0.196 71.600

GLM

0.985

0.930

96.029

96.950

0.004 0.193 0.063 0.392 0.289 66.700

MARS

0.995

0.944

97.929

96.450

0.000 0.391 0.000 0.280 0.268 64.100

MAXENT 0.974

0.942

94.773

99.400

0.045 0.344 0.024 0.234 0.238 40.700

RF

1.000

0.989

99.423

99.450

0.014 0.362 0.028 0.185 0.208 45.500

SRE

0.911

0.822

82.213

100.000

0.084 0.396 0.048 0.289 0.316 49.500

0.984

0.943

95.832

98.415

0.019 0.409 0.035 0.261 0.257 62.810

ANN

0.993

0.927

98.377

94.350

0.047 0.039 0.099 0.859 0.116 63.700

CTA

0.994

0.978

98.750

99.000

0.033 0.062 0.012 0.905 0.079 43.500

FDA

0.970

0.926

98.832

93.750

0.000 0.008 0.021 0.923 0.101 73.850

GAM

0.996

0.961

98.166

97.900

0.014 0.031 0.276 0.781 0.087 57.600

GBM

0.998

0.977

98.653

99.000

0.006 0.025 0.000 0.902 0.081 55.800

GLM

0.985

0.907

95.975

94.700

0.007 0.026 0.246 0.871 0.076 68.600

MARS

0.993

0.944

98.880

95.500

0.000 0.018 0.070 0.817 0.137 36.600

MAXENT 0.989

0.946

95.067

99.500

0.028 0.049 0.041 0.678 0.134 30.600

RF

0.999

0.990

99.010

99.950

0.028 0.084 0.047 0.631 0.088 80.800

SRE

0.922

0.844

84.372

100.000

0.140 0.180 0.028 0.581 0.155 49.500

0.984

0.940

96.608

97.365

0.030 0.052 0.084 0.795 0.105 56.055

ANN

0.977

0.907

95.362

95.300

0.109 0.139 0.192 0.674 0.145 51.400

CTA

0.987

0.960

97.261

98.700

0.090 0.124 0.000 0.770 0.181 53.900

FDA

0.975

0.878

95.495

92.300

0.005 0.000 0.000 0.965 0.064 86.400

GAM

0.991

0.938

96.422

97.350

0.058 0.119 0.007 0.736 0.158 59.600

GBM

0.996

0.958

97.703

98.100

0.053 0.100 0.000 0.772 0.136 44.550

GLM

0.979

0.857

92.447

93.200

0.072 0.005 0.060 0.745 0.108 63.400

MARS

0.985

0.891

94.832

94.300

0.046 0.000 0.000 0.879 0.081 57.500

MAXENT 0.974

0.931

93.330

99.800

0.118 0.098 0.154 0.473 0.220 83.900

RF

0.999

0.980

98.542

99.500

0.098 0.141 0.067 0.580 0.165 51.000

SRE

0.930

0.860

86.042

100.000

0.179 0.160 0.176 0.515 0.196 49.500

0.979

0.916

94.744

96.855

0.083 0.089 0.066 0.711 0.145 60.115

0.995

0.946

96.114

98.450

0.028 0.104 0.319 0.532 0.209 70.500

Mean
SGP

Mean
TA

Mean
WA

ANN
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CTA

0.990

0.957

96.524

99.150

0.000 0.019 0.110 0.662 0.241 53.400

FDA

0.978

0.908

97.186

93.350

0.000 0.026 0.245 0.683 0.105 89.000

GAM

0.996

0.951

95.798

99.300

0.010 0.039 0.094 0.547 0.154 62.600

GBM

0.995

0.957

96.851

98.800

0.000 0.010 0.031 0.498 0.239 49.100

GLM

0.994

0.932

96.049

97.150

0.007 0.016 0.180 0.491 0.207 50.500

MARS

0.991

0.929

96.627

96.300

0.000 0.007 0.253 0.538 0.185 62.600

MAXENT 0.981

0.912

91.362

99.800

0.009 0.003 0.000 0.694 0.327 28.600

RF

0.999

0.978

98.761

99.050

0.027 0.079 0.092 0.403 0.198 66.700

SRE

0.910

0.820

82.147

99.900

0.163 0.225 0.093 0.320 0.265 49.500

0.983

0.929

94.742

98.125

0.024 0.053 0.142 0.537 0.213 58.250

ANN

0.997

0.965

98.288

98.200

0.061 0.495 0.239 0.449 0.238 31.000

CTA

0.994

0.973

98.459

98.800

0.006 0.689 0.000 0.558 0.168 51.800

FDA

0.992

0.920

94.178

97.800

0.004 0.857 0.044 0.068 0.051 12.100

GAM

0.998

0.976

98.801

98.800

0.006 0.662 0.125 0.353 0.256 49.000

GBM

0.999

0.982

99.486

98.700

0.000 0.705 0.001 0.430 0.099 31.300

GLM

0.993

0.943

95.548

98.800

0.007 0.726 0.308 0.031 0.142 58.600

MARS

0.997

0.959

99.144

96.800

0.033 0.772 0.000 0.390 0.177 18.200

MAXENT 0.984

0.962

96.575

99.600

0.037 0.580 0.134 0.217 0.154 92.400

RF

1.000

0.992

99.486

99.700

0.032 0.556 0.054 0.309 0.106 38.400

SRE

0.920

0.841

84.075

100.000

0.049 0.565 0.156 0.449 0.223 49.500

0.987

0.951

96.404

98.720

0.024 0.661 0.106 0.325 0.161 43.230

Mean
WCP

Mean
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Figure A3. Black Browed Albatross probability of occurrence from zero (blue) to one (red) for
each of the Climate Change Scenarios (Representative Concentration
Concentration Pathways RCP) and the
predicted area of occurrence above the models’ thresholds (solid black line).

Figure A4. Grey Headed Albatross probability of occurrence from zero (blue) to one (red) for
each of the Climate Change Scenarios (Representative
(Representative Concentration Pathways RCP) and the
predicted area of occurrence above the models’ thresholds (solid black line).
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Figure A5. Northern Giant Petrel probability of occurrence from zero (blue) to one (red) for
each of the Climate Change Scenarios (Representative
(Representative Concentration Pathways RCP) and the
predicted area of occurrence above the models’ thresholds (solid black line).

Figure A6. Southern Giant Petrel probability of occurrence from zero (blue) to one (red) for
each of the Climate Change Scenarios (Representative Concentration Pathways RCP) and the
predicted area of occurrence above the models’ thresholds (solid black line).
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Figure A7. Tristan Albatross probability of occurrence from zero (blue) to one (red) for each of
the Climate Change Scenarios
os (Representative Concentration Pathways RCP) and the predicted
area of occurrence above the models’ thresholds (solid black line).

Figure A8. Wandering Albatross probability of occurrence from zero (blue) to one (red) for each
of the Climate Change Scenarios
Scenarios (Representative Concentration Pathways RCP) and the
predicted area of occurrence above the models’ thresholds (solid black line).
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Figure A9. White Chinned Petrel probability of occurrence from zero (blue) to one (red) for
each of the Climate Changee Scenarios (Representative Concentration Pathways RCP) and the
predicted area of occurrence above the models’ thresholds (solid black line).
Table A5. Results of Fisheries Distribution Model. Area Under the Receiver Operational
Characteristic Curves (AUC) and True Skill Statistic (TSS) both measure models accuracy by
comparing the outputs of the 80% data used for calibrating with the 20% used for evaluation.
Sensitivity measures the percentage of cases of presence that are classified correctly as
presences (true positive rate) by the models and Specificity measures the percentage of cases
of pseudo-absences
absences correctly classified as absences (true negative rate) by the models. The
permutation importance of each variable was measured as the amount of reduction in model
AUC by excluding the variable from the model. Artificial Neural Networks ANN, Classification
Tree Analysis CTA, Flexible Discriminant Analysis FDA, Generalized Additive Model GAM,
Generalized Boosted Models GBM, Generalized Linear Model GLM, Multiple
Mult
Adaptive
Regression Splines MARS, Maximum Entropy MAXENT, Random Forest RF and Surface Range
Envelop SRE. Bathymetry BATH, Chlorophyll-a
Chlorophyll concentration CHL, Sea Ice Cover SIC, Sea Surface
Temperature SST and Wind Speed WIND.
Fishery
Type
High

Model

AUC

TSS

ANN

0.982

0.908

Sensitivi Specifici Threshol
ty

ty

d

95.089

95.72

44.4

BATH

CHL

SIC

SST

WIND

0.152

0.131

0.242

0.274

0.515
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Bycatch
CTA

0.989

0.959

98.1

97.78

51.5

0.179

0.178

0

0.544

0.423

FDA

0.979

0.87

93.904

93.1

19.1

0.12

0.137

0

0.661

0.221

GAM

0.987

0.898

93.115

96.7

64.6

0.123

0.064

0.446

0.06

0.611

GBM

0.994

0.945

97.137

97.38

36.9

0.137

0.123

0

0.543

0.39

GLM

0.971

0.861

96.644

89.4

42.4

0.096

0.016

0.278

0.171

0.486

MARS

0.98

0.867

89.882

96.79

61.6

0.103

0.087

0

0.792

0.237

0.969

0.873

91.831

95.45

10.1

0.192

0.178

0.035

0.254

0.573

RF

1

0.998

100

99.79

40.4

0.168

0.14

0.033

0.343

0.396

SRE

0.909

0.817

82.108

99.63

49.5

0.226

0.179

0.22

0.391

0.535

Mean

0.98 ±

0.90 ±

93.78 ±

96.17 ±

42.05 ±

0.15 ±

0.12 ±

0.16 ±

0.40 ±

0.44 ±

± SD

0.03

0.05

5.10

3.09

17.06

0.04

0.05

0.13

0.23

0.13

ANN

0.958

0.843

92.123

92.117

34.1

0.155

0.004

0.239

0.41

0.176

CTA

0.986

0.926

95.431

97.121

53.5

0.154

0.086

0.002

0.362

0.833

FDA

0.965

0.852

90.087

95.038

81.7

0.076

0

0.01
01

0.698

0.235

GAM

0.973

0.861

91.143

94.975

57.4

0.113

0.003

0.009

0.367

0.517

GBM

0.987

0.897

95.711

93.97

31.2

0.114

0.01

0

0.393

0.376

GLM

0.956

0.807

87.694

92.965

53.8

0.089

0.002

0.022

0.573

0.283

MARS

0.964

0.857

91.881

93.834

39.4

0.101

0

0

0.58

0.35

0.946

0.828

87.885

94.881

3

0.203

0.106

0.044

0.346

0.463

RF

1

0.998

99.911

99.906

48.5

0.153

0.079

0.026

0.244

0.566

SRE

0.891

0.783

80.695

97.603

49.5

0.194

0.107

0.093

0.111

0.787

Mean

0.96 ±

0.87 ±

91.26 ±

95.24 ±

45.21 ±

0.14 ±

0.05 ±

0.07 ±

0.41 ±

0.46 ±

± SD

0.03

0.06

5.27

2.35

20.51

0.04

0.04

0.05

0.17

0.22

MAXE
NT

Low
Bycatch

MAXE
NT
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Figure A10. High bycatch fisheries probability of occurrence from zero (blue) to one (red) for
each of the Climate Change Scenarios (Representative Concentration Pathways RCP) and the
predicted area of occurrence above the models’ thresholds (solid black line).

