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RESUMO

Uso do habitat e comportamento de voo do albatroz-de-nariz-amarelo

(Thalassarche chlororhynchos) no Oceano Atlantico Sul

Aves marinhas como os albatrozes sdo capazes de voo ascendente dindmico e assim
cobrem vastas distdncias ao longo de suas vidas, com baixo gasto energético. Porém o
ambiente no qual essas aves estdo inseridas muda em diferentes escalas, fazendo com que
as aves explorem o ambiente e comportem-se de forma variada ao longo do tempo e do
espaco. Neste estudo, 16 albatrozes-de-nariz-amarelo-do-Atlantico (Thalassarche
chlororhynchos, AYNA) foram rastreados com transmissores por satélite em 2015 e 2019
a fim de avaliar o uso do habitat ¢ o comportamento de voo. AYNA tem uma distribui¢ao
mais subtropical do que os demais albatrozes do Hemisfério Sul e menor envergadura de
asa, podendo, assim, usar os ventos de forma diferenciada. Batimetria, temperatura da
superficie do mar, niveis de clorofila-a e intensidade e dire¢ao dos ventos foram utilizados
para caracterizar os contornos de densidade de Kernel das aves rastreadas e também para
incorporar num Modelo Escondido de Markov (HMM), capaz de identificar
comportamentos ocultos ao longo da rota das aves. Aves fora do periodo reprodutivo
permaneceram sobre a plataforma continental da América do Sul durante todo o tempo
de rastreio. A regido ¢ caracterizada por dguas relativamente mais quentes e eutroficas.
Aves em reprodugdo, por sua vez, realizaram viagens longas até¢ a plataforma sul-
americana, ¢ viagens curtas ao redor da colonia em Tristdo da Cunha, ocupando durante
o transito o oceano aberto, caracterizado por aguas relativamente quentes, profundas e
oligotroficas. Ambos os grupos voaram sobre regides caracterizadas por processos de
mesoescala, onde ha altos niveis de clorofila-a e, pontualmente, baixas temperaturas.
Beta, o angulo entre a rota da ave e a direcdo do vento, foi similar para ambos os grupos.
As demais variaveis diferiram entre os grupos imaturo e adulto. Machos e fémeas também
diferiram, mas principalmente porque foram capturados em estagcdes do ano diferentes.
No HMM, foram identificados quatro comportamentos escondidos, em ordem de
frequéncia: deslocamento, seguido por forrageio, procura e descanso. Aves em
reproducao deslocaram-se mais do que as fora do periodo reprodutivo, que, por sua vez,
forragearam durante uma parte maior do seu tempo de rastreio. Todavia, por serem
forrageadoras centrais, aves em reprodugdo voaram dentro de um espago mais restrito do

que aves fora do periodo reprodutivo. Como as aves durante o periodo reprodutivo



encontraram diversas formagdes atmosféricas (definidas a partir de contornos de pressdo
atmosférica no nivel do mar) durante seu trajeto até a colonia, avaliou-se como as aves
comportavam-se. Aves usaram ventos periféricos de centros de pressdo atmosférica para
se deslocar, principalmente quando estes estiveram associados a um beta ortogonal. Aves
diante de frentes atmosféricas escolheram ora atravessa-las, ora esperar que passassem
(comportamento de descanso), ora deslocaram-se na mesma direcdo que elas (“‘carona™).
Ao contrario de outros albatrozes, AYNA também utilizou ventos de cauda para deslocar-
se. De modo geral, AYNA ocupou aguas relativamente quentes, forrageou em aguas
eutroficas rasas e deslocou-se sobre aguas oligotroficas profundas. Os locais onde esta
espécie ocorre sao também areas conhecidas pela presenca de diversas frotas pesqueiras,
que impactam negativamente a populacdo da espécie, através da captura acidental em
artes de pesca. A partir das caracteristicas ambientais utilizadas pela espécie e descritas
neste estudo, € possivel definir quais os locais mais adequados para minimizar as capturas
incidentais comuns a0 AYNA. Além disso, AYNA também se mostrou capaz de adaptar
o comportamento diante de diferentes formagoes atmosféricas, similar a outras espécies

de albatrozes maiores.

Palavras-chave: telemetria, ciclones, Modelo Escondido de Markov, status reprodutivo,

variaveis oceanograficas, ventos.



ABSTRACT

Habitat use and flight behavior of the yellow-nosed-albatross (Thalassarche

chlororhynchos) in the South Atlantic Ocean

Similar to other seabirds, albatrosses are able to soar dynamically and cover vast
distances throughout their lives, with negligible energetic costs. The environment in
which these birds occur changes at different scales, resulting in birds exploring the
environment and behaving in different ways across time and space. In this study, 16
Atlantic yellow-nosed albatrosses (Thalassarche chlororhynchos, AYNA) were tracked
in 2015 and 2019 in order to assess the habitat used and flight behaviour. AYNA has a
distribution more subtropical than other albatrosses from the Southern Hemisphere. In
addition, its wingspan is smaller, thus AYNA may use winds differently. Bathymetry,
sea surface temperature, chlorophyll-a concentrations, and wind intensity and direction
were chosen to characterize the Kernel density contours of the tracked birds and also to
incorporate a Hidden Markov Model (HMM), which can identify hidden behaviours
along bird tracks. Birds during the non-reproductive period remained on the continental
shelf of South America throughout the tracked period. The region is characterized by
relatively warm and eutrophic waters. Breeding birds carried out long trips to the
continental shelf and short trips around the colony at Tristan da Cunha, occupying the
open ocean as a transit area. This area was characterized by relatively warm, deep and
oligotrophic waters. Both breeding and non-breeding birds flew over punctual regions
marked by mesoscale processes, where chlorophyll-a levels are high and sea-surface
temperature is low. Beta, the angle between the bird's route and wind direction, was
similar for both groups. Other variables differed between breeding groups. Males and
females also differed mostly due to the fact that they were captured in different periods
of the year. Regarding behaviour, four hidden states discriminated by the HMM were
identified, in order of frequency: displacement, foraging, searching and resting. Breeding
birds displaced more than non-breeding birds, which in turn foraged most of their time.
However, as breeders are central place foragers, they flew over a more restrained area
than non-breeding birds. As breeders met different atmospheric formations during their
trips to the colony, their behaviour was evaluated. Atmospheric formations were defined
by sea-level pressure contours. Birds used winds peripheral to atmospheric pressure