Figure A11. Low bycatch fisheries probability of occurrence from zero (blue) to one (red) for
each of the Climate Change Scenarios (Representative Concentration
Concentration Pathways RCP) and the
predicted area of occurrence above the models’ thresholds (solid black line).
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Chapter IV
Identifying pelagic marine protected areas applying
species distribution models with tracking data

“A thousand mile from land are we
Tossing
ossing about on the roaring sea
From billow to bounding billow cast
Like fleecy snow on the stormy blast.”
Bryan Waller Procter
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Identification of candidate pelagic marine protected areas through a seabird seasonal-,
seasonal
multispecific- and extinction risk-based
risk
approach
Abstract. With increasing pressure on the oceans from environmental change, there has been
a global call for improved protection of marine ecosystems through the implementation of
Marine Protected Areas (MPAs). Here, we used Species Distribution Modelling (SDM) of
tracking data from 14 seabird species to identify key marine areas in the southwest Atlantic
Ocean, valuing areas based on seabird species occurrence, seasonality and extinction risk. We
also compared overlaps
ps between the outputs generated by the SDM and layers representing
important human threats (fishing intensity, ship density, plastic and oil pollution, ocean
acidification), and calculated loss in conservation value by using fishing and ship density as cost
co
layers. The key marine areas were located on the southern Patagonian Shelf, overlapping
extensively with areas of high fishing activity, and did not change seasonally, while seasonal
areas were located off south and southeast Brazil and overlapped with areas of high plastic
pollution and ocean acidification. Non-seasonal
Non seasonal key areas were located off northeast Brazil on
an area of high biodiversity, and with relatively low human impacts. We found support for the
use of seasonal areas depending on the seabird
seabird assemblage used, because there was
conservation value loss for the seasonal compared to the non-seasonal
non seasonal approach when using
cost layers. Our approach, accounting for seasonal changes in seabird assemblages and their
risk of extinction, identified additional
additional candidate areas for incorporation in the network of
pelagic MPAs.
Keywords. Ecologically and Biologically Significant Areas; Important Bird Areas; seabird
tracking; species distribution modelling; threats; Zonation
Introduction
Oceans are facing rapid
d and profound changes in their characteristics and structure (Halpern et
al. 2008a, Valdés et al. 2009, Rockström et al. 2009a).
2009a). Ocean changes are so widespread that
only <4% of the global ocean area is considered to be experiencing very low human impacts
(Halpern et al. 2015).. Hence, there is a need for a major international
international effort to protect and
maintain the functioning of marine ecosystems, through the implementation of Marine
Protected Areas (MPAs) (Rockström et al. 2009a, Kachelriess et al. 2014).
2014). Despite a global
agreement to designate MPAs covering 10% of the global ocean (Secretariat of the Convention
on Biological Diversity 2006),, only 2.98% is currently protected, and <1% of the global ocean
comprise ‘no-take’
take’ zones, where no harvesting of marine resources is allowed (Marine
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Conservation Institute 2015). Furthermore, few established MPAs effectively and integrally
protect their targeted species, so their value is likely to be even lower than expected (Jameson
et al. 2002, Mora and Sale 2011, Edgar et al. 2014).
2014)
To truly protect the diversity of marine systems, the design of MPAs must account for
its location (Jameson et al. 2002, Sundblad et al. 2011),
2011), connectivity with other areas
(Sundblad et al. 2011) number and proportion of protected oceanographic features (e.g.
upwellings, seamounts; Sundblad et al., 2011; Dunn et al., 2014),, species occurring there and
their seasonality (Hyrenbach et al. 2000, Mann and Lazier 2006),
2006), climatic variability
variab
(Jameson
et al.,., 2002), isolation from human impacts (Rife et al. 2013, Edgar et al. 2014),
2014) human
activities (Charles and Wilson 2009, Mazor et al. 2014, Edgar et al. 2014) and, socio-economic
socio
use of thee area (Charles & Wilson, 2009). Most MPAs are designed to improve fisheries
management, i.e. to manage commercial fish stocks in a more sustainable way (e.g. (Pitchford,
Codling & Psarra, 2007;
07; Horta e Costa et al.,, 2013ab; Stevenson, Tissot & Walsh, 2013).
2013) Few
studies have accounted for other environmental factors in the design of MPAs. For instance,
ship movements (Dalton 2004, Halpern et al. 2008b),
2008b) exposure to plastics (Lebreton et al. 2012,
van Sebille et al. 2012, Wilcox et al. 2015),
2015) oil pollution (Wiese and Robertson 2004, Moreno et
al. 2013, Kark et al. 2015),, and ocean acidification (Harvey et al. 2013) present substantial
impacts to marine biodiversity, and should be considered in MPA design (Kelleher 1999,
Pomeroy et al. 2005).
Wide-ranging,
ranging, pelagic top predators have been widely proposed as useful tools for
pointing out important areas which can add conservation value to MPA networks (Hooker and
Gerber 2004, Sergio et al. 2008, Ronconi et al. 2012).
2012) Top-predators
predators integrate factors affecting
seasonal variation in abundance and distribution of their lower trophic-level
trophic level prey over broad
areas (Tancell et al. 2012, Montevecchi et al. 2012, Michael et al. 2014).
2014). Seabirds,
Seabir
in this
context, are relatively easy to sample at their breeding colonies and to track them at sea by
using electronic devices, providing information on foraging movements at various spatiospatio
temporal scales (Phillips et al. 2006a, Thiebot et al. 2014, Delord et al. 2014).
2014). Several
Severa important
marine areas have been identified based on the distribution and occurrence of seabird species
and proposed to integrate the current network of MPAs. The marine Important Bird Areas
(mIBAs) represent one of the most recent wide-ranging
wide
international
onal efforts to identify
relevant areas for marine conservation (Lascelles et al. 2012, 2016).
Here, we applied spatial distribution modelling to tracking data from 14 pelagic seabird
species in the southwest Atlantic Ocean (Food and Agriculture Organization,
Organization, FAO, Fishing Area
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41). The use of tracking data is deliberately used to identify important areas in offshore waters
since many important “coastal” areas have been identified for MPAs or MIBAs through other
approaches and investigations of coastal seabirds.
seabirds. We identified key areas based solely on the
climatic and oceanographic variables irrespective of the distribution of threats, a posteriori we
quantified sensitivity of species to threats and quantified the costs to human activities within
those areas
as that are important for the birds, by imposing restrictions of activities within the
areas and calculating changes in conservation value. Such approach is justified by evidences
that the distribution of threats matches oceanographic conditions targeted by
b marine animals
(Karpouzi et al. 2007b, Hatch et al. 2008, Titmus and Hyrenbach 2011, Krüger et al. 2016b).
2016b) Our
objectives were: (1) identify important areas for pelagic seabirds throughout the year; (2)
quantify the sensitivity of the identified important areas for seabird assemblages to
environmental pressures; (3) compare our spatially-explicit
spatially explicit results to the existing networks of
proposed or established protected
protected areas identified by international organizations, and (4) carry
out a cost analysis evaluation of the implementation of seasonal vs non-seasonal
seasonal protected
areas. FAO Fishing Area 41 encompasses a wide range of latitudes from tropical to Antarctic
waters, including a large array of habitats and oceanographic conditions, the largest
continental shelf in the Southern Hemisphere and a highly productive convergence zone that
support a biodiversity-rich
rich ecosystem, and major fisheries (Vasconcellos and Csirke 2011).
2011)
Despite
espite several proposals to identify key areas for conservation in pelagic ecosystems, either in
the form of Ecologically and Biologically Significant Areas (EBSAs) (Dunn et al. 2014) or mIBAs
(Lascelles et al.,., 2012), the designated MPAs inside FAO41 are mostly restricted to coastal
regions (Marine Conservation Institute 2015, http://www.mpatlas.org/explore/). Thus, such
network of MPAs does not protect marine pelagic species and systems. In this sense, our
analysis prioritizes habitats used by pelagic seabird communities weighted by their seasonality
and extinction risk (which may protect other pelagic species) as pelagic habitats are
underrepresented in the MPAs network within FAO41. The key areas identified
identifie with this study
may be seen as supporting the already proposed MPAs as add-ons
add
which indentifies pelagic
and seasonal areas that were not considered by previous methods.
methods
Materials and methods
Tracking data and bird assemblages We used geolocator (Global Location Sensor or GLS)
tracking data from 14 seabird species, occurring at the southwest Atlantic Ocean during part or
all of the annual cycle (Table 6).
). Deployment and other details are provided elsewhere
(Grémillet et al.,, 2000; Croxall et al., 2005; Phillips et al.,, 2006a; González-Solís,
González
Croxall &
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Afanasyev, 2008; González-Solís
Solís et al., 2009; Mackley et al.,, 2010; Quillfeldt et al., 2013;
Ramírez et al., 2013; Reid et al.,
al. 2013; Missagia et al., 2015, Krüger et al.,., 2016a,b).
2016a,b) The data
were modelled in three different periods: summer (Oct.-Mar.),
(Oct. Mar.), winter (Apr.-Sep.)
(Apr.
and yearround (Jan.-Dec.).
Dec.). For summer
summer and winter periods, we removed bird locations from months
when the number of points was below10% of the maximum number for that species in any
month in order
der to remove the interference of migratory movements from the seasonal data,
data
but all available locations
tions were included in the year-round
year round models. Each species was classified
as one of two groups, based on its core distribution relative to the mean position of the
northern boundary of the Subtropical Front (Burls and Reason 2006):: Southern species (i.e.
species with a distribution largely south of 35°S within the area) and Northern species (i.e.
species mainly distributed north
north of 35°S within the area). This categorisation was based on
previous evidence for segregation of seabird communities resulting mostly from latitudinal
gradients in sea surface temperature (Péron et al. 2010a, Krüger and Petry 2011, Navarro et al.
2015a, Quillfeldt et al. 2015).
Table 6.Seabird species included in the study. Each species was assigned to one of two assemblages based on its core distribution relative to the mean position of the
northern boundary of the Subtropical Front (Burls and Reason 2006). IUCN Status: LC=Least Concern, NT=Near Threatened, VU=Vulnerable, EN=Endangered, CR=Critically
Endangered.
CommonName

Species

Tristan Albatross

Diomedea dabbenena

Abbreviation

Size Range (cm)

Assemblage

IUCN Status

N

Years

Source

TA

110

Northern

CR

34

2005, 2007, 2008

Reid et al (2013)

Wandering Albatross
Black-browed Albatross

Diomedea exulans

WA

120-135

Southern

VU

18

2003

Mackley et al (2010)

Thalassarche melanophris

BBA

80-96

Southern

NT

57

1996, 1997, 2002,
2003

Grémillet et al (2000), Mackley et
al(2010)

Grey-headed Albatross

Thalassarche chrysostoma

GHA

70-85

Southern

EN

35

2003, 2006

Croxallet al (2005)

Northern Giant Petrel

Macronectes halli

NGP

80-95

Southern

LC

25

1999, 2001

González-Solís et al (2008)

Southern Giant Petrel

Macronectes giganteus

SGP

85-100

Southern

LC

40

1999, 2001, 2011

González-Solís et al (2008), Krüger
et al (in prep)

White-chinned Petrel

Procellaria aequinoctialis

WCP

51-58

Southern

VU

11

2003, 2004

Phillips et al (2006)

Antarctic Prion

Pachyptila desolata

AP

25-27

Southern

LC

10

2009, 2010

Quillfeldt et al (2013)

Deserta's Petrel

Pterodroma deserta

DP

35

Northern

VU

24

2007, 2008, 2009,
2010

Ramírez et al (2013)

Trindade Petrel

Pterodroma arminjoniana

TP

37-40

Northern

VU

4

2013,2014

Krüger et al (in prep.)

Cory's Shearwater

Calonectris borealis

CS

46

Northern

LC

41

2002, 2003, 2004,
2011, 2012

González-Solís et al (2009),
Missagia et al (2015)

Great Shearwater

Ardenna gravis

GS

46-51

Southern

LC

37

2008-2012

González-Solís

Manx Shearwater

Puffinus puffinus

MS

30-35

Southern

LC

10

2006,2007

González-Solíset al (2009)

Cape Verde Shearwater

Calonectris edwardsii

CVS

34

Northern

NT

26

2006,2007

González-Solíset al (2009)

Environmental variables Our Species Distribution Models (SDMs) used 10-year
10 year average data
(from summer, winter and year-round)
year round) for the following oceanographic variables: chlorophyll-a
chlorophyll
concentration (CHL), CHL anomaly, CHL gradients, sea surface temperature (SST), SST anomaly,
SST gradients, Sea Surface Height (SSH), SSH anomaly, wind speed,
speed, water depth, and minimum
distance to coast (DCOA) (Supporting Information Fig. S1). All variables, except DCOA,
anomalies and gradients, were downloaded as monthly mean composite raster images from
NOAA CoastWatch Browser (http://coastwatch.pfeg.noaa.gov/).
(http://coastwatch.pfeg.noaa.gov/). SST anomalies and CHL
anomalies for each month were calculated as the difference between the average value for a
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given month and year, and the average for that month over a 10-year
10 year period in that grid cell.
Gradients were generated by calculating the standard
standard deviation of each cell in relation to the
adjacent cell values (Sidhu et al. 2012, Li et al. 2015).
2015). All raster files were processed in ArcMap
10.2.
Species Distribution Models Tracking data was combined with environmental predictors
pr
to
generate SDMs from presence-only
presence only data using the Maximum Entropy (MaxEnt) software
(Oppel et al. 2012, Quillfeldt et al. 2013) on a 1°x1°spatial grid (e.g. Pinet et al.,
al. 2011; Ramírez
et al., 2013; Missagia et al.,, 2015),
2015), as the mean error of geolocation tags is usually lower than
1° (Wilson et al. 1992, Phillips et al. 2004, Nielsen and Sibert 2007).
2007). Geolocators are useful to
detect and model core areas for animals’ distribution (Quillfeldt et al. 2013, Krüger et al.
2016a, c) and compared to more accurate methods like GPS or Argos, geolocators tend to
slightly inflate home range of animals (Phillips et al.,., 2004). To compensate this potential
inflation, we were conservative in the next steps of the analysis by only assuming areas of high
importance values (see next section) to propose the key areas. Furthermore, geolocators are
able to collect data for a longer period of time that is highly limited by battery size in GPS and
PTTs, and this may also represent a barrier to sample distribution
distribution data on smaller seabirds like
gadfly petrels and prions which can not carry much weight. The tracking data were divided into
training and test data by randomly setting aside 10% of the tracking dataset for spatial
evaluation of the models (Araújo and Guisan 2006, Austin 2007).
2007). The first step of the modelling
consisted of principal component analyses (PCA) to eliminate any potential effect of
multicollinearity. This is a recommended procedure as our
our goal was to model species
distributions, rather than to verify relationships between species occurrence and the
environment (Merow et al. 2013).
2013) We extracted the scoress for components with eigenvalues
above 1. With those scores, we
w ran MaxEnt on the presence-only
only positions, 50 times, with a
bootstrap procedure to obtain a prediction of the average distribution (Edrén et al. 2010).
2010) We
assessed the accuracy of models using the area (AUC) under the Receiver Operating
Characteristic (ROC) curve. The AUC estimates the likelihood that a randomly selected presence
point is located in a raster cell with a higher probability value for species occurrence than a
randomly generated point (Phillips, Anderson & Schapire, 2006).
2006)
Calculating area importance values The outputs from MaxEnt were used to calculate area
importance values for each bird assemblage
asse
using the Zonation software (Moilanen et al. 2005,
Moilanen and Wintle 2006, Leathwick et al. 2008).
2008). Zonation is assumed as one of the best
programs to set out conservation priorities when efforts focus on ecological communities and
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habitat connectivity (i.e., Blumentrath, 2011; Delavenne et al., 2012). Zonation generates a
raster with pixels representing the importance value, taking into account the probability of
occurrence of each species given its weighting (see below) and response to habitat. The final
output is scaled from 0-1,
1, representing the least (0) to most important
important (1) areas. Each species
was weighted by its IUCN conservation status as follows: Least Concern (LC) = 1; Near
Threatened (NT) = 2; Vulnerable (VU) = 3; Endangered (EN) = 4 and Critically endangered (CR) =
5. Boundary Quality Penalty Curves (BQPCs; Moilanen & Wintle, 2007),, which are measures of
species responses to habitat connection,
connection, were constructed empirically based on the IUCN
conservation status. We generated responses with changing slopes for CR = -0.01,
EN = -0.008,
VU = -0.004, NT = -0.002
0.002 and LC = 0. Thus, the proportion of area occupied by each species
decreases with increasing
sing habitat disconnection (except for LC) and the intensity of the
decrease (slope) is proportional to the level of threat.
We evaluated the sensitivity of the weighting and habitat connectivity response (more
details in Supporting Information SI). Changing
ng the values for these two variables had no
substantial effect on the final output, except for a complete null model considering all species
as equivalent, the output from which was unrealistic and did not match the species
distributions (Supporting
Supporting Information
Infor
Fig. S2, S3, S4). Probability of occurrence in a given pixel
diminishes when habitat characteristics differ from those within surrounding cells, using a
home range-based grid size (Leathwick et al. 2008).
2008). Uncertainty analysis (Moilanen &Wintle,
2006) was disabled in the computation (Leathwick et al. 2008).. The importance value was
calculated for each assemblage during the three specified
specified periods (summer, winter and yearyear
round). We were conservative to propose key areas due geolocators errors (see previous
section) and selected areas that fell within 1% (90% of importance value)of the distribution
threshold (Moilanen et al. 2005),
2005), areas of 0.5% (95%) and 0.1 % (99%) threshold (Oppel et al.
2012), in a nested design – these areas are within the 1% threshold. The locations of the
t 0.1 %
candidate MPAs were compared with those of existing MPAs (Marine Conservation Institute
2015), EBSAs (Dunn et al. 2014) and mIBAs (Birdlife International 2015).
Environmental threats We examined spatial
spatial risk from five environmental threats: ocean
acidification, oil pollution, floating plastics, shipping and fishing intensity (Supporting
Information SII, Fig.S5), which are environmental stressors largely recognized as stressors to
which marine animals,, particularly seabirds, are exposed and vulnerable, by means of spatial
overlap and evidence of impact: acidification (Grémillet and Boulinier 2009),
2009) oil pollution
(Camphuysen and Heubeck 2001, Wiese and Robertson 2004, Moreno et al. 2013),
2013) plastic
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(Titmuss and Hyrenbach 2011, Wilcox et al. 2015, Jiménez et al. 2015),
2015), shipping (Hatch et al.
2008), fisheries (Anderson et al. 2011a, Croxall et al. 2012a).
2012a). These variables were standardized
to have a mean of 0 and an SD of 1 (Zuur et al. 2007).
Cost analysis We evaluated costs for the proposed key areas, using the layers from Fishing
Vessels Density and overall Ship Density (Supporting
(
Information SII and Fig. S5) as cost layers
(Dalton 2004,, Leathwick et al. 2008) in the Zonation software. We are using those layers as
costs as both are the more controllable factors from the most spatially widespread and
affecting for the Marine fauna. Impact of fisheries on marine fauna are well described in
literature, like food depletion through overfishing and direct mortality through bycatch (Becker
and Beissinger 2006, Cury et al. 2011) but the vessel traffic is a potential source of oil (Halpern
et al. 2008a, 2015, Hatch et al. 2008) and noise (Morton and Symonds 2002, Weilgart 2007,
Codarin et al. 2009) pollution, and birds may collide against vessels during night (Black 2005,
Glass and Ryan 2013).
Zonation uses cost layers to reduce the value (importance to conservation based on the
previously specified parameters) of a given cell, thus cost is interpreted as a variable that
reduce the conservation value of a given area. We are using “cost” here as a cost imposed to
human activities, in the rationale that a no-cost
no cost represent no changes in the current activities,
and a cost represent restrictions to activities. As our conservation valuing of areas considers no
influence of the human activities, sole the seabirds distribution regarding environmental
variables, this represents the hypothetical value of the area under no constraint by human
activities. Then it is possible to measure differences on the conservation value of an area
a
when
comparing different cost scenarios with the previous area valued under no influence of human
activities. We used two cost constraint scenarios to evaluate how the intensity of human
activities may change the conservation value of candidate MPAs (i.e.
(i.e. key marine areas) if
shipping and fishing were not regulated (no-cost,
(no cost, scenario 1) or partially regulated (cost,
scenario 2). The resulting values for each cost model were then subtracted from the respective
area importance value within the 99, 95 and 90 threshold values (the proposed
propose areas based on
seabird distribution only),, to evaluate how much each of the human activities change the
conservation values within the proposed key areas.
Statistical Analysis We used the pixel value of the rasters as point
point information, and the centroid
of longitude and latitude (N=1697) as the geographic position of each grid cell. To evaluate the
degree of correspondence between the distribution probabilities for the two seabird
communities (MaxEnt outputs) and the distributions
distributions of the environmental threats, we used
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Canonical Correspondence Analysis (CCA) using‘cca’
using
function from the ‘vegan’ package
(Oksanen et al. 2013) within the R environment
environment (R Core Team 2015). Species probabilities were
arcsine transformed. Species matrix entered the analysis as dependent matrix, and the threats
entered the analysis as the independent matrix, with geographical coordinates used as
covariables to control for spatial auto-correlation
auto correlation (cca[Species Matrix ~ Threat Matrix +
Latitude * Longitude]). Each time-frame
time frame was analyzed in separate. After running the analysis,
we quantified the Euclidian distance of the species from the threats in the CCA bi-dimensional
bi
space to compare shifts in group exposition to threats.
We compared the change of value within the proposed key areas between cost
models, time-frames
frames and assemblages through a Generalized Linear Mixed Model in ‘lme4’
package within R-environment
environment (Bates et al.,., 2015). As threshold values for proposed key areas
(90%, 95% and 99% of importance values) are in a nested design, we entered the threshold as
a random factor in the model.
Results
Species Distribution Models Many of the environmental variables were highly
h
correlated
(Supporting Information Table S1). The power of the models using PC1 and PC2 to predict
species distribution was high (AUC=0.79 ± 0.06), although the models were less accurate for
species with large latitudinal ranges, such as Cory’s Shearwater
Shear
(Calonectris
Calonectris borealis),
borealis Cape
Verde Shearwater (Calonectris
Calonectris edwardsii),
edwardsii Great Shearwater (Ardenna
Ardenna gravis)
gravis and Wandering
Albatross (Diomedea exulans).
). It was clear that dividing the data into two seasons resulted in a
slightly more accurate prediction of distributions than using data from the entire year (AUC
summer = 0.80 ± 0.06; AUC winter = 0.83 ± 0.05; AUC year-round
year round = 0.76 ± 0.06), probably
because species occupy only part of the annual distribution in any one season (Fig. S6, S7, S8).
Assemblages and Environmental Change Factors Canonical Correspondence Analysis yielded
slight different results for each time frame, for Summer the constrained analysis captured
74.1% of data variability (axis1= 83.0%, axis2= 12.3%), 70.7% for Winter (axis1= 81.9%, axis2
ax =
15.9%) and 77.2% for all Year (axis1 = 81.9%, axis2 = 14.9%). Probability of occurrence of
species (species matrices) was significantly matched by the distribution of threats for Summer
(F8,1638=585.49, P=0.001), Winter