centers to displace, especially if winds had an orthogonal beta. Birds reaching



atmospheric fronts could either cross it, wait for it to pass (resting), or fly in the same
direction (“taking a ride”). Distinct from other albatrosses, AYNA also used strong
tailwinds to displace. Overall, AYNA occupied relatively warm waters, foraged at
shallow eutrophic waters and moved over deep oligotrophic waters. Habitats used by
AYNA have a strong overlap with well-known fishing areas of several fishing fleets that
have a negative impact on the species through bycatch. From the environmental
characteristics used by the species and described in this study, it is possible to define the
most appropriate areas for the conservation of this species aiming to minimize incidental
catch rates. Moreover, AYNA also adapted their behaviour in face of different

atmospheric formations, similar to other larger albatrosses.

Key-words: atmospheric centres, Hidden Markov Model, oceanographic variables,

reproductive status, telemetry, winds.



INTRODUCAO

As aves marinhas sdo espécies em contato com o ambiente marinho, seja ele
costeiro, insular, estuarino, costeiro alagado ou oceénico. Elas alimentam-se em regides
de agua salgada, sdo K-estrategistas (Jouvetin & Dobson 2002, Holmes et al. 2010) e,
geralmente, sdo maiores do que as aves terrestres, além de menos coloridas em plumagem
e sexualmente monomorficas (Onley & Scofield 2010). Esse grupo diverso abrange as
seguintes ordens: Sphenisciformes (pinguins), Procellariiformes (albatrozes, petréis,
petréis-das-tormentas e pardelas), Ciconiiformes (cegonhas), Pelecaniformes (pelicanos),
Suliformes (atobas, fragatas, biguas), Phaethontiformes (rabos-de-junco) e
Charadriiformes (gaviotas, skuas, trinta-réis) (Schreiber & Burger 2001). Essa defini¢ao,
apesar de ndo universal, serd aquela usada no presente trabalho. Consideradas predadoras
de topo da cadeia trofica e indicadoras da qualidade do ambiente (Piatt et al. 2007, Parsons
et al. 2008, Hazen et al. 2019), essas aves possuem um historico de vulnerabilidade a
captura incidental na pesca (Anderson et al. 2011, Zhou et al. 2019), a destruicdo de
habitats (BirdLife International 2008) — em especial das areas reprodutivas (Munoz del
Viegjo et al. 2004, Pimm et al. 2006, Croxall et al. 2012) —, a ameaga de doengas e espécies
invasoras (Weimerskirch 2004, Jones et al. 2008, Descamps et al. 2012, Spatz et al. 2017,
Thoresen et al. 2017, Brooke et al. 2018, Caravaggi et al. 2018), a polui¢@o por 6leo e
plastico (Votier et al. 2005, 2008, Tanaka et al. 2013, Wilcox et al. 2015, Caldwell et al.
2019), a poluicdo luminosa (Rodriguez et al. 2015, 2017), a caga de individuos e a
predagdo dos ovos por humanos (Dias et al. 2019), e as mudangas climaticas (Grémillet
& Boulinier 2009, Hatfield et al. 2012, Sydeman et al. 2012). Diante desse cenario, o
conhecimento acerca da distribui¢do e do comportamento dessas aves pode ser util em
acdes de conservagdo, por exemplo, visando priorizar e delimitar 4reas marinhas
protegidas, que beneficiem espécies ameacadas de extincdo (Lascelles et al. 2012,
Ronconi et al. 2012).

Os albatrozes sdo aves de grande porte que alcancam até mais de 3,5 m de
envergadura de asa (Shaffer et al. 2001), e sdo capazes de realizar grandes deslocamentos
durante o periodo reprodutivo e nas migragdes (Weimerskirch et al. 2015). Essas aves
distribuem-se por todos os oceanos, mas, em sua maioria, concentram-se no Hemisfério
Sul. Sdo aves de comportamento pelagico: raramente pousam em terra, exceto para a
reproducdo (BirdLife International 2004). No Brasil, apesar de haver um extenso litoral
com complexas comunidades de aves marinhas (Daudt et al. 2019), ha uma caréncia de

estudos que relacionem a distribuicdo dessas aves com o ambiente ao qual pertencem



(Mott & Clarke 2018). Trabalhos como Neves et al. (2006a), Kriiger & Petry (2011) e
Daudt et al. (2019) analisam os padrdes de ocorréncia de diversas espécies — entre elas,
albatrozes — em relacdo a parametros ambientais. Essa abordagem ¢ importante ndo
apenas para entender a ecologia e uso que estas aves fazem do ambiente, mas também
para tomar decisoes acerca de sua conservacao e protecao (Louzao et al. 2009).