(F8,1638= 494.48, P=0.001) and
d all Year (F8,1638= 691.34,

P=0.001).
There was a clear segregation between assemblages within the bi-dimensional
bi dimensional space of
the CCA which showed that Northern species were more exposed with plastic pollution and
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acidification, while Southern species were associated
a
with Fisheries
sheries and Ship Traffic (Fig.
23a,b,c).
a,b,c). However, such trend was not obvious in Winter (Fig.23b)
b) as the two Northern species
(TA and TP) were highly pelagic and occurred in areas of low cumulative threat occurrence (see
Supporting Information
n Fig. S5, Fig. S7). In Winter two sub-groups
groups of Southern seabirds were
differentially exposed to Acidification and Plastic Pollution (AP, GHA, WA) or to Fisheries and
Ship Traffic (BBA, NGP, SGP). Two species were displaced from threat influence in two cases
ca
(MS and WCP) which seem to be caused by their wide latitudinal distribution. This was
reflected in the bi-dimensional
dimensional distance of each group from threats, where Northern seabirds
increased their distance from threats in Winter comparing to Summer and all
a Year, but
Southern seabirds decreased their distance from threats in Winter comparing to Summer and
all Year, with exception of WCP
CP (Fig. 23d-i).
Proposed key marine areas The areas of highest value for Southern species did not vary
seasonally, and were off the southern tip of South America and near the Falkland Islands
(Fig.24).
). In contrast, results for Northern species were highly seasonal: a) during summer, the
highest value areas were off the central coast of Brazil, whereas in the winter, these extended
extend
to oceanic waters in the mid-south
mid south Atlantic, b) considering the whole year, the highest value
areas were coastal and pelagic waters off northern Brazil (Fig.24).
(Fig.2 ). The zonation value increased
with the species occurrence probability (Fig. 25a,c,e) and with increased
reased number of species
(Fig. 25b,d,f).
b,d,f). It means the high valued areas are a good representation for the occurrence of
species.
The candidate protected areas based on the Southern assemblage were concentrated
in the same area during summer, winter and year-round
y
(Fig.26).
). The three temperate areas
were located south of Isla de los Estados and northwest of the Yaghan Basin. The candidate
MPAs for Southern seabirds overlapped in the north with the current Isla de los Estados MPA
(Argentinean Ecological and Provincial Reserve) and IBA (proposed to protect BBA and Sooty
Shearwater Ardenna grisea)) and in the south with Southwest 33 IBA (proposed for GHA), but
most areas of high value for Southern seabirds lacked any protection under current regimes
(Fig.26).
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Correspon
Analysis bi-plots
plots presenting the position of Northern
Figure 23. Canonical Correspondence
species (red labels), Southern species (blue labels) and environmental – threats and
coordinates – (black labels) for Summer (a), Winter (b) and all Year (c). Boxplots
Boxplo presenting the
distribution frequency of the bi-dimensional
bi dimensional distance of species from threats for Northern
species during Summer (d), Winter (e) and all Year (f), and Southern species during Summer
(g), Winter (h) and all Year (i). Top outliers in ‘h’ and
an ‘i’ are White-chinned
chinned Petrel values.
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Figure 24. Zonation outputs in proportion to value based on the probability of occurrence of
species given their weight and response to fragmentation for Summer (a), Winter (b) and yearyear
round (c). Also shown the Official
Official Marine Protected Areas (MPAs, red lines), Ecologically or
Biologically Significant Areas (EBSAs; green lines; https://www.cbd.int/ebsa/) and confirmed
(light

blue

lines)

or

proposed

(dark

blue

lines)

BirdLife

marine

IBAs

(http://maps.birdlife.org/marin
(http://maps.birdlife.org/marineIBAs/default.html).

Figure 25. The zonation calculated area value in relation to the Species Occurrence Probability
(a,c,e) and number of species occurrence (b,d,f). Linear trend for Southern (solid line) and
Northern (dashed line) seabird assemblages.
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On the other hand, the candidate protected areas for Northern seabirds were
completely different among time-frames.
time frames. The candidate summer area on North overlapped
with part of the proposed EBSA off southern Brazil (proposed due to occurrence of a strong
upwelling)
ling) and the IBA on Arquipélago dos Alcatrazes (proposed based on the occurrence of
Magnificent Frigatebirds Fregata magnificens and the Brown Boobies Sula leucogaster).
leucogaster Only a
small fraction of a designated MPA overlapped the key area identified for Northern
Nort
seabirds in
the summer: the Litoral Centro Environmental Protection Area. During winter, the key area for
Northern seabirds was in pelagic waters, over the gyre northeast of the Rio Grande Rise, where
there is a large elevation of the seabed. Currently
Currently no EBSA or IBA has been proposed in this
region. Finally, the year-round
round key area for Northern seabirds was on the shelf slope and
pelagic waters off northern Brazil, reaching as far as an oceanic ridge, where there is a strong
upwelling from the Amazon River (Fig.26).
(Fig.
Roughly, one-third
third of this area overlapped with the
Amazonian-Orinoco
Orinoco EBSA, proposed due to the enhanced marine productivity occurring
o
within
this area (Fig.26).
). The overlap of our proposed key areas with existing MPAs was minimal (less
than 1% Table 7).
). The percentage of mIBAs and EBSAs overlapped by our key areas was also
minimal, however overlap of Northern areas with EBSAs was substantially greater than
Southern areas, while Southern Areas were more overlapped by proposed mIBAs than
Northern areas (Table 7).
Cost analysis
The use of cost constraints for Southern seabirds resulted in few spatial differences of values
when using Fishing Density as a cost layer, but higher conservation values in pelagic areas
shifted north when using Ship Density
Density as a cost layer (Supporting Information Fig. S9). On the
other hand, using Fishing Density as a cost layer for Northern seabirds displaced the zones of
high values to spread south, and to spread to pelagic areas when Ship Density was the cost
layer (Supporting
pporting Information Fig. S10).
The differences of both cost models were significant among TimeTime-Frames (χ226,6222=
4143.9, P<0.001). The higher changes in values for Southern occurred when we used Fishing
Density as a cost layer during summer, for both No Cost and Cost models, for winter when
using Ship Density No Cost model and for year when using
using Ship Density Cost model (Fig.27,
(Fig.
Supporting Information Table S2). On the other hand, the change in values for Northern were
higher for year-round
round for both No Cost and Cost models and for both Fishing
Fishing and Ship Density
cost layer, despite using Ship Density there was also a high change of value during summer
su
for
both cost models (Fig.27,, Supporting Information Table S2).
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Discussion
In our study, we considered a modelling approach that distinguishes between ecological groups
and accounts for seasonality in distribution of pelagic seabirds, with a view to identify a more
representative network of key sites that would be more effective year-round
year round MPAS. This
approach located areas where currently there are few designated or proposed MPAs,
suggesting that a community integrated approach can be an effective way to propose new
pelagic MPAs (Yorio 2009, Ronconi et al. 2012, Thaxter et al. 2012) in addition to proposals
which use
se one or few attributes of one area, such as the presence of seamounts, reefs, or the
occurrence of one focal species (Arcos et al. 2012, Grecian et al. 2012, Dunn et al. 2014).
2014)

Figure 26. Key marine areas for 99% value threshold overlapped with Confirmed (light grey) or
o
Proposed (dark grey) IBAs (http://maps.birdlife.org), Ecologically or Biologically Significant
Marine Areas (EBSAs; dashed line; https://www.cbd.int/ebsa/) and designated MPAs (black
line; http://www.mpatlas.org). Southern (1), Northern (2 and 3) seabirds
seabirds during summer (red
line), winter (blue line) and all year (green line).
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Table 7. Percentage of proposed
proposed key areas overlapping and overlapped by the IBAs, EBSAs and
current MPAs.
IBA

Assemblage

IBA proposed EBSA

MPAs

0.058

1.195

0.000

0.000

North

0.000

0.382

3.559

0.002

South

Overlapped by 0.053

8.397

0.000

0.026

North

0.000

1.139

15.345

0.037

South

confirmed
Overlap with

Figure 27. Change in values (proportion of reduction) within the proposed marine areas
(thresholds 90%, 95% and 99%) when using
using Fishing and Ship Densities as cost layers to
calculate importance values in Zonation. Southern (a) and Northern (b) seabirds.

133

High Valued Areas, Threats and Benefits We placed the most important area for Southern
seabird species within the southwest Atlantic
Atlantic at the southern Argentina shelf slope, and
around the Falkland Islands. This area has long been recognized as important for marine
predators and conservation of biodiversity (Croxall and Wood 2002).. This is reflected in the
large number of proposed BirdLife International mIBAs (BirdLife International 2015), and
several designated coastal MPAs, including the large reserves of Namuncurá and Isla de
losEstados (Argentine National Parks; Marine Conservation Institute 2015). These waters are
used by several and abundant seabird species during the breeding and non-breeding
non breeding seasons,
including birds from Patagonia (Yorio et al. 1999, Yorio 2009),, Falkland Islands (Grémillet et al.
2000, White et al. 2002),, South Georgia (Croxall and Wood 2002, Croxallll et al. 2005, Phillips et
al. 2006a, Navarro et al. 2015b),
2015b) Tristan da Cunha and Gough (Ronconi et al. 2010, Reid et al.
2013), and New Zealand (Nicholls et al. 2002).
2002). Marine mammals also rely on this area during
part of the year, including Fin (Balaenoptera
(
physalus), Sei (B.
B. borealis),
borealis Minke (B.
acutorostrata), Sperm (Physester
Physester macrocephalus),
macrocephalu ), Southern Bottlenose (Hyperoodon
(
planifrons) and Long-finned
finned Pilot (Globicephala
(
melas)) whales, Hourglass (Lagenorhynchus
(
cruciger), Peale’s (L.
L. australis)
australis and Commerson’s (Cephalorhynchus
Cephalorhynchus commersonii)
commersonii dolphins, Fur
Seals (Arctocephalus spp.) and Southern
Southe Elephant Seals (Mirounga leonina) (White et al. 2002).
2002)
The attractiveness of this area for marine top predators results from the extensive, year-round
year
upwelling that extends from sub-Antarctic
sub Antarctic to temperate waters, which supports a rich food
web, including diverse communities of abundant squid and fishes (Acha et al. 2004, Miloslavich
et al. 2011).. As a consequence of such rich communities, both fishing vessels and seabirds
target those areas (Grémillet et
e al. 2000, 2008b, Wakefield et al. 2012).. So it is, that we found a
higher “exposition” of seabird to fisheries, which is well-known
well known for the study area (Xavier et al.,
2004; Bugoni et al.,, 2008; Jiménez et al., 2010, Krüger et al., 2016a),, and elsewhere (Anderson
et al. 2011a, Lewison et al. 2014).
2014). In the other hand, the vessel traffic is a potential source of
threat for marine fauna, by oil
o (Hatch et al. 2008, Halpern et al. 2008b,
008b, 2015) and noise
(Morton and Symonds 2002, Weilgart 2007, Codarin et al. 2009) pollution.
The different time-frame
frame approaches resulted in completely different value outputs for
Northern seabird species, which reflects the seasonality
seasonality of species present in the area
throughout the year. This is mostly a consequence of migratory species such as Deserta’s
Petrel, Trindade Petrel and Cory’s Shearwater. It also reflects the different types of habitats
targeted by these species. The highly valued area during summer supports a highly diverse
coastal ecosystem, including corals reefs (Roberts et al. 2002) and mangroves (Polidoro et al.
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2010),, and a relatively narrow shelf with several seamounts (Miloslavich et al. 2011),
2011)
supporting several taxa, particularly sharks, cetaceans and euphausiids (Tittensor et al. 2010),
2010)
and is intensively used by the species in this study, as evidenced by other authors (Dias et al.,
2011; Catry et al., 2013;; Dias, Granadeiro & Catry, 2013; Ramírez et al.,, 2013; Missagia et al.,
2015; Krüger et al., 2016a). During winter, the most important areas matched with an area of
low biodiversity (Tittensor et al. 2010) and low productivity near the South Atlantic tropical
gyre. Short-term
term decreases in chlorophyll concentration within gyres due to climate shifts are a
potential issue of concern, with implications for management (Gregg et al. 2005, Polovina et al.
2008, Irwin and Oliver 2009).. This area also overlaps with the non-breeding
non
ding distribution of the
Critically Endangered Tristan Albatross (Reid et al. 2013), and the at-sea
sea distribution during the
breeding season and immediate post-breeding
post breeding period of the Vulnerable Trindade Petrel (Krüger
et al. 2016b).. The important areas year-round
year round matched the upwelling where the Amazon and
Orinoco river plumes reach seamounts and islands, such as Fernando de Noronha and São
Pedro and São Paulo (Kitchingman et al. 2008, Miloslavich et al. 2011).
2011). It is important to
emphasize that the high valued areas (99%) reflected more the suitable
suitable habitat for the species
than the bulk of species distribution (i.e. Gonzáles-Solís
Gonzáles Solís 2009, Ramírez et al 2013, 2015),
despite the lower values (0.90) embraced those areas presented by those authors. However
the 99% valued area is recognized as biologically
biologically important for the intense upwelling, which
supports a biodiverse ecosystem (Tittensor et al. 2010, Miloslavich et al. 2011,
201 Selig et al.
2014),, so highliting the value of this are for conservation, which is used less frequently by the
seabird species in this study
Many of our study species ingest large amounts of plastic debris (Petry and Fonseca
2002, Jiménez et al. 2015),, and the sensitivity of the Northern species to Plastic pollution
evidences that. The drifting
ng model used in this study (Van Sebille et al.,, 2012) assumes that
plastic particles are carried by currents and accumulate in zones of lower current speed, mainly
gyres (Van Sebille 2015). Titmus & David Hyrenbach (2011) found that some seabird species
target those same areas of plastic concentration, because they tend to be characterised by a
high occurrence of squid and flying fish (Titmus and Hyrenbach 2011, Wilcox et al. 2015).
2015) Our
results provide circumstantial supporting evidence, but highlight the need for more studies to
evaluate the overlap of seabird distribution with floating plastics, and the associated risk.
Similarly, direct evaluations of the effects and implications of spatial variation in rates of ocean
acidification for seabirds
irds are lacking. Acidification is linked to enhanced levels of CO2 in the
atmosphere released by human activities (Cao and Caldeira 2008).. Severe decreases in pH may
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affect lower
ower trophic levels in food webs (Cao and Caldeira 2008, Pörtner and Peck 2010, Hale et
al. 2011),, with consequent impacts on top predators (Grémillet and Boulinier 2009).
2009)
The assemblage approach to identify candidate MPAs revealed important areas missed in
previous efforts to define both EBSAs (Dunn et al. 2014) and BirdLife International mIBAs
(Ronconi et al. 2012,
012, Lascelles et al. 2012),
2012), although in other respects there was some overlap.
As the currently designated MPAs are all coastal (Marine Conservation Institute 2015), our
analyses of tracking data from pelagic seabirds showed almost no overlap with areas that are
presently protected by national legislation.
Potential Costs We found an assemblage and time-frame
time frame differential change in costs that
suggests that the use of seasonal protected areas could mean less impact on human activities
to achieve high conservation
rvation value as proposed by Hyrenbach, Forney & Dayton (2000).
(2000) For
instance, by changing the fishing density by half, the changes for values within the key
Southern areas did not change substantially in relation to the no-cost
no cost model. On the other
hand, for Northern areas, the changes
changes in value were relatively higher when applying cost
layers, and for all the cost models the non-seasonal
non seasonal approach always resulted in a higher
change in values. That’s probably a result of the higher seasonality for the species occurrence
in the northern areas, while species in the south off Patagonia and subantarctic waters are
more constant along the year. Leathwick et al. (2008) also showed that changes in conservation
value of an area compared between models with and without use of cost layers can vary from
5% to 10%, but in
n our case the mean differences could reach as high as 50% for Northern
seabirds.
Conclusions By assigning seabirds to different assemblages, we were able to detect additional
candidate areas for protection not recognised in previous marine spatial planning
plannin initiatives for
FAO Region 41 in the southwest Atlantic Ocean. Hence, our results help guiding conservation
decisions at both national and international levels, in terms of potential new MPAs and
implementation of those already designated or proposed as EBSAs or mIBAs. Our analysis
support the network of areas proposed as mIBAs in sub-Antarctic
sub Antarctic waters; the ultimate goal of
BirdLife International is that these areas receive statutory protection (BirdLife International
2015). We also call attention for the need to delineate protected areas in pelagic tropical
waters both within the Brazilian EEZ, and in international waters. Those unprotected regions
are important seasonally or year-round,
year round, and are subject to a wide array of Human-related
Human
threats.
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While in most
st cases the establishment of MPAs is aimed at improving management of
fishing activities (Pitchford et al. 2007, Stevenson et al. 2013) several other factors may
threaten species and ecosystems. Human activities, such as fishing, ship traffic and oiling,
oiling may
be controllable to a large extent if there is a means of enforcing compliance with effective
management regimes, but other threats associated with dynamic features of natural systems,
such as ocean acidification and plastic pollution, present considerable
considerable challenges in the design
and implementation of MPA networks (Conroy et al. 2011).
The application of our approach to other oceans should
should reveal new areas to be
incorporated in conservation networks. The benefits elsewhere would be highly dependent on
the degree of seasonality in predator distributions, but it seems likely there are parallel
situations where areas were only used for part of
of the year by migratory species. We envisage
that this technique can be used on finer temporal (e.g. incubating versus chick rearing periods)
and spatial (e.g. by the use of GPS or PTT devices) scales.
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Supplementary Material:

Figure S1 Environmental
vironmental variables used for the Species Distribution Modelling: (a) depth in
meters; (b) Distance to coast (COAD) in degrees; chlorophyll-a
chlorophyll concentration (CHL) in mg/m3,
during (c) summer and (d) winter; chlorophyll-a
chlorophyll a concentration anomaly CHLAN in decade
dec
variability of mg m-3, during (e) summer and (f) winter; CHL gradient (CHLGR) in percentage of
mgm-3 variation per meter during (g) summer and (h) winter; sea surface height SSH in meters
during (i) summer and (j) winter; sea surface height anomaly (SSHAN)
(SSHAN) in variability of meters
per decade during (k) summer and (l) winter; sea surface temperature SST in °C during (m)
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summer and (n) winter; sea surface temperature anomaly (SSTAN) in variability of °C per
decade during (o) summer and (p) winter; sea surface
surface temperature gradients in percentage of
°C change per meter during (q) summer and (r) winter; wind speed in meters per second during
(s) summer and (t) winter. Year variables were the average of both summer and winter.