A distribuicdo dos albatrozes ¢ influenciada pela heterogeneidade espacial e
temporal do ambiente (Pinaud & Weimerskirch 2007) e também pelas necessidades
fisiologicas e de histéria de vida dos individuos (Arnould et al. 1996). Processos de
mesoescala tanto oceanograficos quanto atmosféricos modificam o padrao de distribuigdo
de presas dos albatrozes. Esses processos podem ser, por exemplo, meandros (Nel et al.
2001), frentes termais (Bost et al. 2009), massas d’agua (Weimerskirch et al. 2005),
correntes (Makhado et al. 2018) e ressurgéncias (Petersen et al. 2008), ou ainda centros
de pressao atmosférica (Murray et al. 2002, 2003a, b), frentes atmosféricas e tempestades
(Catry et al. 2004). A acdo desses processos pode, também, causar efeitos negativos nas
aves marinhas: a passagem de frentes atmosféricas, por exemplo, possui ventos intensos
capazes de deslocar individuos para longe de sua rota original, podendo, além disso,
provocar encalhes (Kai et al. 2009), ou deslocamentos para regides distantes da area de
ocorréncia regular ou mesmo para areas interiores, continente adentro (Bugoni et al.
2007). O entendimento dos processos de mesoescala se da através das variaveis
ambientais. Gradientes batimétricos (BAT), por exemplo, promovem correntes, marés,
meandros e demais processos costeiros (Huthnance 1995). Temperatura da superficie do
mar (SST) permite a identificacdo de frentes, ressurgéncias e, somada a salinidade,
determinam as caracteristicas de massas d’agua (Bouali et al. 2017, Piracha et al. 2019).
Ambos influenciam a produtividade primaria (PP) ao estabelecer um ambiente favoravel
para a proliferacdo de organismos na base da cadeia trofica (Mahadevan 2016, Nishino et
al. 2016). Niveis de clorofila-a (CHL) servem como proxy para a PP (Franz et al. 2005),
portanto, também indicam acimulo de biomassa ao longo da cadeia tréfica (Murphy et
al. 2007, porém veja Grémillet et al. 2008).

Ventos, por sua vez, sao o motor da circulagdo marinha (Dagestad & Rohrs
2019). Em grande escala, formagdes atmosféricas sdo capazes de afetar os processos
ascendentes (bottom-up) dos oceanos — como, por exemplo, a resposta tardia da
comunidade bioldgica frente a passagem de tempestades e furacdes devido a mistura da
coluna d’4agua (Nicholson et al. 2016, Pan et al. 2017). Em menor escala, centros

atmosféricos de alta ou baixa pressdo estimulam o regime de ventos (He et al. 2017,



Gilliland & Keim 2018), que podem ou ndo ser usados pelos albatrozes como corredores
de ar (Murray et al. 2002, 2003a, b). Além disso, o angulo e a intensidade dos ventos
afetam diretamente o voo dos albatrozes (Adams & Flora 2010), influenciando a dire¢ao
e trajetoria escolhida diante de ventos favoraveis ou ndo a rota (Yamamoto et al. 2017,
Alerstam et al. 2019). O tamanho das asas da ave modifica 0 modo como ela usa os ventos
(Spear & Ainley 1997, Suryan et al. 2008). Espécies menores de albatrozes, ao contrario
das espécies maiores, comumente abordados na bibliografia (e.g. Clay et al. 2020), podem
preferir angulos menos ortogonais ao voo (Spear & Ainley 1997). Eventos atmosféricos
extremos, como tempestades severas e ciclones, podem causar grandes deslocamentos de
individuos, como o que aconteceu com o Ciclone Catarina, primeiro registrado no sul do
Brasil (Bugoni et al. 2007). A agdo de eventos como esse ajuda a explicar encalhes em
massa ¢ redugao na populagdo de aves marinhas (Hass et al. 2012, Genovart et al. 2013).
Esses eventos também podem estar associados a um comportamento diferenciado e a
presencga tardia de aves em busca de locais com agregagao de presas (Nicoll et al. 2017,
Weimerskirch & Prudor 2019). Ademais, se ha dimorfismo sexual na espécie, machos e
fémeas poderdo ter respostas diferentes no ar (Wakefield et al. 2009, Clay et al. 2020),
podendo até mesmo ocupar regides distintas, com vento distinto (Shaffer et al. 2001).

A distribui¢go dos albatrozes também ¢ influenciada em nivel individual, regidos
pelo sexo, idade e status/necessidades reprodutivas. A distribuicdo de juvenis e adultos
estd atrelada a experiéncia dos individuos e a ligacdo com a colonia (Gutowsky et al.
2014, Weimerskirch et al. 2015). Aves fora do periodo reprodutivo distribuem-se
orientadas pela presenca de alimento (Weimerskirch et al. 2015), enquanto adultos com
filhotes possuem a necessidade de retornar a colonia regularmente, o que os impede de
explorar locais de alimentagdo mais distantes durante a temporada reprodutiva (Shaffer
et al. 2003). Por sua vez, adultos que falharam em reproduzir ou estdo em ano sabatico
ndo possuem o mesmo vinculo com a colénia e, portanto, podem distribuir-se mais
livremente (Phillips et al. 2005).

E possivel determinar que a distribui¢dio dos albatrozes envolve diferentes
comportamentos que essas aves executam ao longo de suas vidas. O comportamento esta
atrelado ndo apenas ao sexo ¢ ao status reprodutivo, mas também a heterogeneidade do
ambiente (Pinaud & Weimerskirch 2005, 2007, Desprez et al. 2018), as condigdes do
tempo (Spruzen & Woehler 2002), a presenca de presas e barcos de pesca (Weimerskirch
et al. 2007, Collet et al. 2015, 2017, Corbeau et al. 2019), entre outros fatores (ver revisdo
de Gutowsky 2017).
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Assim, albatrozes em periodo reprodutivo agem como forrageadores centrais
(central place foragers — CPF): por causa da necessidade de atender ao unico filhote, os
pais retornam a um ponto central, a colonia (Wakefield et al. 2009, Weimerskirch et al.
2014). O periodo reprodutivo de muitas espécies coincide com a abundancia de presas
perto da colonia (Shultz et al. 2009, Bertram et al. 2017). Em locais onde as aguas sdo
oligotroéficas, a situagdo ¢ diferente. Conforme o filhote cresce e torna-se independente,
os pais tém maior liberdade para explorar regides mais distantes, onde reestabelecem as
proprias provisdes (Arnould et al. 1996, Welcker et al. 2009, Antolos et al. 2017). Quanto
ao filhote, viagens curtas ao redor da colonia garantem sua alimentacdo. Esse
comportamento € chamado de dualidade nas viagens de forrageamento (dual-foraging) e
ocorre em albatrozes (e.g. Weimerskirch et al. 1993, 1997, Baduini & Hyrenbach 2003)
e em outras aves marinhas, tais como pardelas (e.g. Shoji et al. 2015, Ochi et al. 2016) e
alcas (e.g. Welcker et al. 2009) (mas veja Phillips et al. 2009).