SI Sensitivity analysis of the Zonation outputs when using different weighting values
The aim of this section is to provide an analysis of the method we used to weight
species distribution by the IUCN conservation status, and the habitat connectivity response (in
Zonation software called as Boundary-Quality
Boundary
Penalty Curves BQPCs).
). We used the full weight
method that is in the main text to give value to the year-round
year round distribution of all species.
Full model: Each species was weighted by its IUCN conservation status as follows, least
concern (LC) = 1; near threatened (NT) = 2; vulnerable (VU) = 3; endangered (EN) = 4 and
critically endangered (CR) = 5. Boundary Quality Penalty Curves, which are measures of species
responses to habitat connection, were constructed empirically based on the IUCN conservation
status. We generated linear responses with changing slopes for CR = -0.01,
0.01, EN = -0.008, VU = 0.004, NT = -0.002 LC = 0.0.
We also generated three other different weight methods: a null model where the
weight given for all species is the same
same (1) and the response to habitat connection (βh) is
constant; a model where LC weights 1 with βh constant and the other levels (NT, VU, EN, CR)
weights 2 with βh = -0.002
0.002 (weight model #1), a model where LC weights 1 with βh constant, NT
weights 2 with βh = -0.002,
0.002, and other levels (VU, EN, CR) weight 3 with βh = -0.004 (weight
model #2). Then we tested via simple regression how these three methods are similar to the
full model and tested how the probability of species occurrence is related to those weighting
weight
outputs through cubic regression.
We found that a null model with equal weight and no βh variation means that the
software will give more value to pixels isolated from the edges of the study area, without being
realistic nor reflecting any oceanographic
oceanographic process intrinsic to the species distribution, but
probably embracing the edges of most species distribution (Fig. S5). It means that high values
in this case were concentrated in the middle of the study area (Fig. S5) and were completely
opposed to the output we proposed (F1,1652 = 3.29, β = -0.14,
0.14, P=0.07). On the other hand, one
single differentiation on the weights in two (F1,1652 = 31.18, β = 0.18, P<0.001) and three (F1,1652
= 1556.6, β = 0.8, P<0.001) groups was enough to approximate the values to the full model
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output (Fig. S6).The
6).The null model weakly reflected the overall distribution of species (R2=0.04,
F1,1652 = 24.55, P = 0.09), while the other weight models #1 (R2 = 0.53, F1,1652 = 613.6, P<0.001),
#2 (R2 = 0.63, F1,1652 = 952.2, P<0.001) and the full model (R2 = 0.69, F1,1652 = 1238.0, P<0.001)
did significantly explained the species distribution (Fig. S7).

Figure S2 Zonation output showing the how much the values attributed to each pixel change by
the weighting method used in building the (a) null model, (b) weight model #1, (c) weight
model #2 and (d) the full model.
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Figure S3 Regression between the full model and the new weight models. Lines are linear
trends ±SE.

Figure S4 Relation between the overall species probability of occurrence and zonation value for
each
ach of the four models. Lines are cubic trend ± SE.
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SII Mehods for calculating environmental threat variables.
A total of five threat variable were used: ocean surface acidification, oil pollution risk,
plastic accumulation, ship density and fishing intensity
intensity (Fig. S8). All environmental variables
were standardized to have a mean of 0 and an SD of 1 due to differing ranges of variables. Such
standardization was executed by dividing each absolute value by the respective maximal value
of the environmental variable (Zuur et al. 2007).
Ocean surface acidification was measured in terms of normalized changes in aragonite
saturation state between pre--industrial
industrial and modern times, which is a compound that enhances
when Ph decreases (Halpern et al. 2008b).
2008b). The acidification image was generated by Halpern et
al.(2008),, and we are using it as it is in the publication.
For risk of oil pollution we used the areas of oil accumulation proposed by
b Halpern et
al.(2008).. A Nearest Natural Neighbor Interpolation was used to calculate a risk based on the
distance from these pollution areas, being the cells presented by Halpern et al.(2008) with
value 1.0, and decreasing according to the distance.
Plastic accumulation was estimated using a dynamic particle flotation model based on
movement of buoys (van Sebille et al. 2012, 2015, van Sebille 2014).
2014). The model takes in
account the coastal population density as a proxy for source of pollution, and predicts the
probability of the movements
ovements of those particles due to ocean currents for each two month
periods along a 1°x1° spatial grid. As there are different outputs if we use different periods of
the year as the start of the modeling, we run models for all the two month periods along ten
years. Each 2 month period output images were used to calculate an average image. This
means that for cells with higher values there is a greater probability of plastic accumulation
accounting for all possible scenarios. Thus the final images accounted also for the movement of
the particles instead of only the final destination of the particles at the end of the 10-year
10
period. We also considered a model with a constant particle release and a single release in
time, to make the model more realistic, and calculated a mean of both.
Ship density was computed from the ship density shapefiles made available by the
PASTA-MARE
MARE project (LuxSpace, 2010) which takes in account three month Satellite Automatic
Identification System S-AIS
AIS movement of 62000 vessels on a global scale. The technical report
(LuxSpace, 2010) shows a similarity between their results and two longer term data bank of the
Voluntary Observing Ship from the World Meteorological Organization WMO-VOS
WMO
(Halpern et
al. 2008b) which uses one year
ear data of 3374 commercial and research vessels, and Automated
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Mutual-assistance
assistance Vessel Rescue system AMVER that uses 3809 commercial vessels. We
believe that the PASTA-MARE
MARE project is more accurate in terms of characterizing the ship
density per area in relative terms because it uses all the available data for any type and flag of
vessels, while the more long--term
term data for VOS and AMVER are probably biased for the more
representative types of vessels. We correlated the Halpern et al.. (2008) with the PASTA-MARE
PAST
results using a spatial correlation analysis on Spatial Analysis in Macroecology SAM software
(Rangel et al. 2010),, and found a significant adjustment between both (R=0.61, F=28.8,
P<0.001) meaning that the short term data from PASTA-MARE
PASTA MARE is a fair approximation for a
year-long
long data bank. Fishing intensity was measured as the fishing vessel density from the
PASTA-MARE data (LuxSpace 2010).
2010)
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Figure S5 Environmental change variables: (a) ocean surface acidification (ACID) measured in
terms of normalized changes in aragonite saturation state between pre-industrial
pre industrial and modern
times (see Halpern et al 2008); (b)
(b) Risk of oil pollution (OIL) measured as a distance probability
given the known points of oil spills or oil platforms from Halpern et al (2008) as value 1; (c) 1010
year mean percentage of plastic pollution (PLASTIC) based on the particle drift model (Van
Sebille et al 2012 2015); (d) ship density (SHIP) as the average abundance of vessels per grid
cell (LuxSpace 2010); (e) fishing intensity (FISH) is a measure of density of fishing vessels.
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Table S1 Loadings from the PCA. The values represent the proportion
proportion of each variable that is
explained by each of the PCA axis, and the signal (( or +) indicates the relation of the variables
with the axes. Variables with higher correlation on the same axis are not independent from
each other, meaning that they vary together. Table presents results from the axis whose
eigenvalues were above 1.0. Higher values for each variable by season are presented in bold.
Chlorophyll (CHL), CHL anomaly (CHLAN), CHL gradient (CHLGR), coast distance (COAD), Depth
(DEPTH), Sea Surfacee Height (SSH), SSH anomaly (SSHAN), Sea Surface Temperature (SST), SST
anomaly (SSTAN), SST gradient (SSTGR), wind speed (WIND).
Summer

Winter

Year

Variables
AX1

AX2

CHL

0.12

CHLAN

AX3

AX4

AX2

AX3

AX4

AX1

AX2

-0.64 0.10

-0.17 -0.03 0.60

0.00

0.57

0.01

-0.65
0.65 -0.06 -0.48

0.11

0.05

0.01

-0.98 0.09

-0.21 0.04

-0.77 0.12

0.22

CHLGR

0.43

-0.70 0.07

-0.01 0.57

0.67

0.06

-0.07 0.46

-0.74
0.74 -0.03 0.15

COAD

0.24

0.72

DEPTH

-0.13 0.87

-0.07
.07 -0.08 -0.17 -0.83 -0.08 0.11

SSH

-0.03 0.09

0.99

0.01

-0.01 -0.09 0.99

SSHAN

-0.04 0.10

0.99

0.01

-0.01 -0.10 0.99

SST

-0.94 -0.03 -0.01
0.01 -0.08 -0.94 0.00

SSTAN

0.75

0.16

SSTGR

0.84

WIND

0.83

-0.03
0.03 0.02

0.01

AX1

0.25

-0.73 -0.10 0.34

0.85

0.03

-0.35

-0.08 0.86

0.04

-0.11

0.05

-0.01 0.06

-0.95 0.00

0.05

-0.01 0.07

-0.95 0.03

-0.02 0.05

-0.93 0.06
06

0.00

-0.16 -0.06 0.42

-0.03 0.00

0.09

0.85

0.08

0.23

0.00

0.78

-0.41 -0.03 0.10

0.00

0.01

AX4

0.70

-0.04 0.26

0.01

0.31

AX3

0.72

-0.10 0.83
0.82

0.12

-0.02

-0.03 -0.11

-0.12
0.12 0.01

0.09

0.29

-0.10

0.01
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probabili of occurrence of Black-browed
browed Albatross (BBA), Cory’s
Figure S6 Summer probability
Shearwater (CS), Cape Verde Shearwater (CVS), Deserta’s Petrel (DP), GreyGrey-headed Albatross
(GHA), Great Shearwater (GS), Manx Shearwater (MS), Northern Giant Petrel (NGP), Southern
Giant Petrel (SGP),, Tristan Albatross (TA), Trindade Petrel (TP), Wandering Albatross (WA), as
estimated by MaxEnt models. Probability varies from 0 (dark blue) to 1 (dark red).
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Figure S7 Winter probability of occurrence of Antarctic Prion (AP), Black-browed
browed Albatross
(BBA), Grey-headed
headed Albatross (GHA), Northern Giant Petrel (NGP), Southern Giant Petrel (SGP),
Tristan Albatross (TA), Trindade Petrel (TP), Wandering Albatross (WA), White-chinned
White
Petrel
(WCP), as estimated by MaxEnt models.Probability
models.
varies from 0 (dark blue)
ue) to 1 (dark red).
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Figure S8 Year-round
round probability of occurrence of Antarctic Prion (AP), Black--browed Albatross
(BBA), Cory’s Shearwater (CS), Cape Verde Shearwater (CVS), Deserta’s Petrel (DP), GreyGrey
headed Albatross (GHA), Great Shearwater (GS), Manx
Manx Shearwater (MS), Northern Giant Petrel
(NGP), Southern Giant Petrel (SGP), Tristan Albatross (TA), Trindade Petrel (TP), Wandering
Albatross (WA), White-chinned
chinned Petrel (WCP), as estimated by MaxEnt models. Probability
varies from 0 (dark blue) to 1 (dark
(dar red).
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Figure S9. Zonation value for the different cost models, for southern seabirds.
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Figure S10. Zonation value for the different cost models models, for northern seabirds.
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Table S2. Generalized Linear Mixed Model results comparing change in values
values for the proposed
key marine areas between seabird assemblages (Southern and Northern) and time-frames
time
(summer, winter, year) when using different cost models (no cost and cost for Fishing Density
and Ship Density).
Models