Diante da pressao de ser um CPF e da experiéncia individual dos pais, estes se
restringem a encontrar alimento em regides com conhecida agregacdo de presas
(Awkerman et al. 2005). Esses locais possuem propriedades ambientais caracteristicas
que vao desde altos niveis de CHL e baixa SST até marcados gradientes de BAT
(Grémillet et al. 2008, Paiva et al. 2009, Suryan et al. 2012, Amélineau et al. 2016). Em
tais ambientes a presenca de alimento ¢ efémera no tempo e irregular no espaco
(Weimerskirch 2007). Assim, ao deparar-se com uma fonte de alimento, albatrozes
engajam-se em comportamento de busca de area restrita (area restricted search — ARS),
que consiste em rotas de passo curto e angulos acentuados dentro de um raio pequeno. O
deslocamento entre manchas de alimento, por outro lado, ¢ mais retilineo, ou seja, passos
mais longos e maiores angulos entre pontos (Kareiva & Ordell 1987). A identificacdo de
comportamentos a partir da rota das aves pode ser feita através de Modelos Escondidos
de Markov (Hidden Markov Models — HMM).

HMM ¢ um tipo de modelo estado-espago (state-space model) com foco na
identificacdo de comportamentos escondidos discretos (Boyd et al. 2014). Estes modelos
assumem que, sob pontos georreferenciados no tempo € no espago, existe um
comportamento escondido, capaz de ser localizado a partir do método de Monte Carlo via
Cadeias de Markov (Boyd et al. 2014), sob a condi¢do de que esses pontos formam uma
trajetoria de movimentos. Os comportamentos escondidos sdo determinados através de
uma abordagem bayesiana que leva em consideragdo o rumo e o passo da rota dos

individuos, além de covariaveis (Dean et al. 2013). HMM ¢ considerado um modelo
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flexivel e robusto (Patterson et al. 2009, Boyd et al. 2014, Pirotta et al. 2018). O presente
estudo utilizou pontos georreferenciados de individuos da espécie alvo e das variaveis
ambientais relacionadas a tais pontos (BAT, SST, CHL, diregdo e intensidade do vento)
para identificar quatro comportamentos: procura por alimento (caracterizado por dngulo
acentuado e passo largo), forrageio (angulo acentuado e passo curto), deslocamento
(angulo pequeno e passo largo) e descanso (angulo e passo pequenos) (Louzao et al. 2014,
Grissac et al. 2017).

Além do HMM, também observamos a rota dos individuos em relagdo a
formagdes atmosféricas de mesoescala, como centros de pressdo atmosférica, frentes e
depressdes tropicais. Quando ha a convergéncia de ventos, dizemos que um centro de
baixa pressdo formou-se. Na divergéncia de ventos, tem-se um centro de alta pressao.
Devido a for¢a de Coriolis, no Hemisfério Sul, centros de baixa pressdo sao ciclonicos,
ou seja, os ventos predominantes giram no sentido horario. Centros de alta pressao sao
anticiclonicos e giram no sentido anti-horario (He et al. 2017, Gilliland & Keim 2018).
Aves como os albatrozes sdo capazes de extrair energia do gradiente de vento sobre a
superficie do mar através do voo planado ascendente dinamico (dynamic soaring — DS)
(Mir et al. 2018). Esse comportamento é possivel em ventos acima de 3,5 m s! e, de
preferéncia, ortogonais (Richardson et al. 2018, Alerstam et al. 2019). O regime de ventos
e o tempo (no sentido de expressdo momentanea do clima, ndo ao tempo cronoldgico) sdo
determinados pela presenca, interagao e evolucao dos sistemas de pressao (Reboita et al.
2019). Albatrozes de porte corporal grande (género Diomedea) ja foram registrados
utilizando tais sistemas (Murray et al. 2002, 2003a, b), mas o uso deles por albatrozes
menores (por exemplo, do género Thalassarche, denominados mollymawks), ainda ndo
foi relatado.

Um desses albatrozes pequenos ¢ o albatroz-de-nariz-amarelo-do-Atlantico
(Thalassarche chlororhynchos, AYNA). E um dos menores albatrozes, com cerca de 2 m
de envergadura de asa e 2,5 kg. Nidifica no Arquipélago de Tristdo da Cunha e na Ilha de
Gough entre agosto e abril (ACAP 2012, Makhado et al. 2018). Globalmente, a populacio
possui de 50 a 80 mil adultos (ACAP 2012). No Brasil, a espécie ocorre durante o ano
todo em aguas do sul e sudeste, com predominio durante o inverno (Neves et al. 2006b).
Em 4guas internacionais, tipicamente ocupa o Atlantico Sul até a borda norte da
convergéncia subtropical (Olmos 2002). No leste do Atlantico, ocorre sobre a Corrente
de Benguela ao longo da plataforma continental africana (Makhado et al. 2018), sendo

esta principalmente visitada por individuos juvenis durante o inverno (Crawford et al.
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1991). A espécie ocorre frequentemente em aguas quentes subtropicais sobre a plataforma
continental (Neves et al. 2006a) e em regides de grande importancia pesqueira como a
Convergéncia Subtropical do oceano Atlantico Sul, ou seja, areas de pesca se sobrepdem
as areas de distribuicdo da espécie (Bugoni & Furness 2009a). E uma das espécies mais
comuns de albatrozes nos encalhes no Brasil (Faria et al. 2014).