β

SE

t

(Intercept)

0.0913

0.0142

6.44

Assemblage:Northern

0.0966

0.0113

8.58

Time-Frame:Winter

-0.0441

0.0113

-3.92

Time-Frame:Year

-0.0460

0.0113

-4.09

Cost-Model:Fishery Cost

-0.0078

0.0113

-0.7

Cost-Model:Ship No Cost

0.0015

0.0113

0.13

Cost-Model:Ship Cost

0.0014

0.0113

0.13

Assemblage:Northern* Time-Frame:Winter
Frame:Winter

0.1936

0.0162

11.93

Assemblage:Northern:* Time-Frame:Year
Frame:Year

0.5585

0.0159

35.06

Assemblage:Northern* Cost-Model:Fishery
Model:Fishery Cost

0.0667

0.0159

4.19

Assemblage:Northern* Cost-Model:Ship
Model:Ship No Cost

0.3094

0.0159

19.42

Assemblage:Northern* Cost-Model:Ship
Model:Ship Cost

0.3206

0.0159

20.13

Time-Frame:Winter* Cost-Model:Fishery
Model:Fishery Cost

0.0083

0.0159

0.52

Time-Frame:Year* Cost-Model:Fishery
Model:Fishery Cost

0.0105

0.0159

0.66

Time-Frame:Winter* Cost-Model:Ship
Model:Ship No Cost

0.1292

0.0159

8.11

Time-Frame:Year* Cost-Model:Ship
Model:Ship No Cost

0.0502

0.0159

3.15

Time-Frame:Winter* Cost-Model:Ship
Model:Ship Cost

0.0513

0.0159

3.22

Time-Frame:Year* Cost-Model:Ship
Model:Ship Cost

0.0694

0.0159

4.36

Assemblage:Northern* Time-Frame:Winter*
Frame:Winter* Cost-Model:Fishery
Cost
Cost

-0.0509

0.0229

-2.22

Assemblage:Northern* Time-Frame:Year*
Frame:Year* Cost-Model:Fishery
Cost
Cost

-0.0847

0.0225

-3.76

Assemblage:Northern* Time-Frame:Winter*
Frame:Winter* Cost-Model:Ship
Cost
No Cost