O declinio da populagdo esta associado a captura incidental de AYNA (Cuthbert
et al. 2003). A maior parte dos individuos capturados sdo adultos (Petersen et al. 2009),
apesar de imaturos ja terem sido registrados nas capturas com espinhéis (Neves et al.
2006b). A tendéncia populacional ¢ de uma redugdo de 54—63% da populacdo em trés
geragdes, o que levou a classificagdo da espécie como “Em Perigo™ na lista vermelha da
IUCN (BirdLife International 2018), primeiramente sugerida por Cuthbert et al. (2003).

Diante desse cenario, o objetivo deste estudo € avaliar o padrdo de uso do habitat
¢ o comportamento de AYNA através do rastreamento feito em sete individuos durante o
ano de 2015 e em nove individuos durante o ano de 2019. O Apéndice 1, preparado na
forma de um manuscrito para publicacdo, aborda a distribui¢do desses individuos em
relacdo as variaveis ambientais (BAT, CHL, SST, intensidade e dire¢do dos ventos),
associando-o ao status reprodutivo (esta/nao esta reproduzindo) e ao sexo (macho/fémea).
Partiu-se da premissa de que AYNA esta associado a aguas quentes, de forma que (i) aves
em periodo reprodutivo ocupardo aguas quentes, profundas e oligotroficas enquanto que
(ii) aves fora do periodo reprodutivo ocupardo a plataforma continental sobre dguas ricas
e quentes. Por outro lado, enquanto (iii) o primeiro grupo encontrard uma maior
variabilidade de ventos durante suas viagens até locais de forrageio, espera-se que (iv) o
segundo grupo encontre ventos predominantes de nordeste enquanto permanece na costa
da América do Sul. Espera-se (v) encontrar segregacao espacial entre os status
reprodutivos e entre os sexos. Ja os objetivos do Apéndice 2, também formatado para fins
de pulicacdo, sdo aplicar o HMM as rotas georreferenciadas das aves, utilizando as
mesmas variaveis ambientais para identificar comportamentos escondidos (BAT, SST,
CHL, intensidade e direcdo do vento) e avaliar o uso de centros atmosféricos pelas aves.
Estes centros e demais formagdes atmosféricas (frentes, depressdo atmosférica) foram
identificados e localizados a partir de contornos de pressao atmosférica ao nivel do mar
(SLP). Assim como no primeiro, o segundo apéndice separa as aves de acordo com o
status reprodutivo e o sexo. Quanto as hipoteses, espera-se que (i) aves em periodo
reprodutivo encontrem formagdes atmosféricas em sua rota e modifiquem seu

comportamento diante deles. Espera-se também que (ii) aves fora do periodo reprodutivo



13

tenham mais eventos de forrageio, visto que se encontram sobre aguas ricas durante a
maior parte do tempo; ja (iii) aves durante o periodo reprodutivo terdo mais eventos de
deslocamento, principalmente devido as viagens de forrageio. Porém, (iv) ndo se espera

encontrar diferencas no comportamento entre machos e fémeas.

MATERIAL E METODOS

Todas as analises foram feitas no ambiente livre R (R Core Team 2017). A fim
de garantir a replicacdo destas, os scripts de cada apéndice estdo disponiveis como
material anexo da dissertacdo e material suplementar dos artigos. A seguir encontra-se a
metodologia geral aplicada nos Apéndices 1 e 2 referentes aos artigos produzidos a partir
da dissertacdo e a metodologia especifica de cada um. Ambos os artigos serdo
submetidos a periddicos cientificos Qualis B1 ou superior, conforme definido pelo

Programa de P6s-Graduagao em Oceanografia Bioldgica da FURG.

Area de estudo

Esta area de estudo abrange a plataforma continental da América do Sul, o oceano
aberto até a colonia de AYNA no Arquipélago de Tristdo da Cunha e a regido ao redor da
colonia at¢ um raio de 300 km. Essa regido ¢ caracterizada pela confluéncia Brasil-
Malvinas e pela Convergéncia Subtropical do oceano Atlantico Sul. A confluéncia se da
pelo encontro da corrente das Malvinas, com origem na Patagdnia, com a corrente do
Brasil, gerando meandros que se estendem até a cadeia Vitoria-Trindade no sudeste do
Brasil (20°S) (Matano et al. 2010). Os limites da Convergéncia Subtropical oscilam ao
redor do Farol de Santa Marta no sul do Brasil (28°S) e o Uruguai (34°S) (Peterson &
Stramma 1991). A convergéncia ¢ alimentada por um centro estacionario de alta pressao
na alta atmosfera. Na baixa atmosfera, centros de alta e baixa pressdo percorrem de oeste
a leste sobre o nivel do mar. A regido é marcada pelo desague continental da Lagoa dos
Patos (sul do Brasil) e do Rio da Prata (Argentina) (Seeliger & Odebrecht 1997). Dentro
da area de estudo, destaca-se também a ressurgéncia presente em Cabo Frio (sudeste do
Brasil), a qual ¢ mais intensa na primavera (Castelao & Barth 2006), e a Peninsula Valdés
(leste da Argentina), onde, durante o outono, ocorre quebra da termoclina (Moller et al.

2008, Palma et al. 2008).
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Dados de rastreamento das aves

Em janeiro de 2015, sete AYNA foram capturados a partir de um barco de pesca,
com o uso de tarrafa (Bugoni et al. 2009), ap6s serem atraidos com descartes de pesca.
Em 2019, o mesmo procedimento foi feito para capturar outros nove individuos.
Terminais transmissores por satélite Solar Argos/GPS-PTT-100 (Microwave Telemetry,
Inc., Maryland, EUA) foram usados em 2015 e GPS-PTTs KiwiSat K3H 173a (Sirtrack
Ltd.) em 2019. Os aparelhos foram acoplados as penas dorsais dos individuos usando fita
Tesa® programados para ciclos ligado:desligado de 12:12 h. A massa dos transmissores
corresponde a menos de 3% da massa dos individuos (descrita por Dunning-Jr. 2008 e
Faria et al. 2014), sendo assim dentro do limite sugerido como seguro para aves marinhas
(Phillips et al. 2003).