-0.5062

0.0229

-22.07

Assemblage:Northern* Time-Frame:Year*
Frame:Year* Cost-Model:Ship
Cost
No Cost

-0.4450

0.0225

-19.76

Assemblage:Northern* Time-Frame:Winter*
Frame:Winter* Cost-Model:Ship
Cost
Cost

-0.4255

0.0229

-18.55

Assemblage:Northern* Time-Frame:Year*
Frame:Year* Cost-Model:Ship
Cost
Cost

-0.4885

0.0225

-21.69
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General Discussion
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The chapters of this thesis are contributions to the understanding of the risks imposed
by changing environmental conditions, particularly those related to fisheries and climate
change, to the spatial distribution of seabirds, and point out ways to buffer and protect
seabirds from those risks. Specifically, this study found: 1) a potential underlying link between
seabird individual features and overlap with fishery
fisher activities that may explain,
explain at least in part,
the population dynamics of the species;
species 2) an increased vulnerability of two trans-equatorial
trans
migrating petrel species towards future climate change acting on reducing their habitat
availability; 3) that large seabird species from temperate southern oceans
oceans may experience
dramatic shifts in their distribution
ibution and major range contractions with increased vulnerability
and exposure to fisheries (in the case of species threatened by bycatch) or through an effect of
reduced food resources (in case of scavenging species) and; 4)pelagic regions of importance to
t
seabirds which maybe
be incorporated in the network of Marine Protected Areas,
Areas thus enhancing
the protection of seabird assemblages.
Effects of fisheries on seabirds
While population level impacts of fisheries over several seabird species have been
largely demonstrated (see Croxall et al. 2012 for a review), hypothesis linking
link
individual
features as mediators of the seabird overlap with fisheries have not gained much
m
support from
literature (e.g.Votier
Votier et al. 2013, Patrick et al. 2014, Granadeiro et al. 2014).
2014) Neither studies
exploring individual characteristics
character
(e.g. body mass) have found good evidences
dences of phenotype
as a strong driver explaining spatial distribution or behavioural ecology of individual seabirds
(i.e. Barbraud 2000, Navarro et
e al. 2009, Ramos et al. 2009).. However, our results are probably
an outcome of a particular species (the Southern Giant Petrel Macronectes giganteus)
giganteus
exhibiting high dimorphism in terms of body size, which in turn should play an important role
in the foraging
aging ecology and competition processes for this species (Hunter 1984, 1987,
González-Solís
Solís et al. 2000b, 2008, Copello
Copello et al. 2006, Carlos and Voisin 2008).
2008) However, it is
possible that similar results could emerge for other species of large seabirds of the southern
ocean as none study so far has investigated such individual characters influencing the overlap
with fisheries during the non--breeding season.
Our results suggest that fisheries may differently benefit each sex and phenotypes,
where both females and smaller
smal
individuals probably gain more from overlapping their
distribution with fisheries. Fisheries have been
been linked to favour given phenotypes of
o a seabird
population, but usually phenotypes that interact with fisheries are expected to be reduced or
affected by bycatch (i.e. Tuck et al. 2001, Barbraud et al. 2013).
2013). However, scavenging species
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may be able to explore fisheries as a food resource and somehow
how manage to keep low bycatch
rates and boost population numbers as a result of the energetic additional input provided by
fisheries (Quintana et al. 2006, Furness 2007, Furness et al. 2007, Copello and Quintana 2009,
Bicknell et al. 2013).. In this case, phenotypes that are more able to explore fisheries (smaller
individuals of both sexes) will increase in the population.
Information on the topic of intra-specific
intra
competition (Bolnick 2004, Svanbäck and
Bolnick 2005, 2007), ‘junk
junk food hypothesis’(Grémillet
hypothesis (Grémillet et al. 2008a, Österblom et al. 2008) and
individual variability on physiological constraints (Bolnick et al. 2003, Ohlberger 2013) lead us
to propose that smaller birds (and potentially less experienced individuals,
individuals see Haug et al.
2015) are less competitive and therefore are “forced” by the larger individuals to disperse
farther to explore fishery resources. But,
B it is also possible that smaller birds are affected by
colder temperatures,, then moving north over warmer temperatures and higher fishing density
areas, where they are compelled to explore such resource. These scenarios make sense when
considering both the body size and gender of the individuals,, as on average females of
Southern Giant Petrels (smaller than males) moved further north towards higher fishing
density areas, but smaller males also shared similarity of distribution
distribution with larger females.
Evidences exist that fisheries subsidize less quality food (i.e. the ‘junk food hypothesis’),
hypothesis’) as
parenting birds barely rely on fisheries discards to maximize the chick’s body condition.
condition
Instead, parents usually feed their chick with higher quality food, and supposedly only resort to
fisheries under low ‘natural prey’ availability (Grémillet et al. 2008a, Kadin
n et al. 2012, 2016).
2016)
On the other hand, the Antarctic Peninsula may pose opportunities to larger individuals to
forage inland on seal carcasses and penguins and near-shore
near shore on highly productive polynya
waters (i.e. an area of open water surrounded by sea-ice)
sea
(Ribic et al. 2008, Joiris and Dochy
2013, Santora 2014),, probably making use of higher energetic
energetic content food sources.
If the trend of body-size
body size mediated overlap with fisheries translates into population
gains, it is not difficult to expect that this phenomena could take
take to a reduction in the mean
population body size, given that climate change may also favour smaller body sizes (Gardner et
al. 2011). However thiss conclusion cannot be generalized to all seabirds species, as for most
seabirds the outcome of interactions with fisheries is negative. For other species, the
phenotypes that interact more with fisheries are those experiencing the higher rates of impact,
and therefore suffer reductions of frequency in the population (Tuck
Tuck et al. 2001, Barbraud et al.
2013). We suggest that future studies should investigate how different body-sized
body
individuals
of Giant Petrels contribute to the overall population productivity, and how much their
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demography rates aree correlated to fishing activities in their non-breeding
non breeding area. It is also
important to carry out such studies with other species, particularly those with pronounced
sexual dimorphism in terms of size.
The at-sea
sea distribution of gadfly petrels in relation to
t climate change
Smaller tropical/subtropical petrels do not seem to rely on fisheries as other seabird
species do, but there is increasing evidence about the role of climate on the ecology of those
species (e.g. Pinet et al. 2011, Ramos et al. 2016).
2016) We found similarities
milarities on the ranges of
oceanographic variables used by two Pterodroma species that are related to:
to 1) taxonomical
similar species, such as the Barau’s
Barau Petrel Pterodroma baraui (Pinet et al. 2011; Legrand et al.
2016), Zino’s Pterodroma madeira and Cape Verde Pterodroma feae Petrels (Ramos et al.
2016), and 2) ecological similar species, such as the Macaronesian Puffinus baroli (Ramos et al.
2015a), Manx Puffinus puffinus (González-Solís
Solís et al. 2009, Freeman et al. 2013),
2013) Sooty
Ardenna grisea (Hedd et al. 2012),
2012) Cape-verde Calonectris edwardsii (González-Solís
(González
et al.
2009), Scopoli’s Calonectris diomedea (González-Solís et al. 2007, 2009) and Cory’s Calonectris
borealis (Dias et al. 2011, 2012a, Missagia et al. 2015) Shearwaters. Climate variability may
influence spatial ecology of those species, which
wh
is reflected in their foraging and trophic
ecology (this study,Pinet
Pinet et al. 2011, Hedd et al. 2012, Freeman et al. 2013, Ramos et al. 2015,
2016, Missagia et al. 2015, Legrand et al. 2016).
2016)
We added further knowledge on this topic by analyzing how the shifts in those
variables may influence the habitat availability and distribution of gadfly petrels.
petrels Particularly
for transequatorial migrating species of the Atlantic Ocean, this is of concern as there are a
limited
imited number of oceanic areas which are intensively used by several species,
species exploring similar
conditions during their migration and non-breeding
non
periods (i.e. González--Solís et al. 2007,
2009, Catry et al. 2011, Hedd et al. 2012, Freeman et al. 2013, Grecian et al. 2016).
2016) These are
usually predictable areas of upwelling and productive areas where birds are likely to find food
resources
ces and suitable environmental conditions (Grecian et al. 2016). Changes on those
specific areas may have deeper impacts on local and global marine productivity (Young et al.
2011, Lluch-Cota et al. 2013, Sydeman et al. 2014).
2014). Species exploring those specific areas may
suffer considerable losses on stop-over
stop
and wintering habitat availability within
ithin an individuals’
lifetime.
This poses some intriguing questions, as literature suggests
suggest that long-lived
long
seabirds
may insist on a chosen area even under unfavourable conditions (i.e.,
(i.e. Danchin et al. 1998;
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Bried and Jouventin 2002; Hamer et al. 2002;
20
Naves et al. 2006).. Individual consistency in
habitat use could represent a maladaptive behaviour under climate change scenarios whether
habitat selected by the birds could act as an ecological trap, if the habitat choice impacts on
individual breedingg success, thus persisting over an individual’s lifetime (Fletcher et al. 2012;
Sih 2013; Hale et al. 2016).. In the case that social information processes can transfer decisions
of habitat use, from one
ne generation to another,
another which is plausible given that younger
individuals tend to imitate adults on their movements decision (Votier et al. 2010b, Péron and
Grémillet 2013, Campioni et al. 2015),
2015) one can advocate that this vulnerability to effects of
climate change can be even harder to surpass by a species. Different migrating seabird species
have variable degrees of wintering consistency (Dias et al., 2011; Raine et al., 2013; Müller et
al., 2014; Ramírez et al., 2016),
2016) so that the amount of risk imposed to a species by changing
climate conditions may vary as a function of the individual’s ability to shift its wintering area,
and thee ability of new generations to select new wintering areas. Taking into
in account that
seabirds are long-lived
lived animals, some living up to 50 years or more (Cooper et al. 2003),
2003) such
changes will be felt within few generations. There may not be enough time for a species to
“come up” with evolutionary solutions to deal with changing conditions
condition on its usual wintering
habitat on such a relatively short temporal scale.
The at-sea
sea distribution of Albatrosses
Albatrosses and Petrels and the sensitivity towards fisheries under
climate change
projected seabird distribution
Contrarily to what was reported by most studies whichprojected
toward future climate conditions (e.g., Hazen et al. 2012, Peron et al. 2012, Russell et al. 2015),
2015)
we found that not all species present a poleward shift on distribution in face of future climate
change scenarios. Instead,, some may contract or lose habitat at lower latitudes without gaining
new habitat towards higher latitudes.
latitudes. These conclusions are reasonable when compared to
changes in the distribution of several seabird species in the last decades, like the Wandering
Albatross Diomedea exulans,, which matched those
those reported by Weimerskirch et al. (2012);
around 5° towards the south; or Perón et al. (2010) who also reported a poleward shift in the
at-sea
sea distributions of Wandering Albatrosses,
Albatrosses Giant Petrels Macronectes spp. and Whitechinned Petrels Procellaria aequinoctialis.
aequ
This is a consequence of thermal niche conditions
moving towards higher latitudes, however, increasing wind speeds at higher latitudes may
become a barrier for some species in the future(Weimerskirch
future
merskirch et al. 2012, Lewis et al. 2015).
2015)
A rate of habitat loss near 70% within the next 40 years would represent a considerable
impact on already highly threatened seabird species. For instance, the Grey--headed Albatross
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Thalassarche melanophris which is Endangered (Birdlife International 2016a) and Wandering
Albatross which is Vulnerable (Birdlife International 2016b), are estimated to experience large
declines in the next decades as both species presented population declines around one and
five percentt per year in the last decades (ACAP 2012). The decline rate of Grey-headed
Grey
Albatross, is projected to be 65.4% in terms of the total number of breeding pairs (range 50%
to 80%) in three generations (Birdlife International 2016a), and of Wandering Albatross
Albatros is
expected to be >30% in 70 years (Birdlife International 2016b).A greater part of those
decreases are attributed to seabird bycatch in fisheries, but losing suitable area due to climatic
change would put extra pressure on such highly threatened species (Barbraud et al. 2012).
2012)
There is also the risk that, at a smaller spatial scale, favourable foraging habitat will move
further awayy from the breeding grounds (Ainley and Hyrenbach 2010, Péron et al. 2010a),
2010a)
forcing seabirds to increase their foraging effort (Péron et al. 2012, Paiva et al. 2013a, c).Such
increases in foraging effort and trip distance are known to have consequences in breeding
success at the short term, and in the recruitment at the long term, which can lead to increased
population decreases when they arepersistentover time (Trivelpiece et al. 2011, Paiva et al.
2013b, c, Lewis et al. 2015).
These impacts of climate change can be boosted by an increased risk imposed by
changes in fisheries distribution. Our results showed that several species would overlap less
with fisheries in the future, independent of the climate change scenario. Weimerskirch et al.
(2012) stressed out the possibility thatsoutherly shifts in seabird distribution as a consequence
of wind changes can decouple bird from fisheries
fisher
distributions,, with potential positive
outcomes to seabirds’ conservation. However, on our projections, most of the “decoupling”
from the fisheries distribution was a consequence of seabird range contraction on the northern
range of their distribution, so the net response may be negative.
negative Indeed,
ndeed, for four of our study
species, the reduction in overlap with high-bycatch
high bycatch fisheries comes from range contraction. On
the other hand, Wandering Albatross and Grey-headed
Grey headed Albatross, the two species with the
highest range contraction,, were predicted to increase their level of overlap with fisheries. In
the end, the seabirds’ vulnerabilities towards climate change may have to be compensated by
actions that minimize the impacts of bycatch on highly threatened large seabird
seabird species like
albatrosses and petrels (Waugh et al. 1999, Nel et al. 2003, Rolland et al.
al. 2010, Tuck et al.
2011).. A better control and management of fishing discards may be beneficial to the
conservation of marine ecosystems under climate change, considering that several seabird
species seem to have become dependent on fishery waste, and reducing
reducing such waste could
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increase their vulnerability to bycatch (i.e. birds might be more attracted to the baits on from
fishing hooks; Soriano-Redondo
Redondo et al. 2016).
2016)
Areas highlighted in this study as highly sensitive to changes in fishing activities due
climate change (i.e. northeast of the Antarctic Peninsula
Peninsula in the Scotia Sea, the central South
Atlantic and the south Indian Ocean) have already been recognized as problematic, with high
bycatch rates for several seabird species (Karpouzi et al. 2007b, Lewison et al. 2009, 2014).
2014)
However, efforts to apply bycatch mitigation measures have been successful (Gilman et al.
2005, Bull 2007, Pascoe et al. 2013),namely
2013)
,at the Scotia Sea where fisheries are wellwell
regulated by the Commission for the Conservation of Antarctic Marine Living Resources
(CCMLAR; Waugh et al. 2008).
2008). Nonetheless, conflict exists, and there are higher levels of
bycatch further north within the areas managed by the International Commission for the
Conservation of Atlantic Tunas (ICCAT)and by the Commission for the Conservation
rvation of Southern
Blue-fin Tuna (CCSBT) (Bugoni
Bugoni et al. 2008, Yeh et al. 2013).
2013) Thee monitoring and standard
management of fishing practices in this area needs to be maintained, and,
and if possible,
expanded to embrace the other sensible areas detected in this study in order to reduce the
wider ecosystem-level
level impacts of fisheries under climate
cli
change scenarios. There are several
fishery management approaches taking into
in account climate change scenarios to present and
future actions and management strategies, for instance “(i)
(i) maximizing future food production
given the depleted state of some
som stocks; (ii) minimizing bycatch of non-target
target species, (iii)
setting ecosystem allocation rules for non-target
non target top predators, such as seabirds, and (iv)
maximizing value and livelihoods for local economies”(Hobday
economies” bday et al. 2015b).
2015b) These strategies
may be applied under different management perspectives (i.e. ecosystem-based
ecosystem based management,
active- adaptive management, co-adaptive
co adaptive management), all with potential to “enable climate
change adaptation to varying degrees” (Ogier et al. 2016).
Pelagic marine reserves
Few
ew pelagic large marine ecosystems have received legal protection(Claudet
protection
et al.
2008, Singleton and Roberts 2014)despite
2014)
the global agreement of countries to protect 10% of
their oceanic
ic area until 2020(Secretariat
2020
of the Convention on Biological Diversity 2006).
2006) But
countries are moving in that direction, as recent implementation of large MPAs in Portugal
(European

Environment

Agency

2015),
2015),

United

States

of

America

(https://www.fws.gov/refuge/
//www.fws.gov/refuge/), and Antarctic waters (Cameron et al. 2012) have attested.
attested We
have showed that the use of pelagic seabird species habitat suitability can be a tool for
selecting important areas to be incorporated
incorporated in already existing or proposed MPAs. Our
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approach located areas where currently there are few designated or proposed pelagic MPAs
(Yorio 2009, Ronconi et al. 2012, Thaxter et al. 2012),
2012), in addition to proposals which
w
prioritize
MPA selection based on one or few attributes such as the presence of seamounts, reefs, or the
occurrence of one or few focal species (Arcos et al. 2012, Grecian et al. 2012, Dunn et al. 2014).
2014)
Our results also showed that the use of a seasonal approach could
d mean less impact of
o human
activities to achieve high conservation value, as proposed by Hyrenbach, Forney & Dayton
(2000).
Pelagic seabirds are exposed to a wide range of environmental stressors (Grémillet and
Boulinier 2009, Titmus and Hyrenbach 2011, Anderson et al. 2011b, Lewison et al. 2014, Wilcox
et al. 2015, Jiménez et al. 2015) as it was also highlighted in the results of this study. So the
location of key areas that takes into
in account the vulnerability of pelagic seabirds
seabird to those
stressors is largely required. However, the control of some of those highly dynamic factors (i.e.
acidification, plastic pollution) require actions that extends beyond the area of a given MPA.
But
ut reducing the local impacts of other controllable sources of impact may allow species,
communities and ecosystems to be more resistant and resilient to those non-controllable
non
stressors (Scheffer et al. 2001, Jiguet et al. 2007, Palumbi et al. 2008, McLeod et al. 2009).
2009)
Hence, our results should inform conservation decisions at both national and
international levels, in terms of potential new
new MPAs and implementation of those already
designated or proposed as Ecologically and Biologically Significant marine Areas (EBSAs) and
marine Important Bird Areas (mIBAs).
(mIBAs) For instance, our
ur analysis support the network of areas
proposed as mIBAs in sub-Antarctic
ntarctic waters by Birdlife International (http://www.birdlife.org/
http://www.birdlife.org/),
and the network of relevant areas in subtropical and tropical waters proposed as EBSAs by the
Convention on Biological Diversity CBD (https://www.cbd.int/ebsa/);
(
; the ultimate goal of
BirdLife International and CBD is that these areas receive integral or partial statutory protection
(BirdLife International 2015). We also stress the need to delineate protected areas in pelagic
tropical waters both within
in the Brazilian EEZ, and in international waters. Those unprotected
regions are important seasonally or year-round,
year round, and are subject to a wide array of HumanHuman
related threats.
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