O rastreamento coincidiu com o periodo final da temporada reprodutiva das aves
em 2015 e com o periodo de postura de ovos e incubacdo em 2019 (ACAP 2012). A
presenga de placa incubadora foi registrada quando possivel e, de acordo com a presenga
ou auséncia, foi estabelecido o status reprodutivo (estava/ndo estava reproduzindo,
Rayner et al. 2014) qual foi confirmado pelas visitas regulares das aves rastreadas até a
coldonia (Péron et al. 2010). Amostras de sangue foram coletadas da veia do tarso com
seringa e agulha e armazenados em frascos plasticos com etanol absoluto. Essas amostras
foram usadas para determinagdo molecular do sexo através da extracdo de DNA e
amplificacdo dos genes CHD nos cromossomos das aves (Z e W). Os machos sdo

homogaméticos (ZZ) e as fémeas, heterogaméticas (ZW) (Fridolfsson & Ellengren 1999).

Dados ambientais

Para todas as analises foram utilizados dados atmosféricos e oceanograficos sem
uma projecdo especifica. A batimetria (BAT) foi obtida através do programa GEBCO
(intervalos de 30 arco-segundos, https://www.gebco.net/). Imagens de satélite com niveis
de clorofila-a (CHL) a cada oito dias do programa Ocean Color Web (resolucdo de c.4
km; http://oceancolor.gsfc.nasa.gov) foram baixadas e interpoladas linear e
espacialmente para preencher lacunas nos dados. As componentes u ¢ v do vento a 2 m
de altitude, a temperatura da superficie do mar (SST) e a pressao ao nivel do mar (SLP)
foram obtidas a partir do conjunto de dados NOAA High-Resolution Blended Analysis
(0,25° X 0,25°, resolucao horaria, PSD ESRL/OAR/NOAA-USA,
https://disc.gsfc.nasa.gov/). Pressdo ao nivel do mar (SLP) foi usada apenas para

identificar formagdes atmosféricas no Apéndice 2. Confirmamos a localizagdo e o tipo de
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formagao atmosférica (sistema de baixa/alta pressdo, frentes, depressao tropical) usando
cartas sinopticas da Forca da Marinha do Brasil (https://www.marinha.mil.br/chm/dados-

do-smm-cartas-sinoticas/cartas-sinoticas).

Andlise dos dados

Em ambos os apéndices, a rota das aves em periodo reprodutivo foi dividida em
viagens longas (at¢ a plataforma continental da América do Sul) e viagens curtas (até 300
km ao redor da colonia). As viagens foram segmentadas em 1) ida até a area de forrageio,
2) permanéncia sobre a area de forrageio, e 3) retorno para a colonia. Para cada viagem,
duracdo e distancia total foram calculadas com base nos pontos originais.

Quanto as variaveis ambientais, SST, BAT e CHL foram divididas em categorias
seguindo Bugoni et al. (2009), que rastreou na mesma regido individuos de pardela-de-
oculos, Procellaria conspicillata. A velocidade do vento foi setorizada usando a escala
Beaufort. O angulo entre a dire¢@o do vento e a rota das aves (beta) também foi calculado
e classificado seguindo Lane et al. (2019) como ventos de frente (headwinds), ortogonal
(crosswinds) e de cauda (tailwinds). Variaveis estaticas no tempo (por exemplo, BAT)
foram interpoladas bilinearmente enquanto que as demais (SST, CHL, componentes u ¢
v do vento), cubicamente. Desta forma, por meio de uma interpolagdo, localizou-se o
valor das variaveis correspondentes a0 mesmo momento no tempo (quando aplicavel) e
coordenada no espaco que a localizagdo obtida através do rastreamento das aves. Isto foi
feito a fim de se evitar incongruéncias entre as diferentes escalas dos dados ambientais
de forma se aproximar dos dados de GPS, que possuem alta acuracia, no tempo ¢ no
espago. Os pacotes utilizados para as interpolagdes foram ‘pracma’ (Borchers 2019) e
‘oce’ (Kelley 2018), respectivamente, no ambiente R. Considerou-se os ventos ortogonais
acima de 3,5 km como ideais para o voo dindmico ascendente de forrageadores centrais

(Richardson et al. 2018, Alerstam et al. 2019).

Analises Apéndice 1

Analise de densidade de kernel (Wood et al. 2000) foi usada para delinear a area
de ocupacao (contornos de 95%) e a area central (contornos de 50%) da distribuicao das
aves para cada status reprodutivo, em cada um dos anos (2015 ¢ 2019). Para esta analise,
usamos o pacote ‘adehabitatHR’ (Calenge 2006). A area dos contornos de ambos os
status reprodutivos foi estimada. A relacdo entre as areas foi usada para identificar

segregacdo ou sobreposi¢do total ou parcial. Cada contorno foi descrito usando as
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varidveis ambientais a partir de sua média, desvio padrao e amplitude (BAT, SST, CHL,
intensidade e dire¢ao do vento). A distingdo entre os contornos foi feita através do teste

de Wilcoxon a partir das médias ambientais presentes em cada area.

Analises Apéndice 2

Um Modelo Escondido de Markov (HMM) foi aplicado nos dados de
rastreamento para definir estados comportamentais (Joo et al. 2013). O modelo usou o
passo entre as localizagcdes e o angulo do turno da rota para atribuir estados ocultos
(Dodge et al. 2008). As covariaveis utilizadas no modelo foram BAT, SST, CHL,
intensidade e direcao do vento. Para esta analise, usamos o pacote ‘move HMM’ (Michelot
et al. 2016). Além disso, para determinar qual classe de covaridvel predominou em cada
estado oculto, foi aplicado um teste de qui-quadrado.

Além do HMM, também foi avaliado o uso de centros atmosféricos pelas aves,
seguindo o método descrito por Murray et al. (2002, 2003a, b) e Weimerskirch & Prudor
(2019). Primeiramente, como os dados de pressao a nivel do mar (SLP) e dos ventos sdo
horarios, fez-se uma média a cada 12 h com inicio na hora 00:00 h, a fim de se comparar
com as cartas sinoticas da Marinha do Brasil. Depois de identificadas as formagodes
atmosféricas manualmente a cada 12 h, a rota da ave foi sobreposta ao mapa indicando
cada comportamento descoberto pelo HMM. Desta forma, o método envolve identificar
o nucleo de cada centro atmosférico, seja tanto de alta quanto de baixa pressdo, ¢
relacionar a direcdo da rota tomada pela ave e o comportamento da ave com o
deslocamento do nucleo e os ventos resultantes do centro. O mesmo foi feito para outras

formacgdes atmosféricas, como frentes ¢ depressdes tropicais.

PRINCIPAIS RESULTADOS

Foram rastreadas sete aves em 2015 durante o periodo de cuidado dos filhotes e
nove aves em 2019, durante o periodo de postura e incubacdo dos ovos (Tabela 1,
Apéndice 1). Dessas aves, trés e duas, respectivamente, encontravam-se fora do periodo
reprodutivo. Aves em reproducdo realizaram varias viagens entre a coldnia no
Arquipélago de Tristdo da Cunha e os locais de forrageio a oeste. As viagens longas, até
a plataforma continental da América do Sul, e curtas, at¢ um raio de 300 km ao redor da
colonia, demonstraram dualidade do forrageio (dual-foraging), padrdo descrito pela

primeira vez para a espécie. Ao contrario dos reprodutores, aves fora do periodo
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reprodutivo permaneceram na plataforma continental da América do Sul durante todo o
periodo de rastreamento.

No apéndice 1, aves dentro do periodo reprodutivo ocuparam aguas quentes e
oligotroficas no oceano aberto em suas viagens longas e curtas. Na plataforma continental
da América do Sul, aves dentro e fora do periodo reprodutivo ocuparam aguas quentes ¢
eutroficas. Os locais mais visitados pelas aves na plataforma continental foram a regido
de Cabo Frio no sudeste do Brasil, a regido do sul do Brasil como um todo, a regido do
Rio da Prata entre Uruguai e Argentina, e a regido da Peninsula Valdés no leste da
Argentina. Esses locais foram visitados em momentos em que os niveis de CHL estavam
altos, que, por sua vez, sdo comumente associados a baixa SST. Todavia, a passagem das
aves sobre locais pontualmente frios ndo sobrepds a alta ocorréncia dos individuos em
aguas mais quentes (subtropicais e tropicais). Quanto aos sexos, machos e fémeas
ocuparam a mesma regido, mas em momentos diferentes: durante a primavera e o outono,
respectivamente.

BAT, SST, CHL e intensidade do vento diferiram entre status reprodutivos para
ambos os contornos de densidade (50% e 95%). Como aves fora do periodo reprodutivo
deslocaram-se mais para norte (até 20°S, primavera de 2019) ou para sul (até 43°S, outono
de 2015), encontraram regioes diferentes da plataforma continental em relagdo a aves em
reproducdo. Ademais, aves em reprodug@o ocuparam o oceano aberto, acentuando essa
diferenca. Beta, o angulo entre dire¢do do vento e rota da ave, foi a inica varidvel similar
entre os status reprodutivos em ambos os contornos de densidade. Isso se deve ao fato de
que aves em reprodugdo encontrarem uma diversa gama de ventos, enquanto que aves
fora do periodo reprodutivo voaram no corredor de ar paralela a costa da América do Sul
(fluxo de nordeste). Como o segundo grupo realizou procura de area restrita (ARS) a
maior parte do tempo, o beta encontrado assemelhou-se ao das aves em reprodugio.

No apéndice 2, foram estabelecidos quatro estados comportamentais, quais
foram identificados como deslocamento, forrageio, procura e descanso, em sequéncia de
mais frequente para menos frequente. De modo geral, aves dentro do periodo reprodutivo
realizaram mais eventos de deslocamento do que aves fora, que, por sua vez, realizaram
mais forrageio. O comportamento definido como deslocamento esteve associado com o
dual-foraging das aves em reproducdo. Deslocamento também foi realizado durante a
trajetdria entre duas supostas manchas de alimento, nas quais as aves realizaram forrageio
na forma de ARS. Procura foi considerado o comportamento erratico e ocorreu em

diversas situacdes, tais como nos destinos das viagens (e.g. sobre a colonia e ao redor
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desta), entre supostas manchas de alimento e sob condigdes atmosféricas adversas e
imprevisiveis. Descanso foi o comportamento menos frequente, principalmente porque
esteve mais associado com o periodo noturno, momentos em que os rastreadores
estiveram desligados.

Quanto as formagdes atmosféricas, este € o primeiro estudo a relaciona-las a rota
de albatrozes menores como o0 AYNA. Aves em periodo reprodutivo usaram ventos
periféricos de centros atmosféricos para se deslocar, principalmente de centros de alta
pressdo. Nucleos de centros de baixa pressdo, associados a tempestades, e depressdes
tropicais foram evitados. Sistemas frontais desencadearam diferentes comportamentos:
“carona”, travessia ou descanso. Caronas ocorreram quando a ave encontrava-se atras da
frente atmosférica e os ventos predominantes eram ortogonais ao voo, portanto, propicios
para o deslocamento. Travessias ocorreram quando ventos eram ortogonais, mas ave €
frente seguiam caminhos opostos, de forma que a ave cortava a trajetdria da frente.
Descanso, por sua vez, aconteceu diante de ventos de frente ou ventos de cauda fracos,
pouco propicios para o deslocamento. Além de ventos ortogonais, aves também usaram

ventos fortes de cauda para se deslocar.

CONCLUSOES

. O voo das aves em reproducdo foi caracterizado pela dualidade no
forrageio e pelo fato das aves serem forrageadoras centrais. Ao contrario destas, aves fora
do periodo reprodutivo voaram para regides mais distantes (mais ao norte ou mais ao sul)
do que aves em reprodugao visto que nao possuem vinculo com a colonia, podendo assim
deslocar-se e permanecer em areas mais distantes. Essa diferenca proporcionou uma
segregacao parcial entre os contornos de densidade de Kernel dos status reprodutivos.

. Aves em reproducdo diferiram das aves fora do periodo reprodutivo
quanto as condi¢cdes ambientais encontradas, em especial, batimetria (BAT), temperatura
da superficie do mar (SST), clorofila-a (CHL), ¢ intensidade dos ventos. Beta foi similar
para todos os grupos.

. Machos e fémeas ocuparam a mesma regido, mas em momentos distintos:
primavera e outono, respectivamente. Devido a isto, as condigdes ambientais (BAT, SST,
CHL e intensidade dos ventos) encontradas por ambos os sexos diferiram. Ademais,
apesar de seres semelhantes em tamanho corporal e ocuparem uma mesma regido, machos
e fémeas diferiram na frequéncia dos comportamentos. Mais estudos sdo necessarios para

aprofundar esta questdo e verificar se houve viés na amostragem.
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. Os comportamentos identificados através dos modelos escondidos de
Markov para este estudo foram deslocamento, forrageio, procura e descanso (em ordem
de frequéncia). Aves em periodo reprodutivo deslocaram-se mais em suas viagens de
forrageio enquanto aves fora deste periodo passaram a maior parte do tempo em procura
de area restrita, associado ao forrageio.

. Das regides propicias a alimentagdo de AYNA, destacam-se duas: a regido
ao redor da coldnia (dentro do raio de 300 km) e a plataforma continental da América do
Sul. A primeira foi repetidamente visitada pelas aves em periodo reprodutivo, enquanto
que a segunda foi visitada por ambos os status reprodutivos. As aves visitaram e
forragearam nesses locais, indicando que sdo uma fonte confiavel de alimento. Ademais,
aregido de oceano aberto entre colonia e a plataforma continental da América do Sul foi
usada como zona de transito por aves em reproducao.

. Na plataforma continental, as principais areas de atuacdo das aves foram
na regido de Cabo Frio (sudeste do Brasil), sul do Brasil, Rio da Prata (entre Uruguai e
Argentina) e Peninsula Valdés (leste da Argentina). Tais areas foram identificadas como
regides de alimentagdo das aves e sdo também areas onde diversas frotas pesqueiras
atuam. Desta forma, ¢ importante salientar os limites da distribui¢do destas aves a fim de
se garantir a conservagao da espécie via érgdos competentes nacionais ¢ mecanismos de
protegdo e manejo internacionais tais como a delimitagio de Areas de Protegdo Marinha,
periodos de manejo para artes de pesca com alta taxa de captura incidental, ou até mesmo
a regulamentacdo e aplicacdo de medidas de mitigacdo para evitar a captura incidental
aplicada a frotas pesqueiras e areas especificas onde as aves estdo concentradas.

. No oceano aberto, aves em periodo reprodutivo encontraram diversas
formacdes atmosféricas. Essas aves demonstraram ter a plasticidade para adaptar-se a
diferentes feicdes do clima semelhante a outras espécies de albatrozes maiores. Desta
forma, elas conseguiram adequar sua rota e evitar tempestades. Isso significou que o
melhor caminho para essas aves ndo foi necessariamente uma linha reta ou o caminho
mais curto, mas o caminho com os melhores ventos para auxilio ao voo. E, ao contrario

das aves maiores, AYNA também utilizou ventos fortes de cauda para se deslocar.
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Tracking Atlantic yellow-nosed albatross (Thalassarche chlororhynchos) in the

South Atlantic Ocean: the role of breeding status and sex on habitat use
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ABSTRACT: The distribution of seabirds is affected by the patchy distribution of their
prey, by physiological needs and life history parameters intrinsic to each species.
Moreover, environmental variables are used as cues for finding food. The Atlantic
yellow-nosed albatross (Thalassarche chlororhynchos, AYNA) is a small-sized albatross
whose population is declining mainly due to bycatch in fisheries. We used bathymetry,
sea-surface temperature, chlorophyll-a concentration, and wind intensity and direction to
describe the distribution and habitat use of AYNA concerning the breeding status and sex
through biotelemetry. Overall, non-breeding birds remained at the continental shelf of
South America over warm, enriched waters, whereas breeding birds occupied both the
continental shelf and the open ocean, over warm, oligotrophic waters. During the breeding
period, AYNA acts as a central place forager and performs dual foraging, i.e. short trips

(< 300 km) around the colony, alternated by long trips (> 3000 km) towards the South
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American continental shelf. Trips occurred under moderate winds, capable of sustaining
dynamic soaring and were triggered by crosswinds. We tracked birds during
spring/summer, when winds enhance the upwelling at Cape Frio, and during
summer/autumn, when the thermocline across the continental shelf of southern Brazil,
Uruguay, and eastern Argentina breaks. Both mesoscale processes have the potential to
enhance the availability of prey. Our study highlights core areas occupied by breeding
and non-breeding AYNA, concerning environmental variables, which must be taken into

account for fisheries management and conservation of this threatened species.

KEYWORDS: biotelemetry, kernel density, dual-foraging, bathymetry, chlorophyll-a

levels, wind, sea-surface temperature
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1. INTRODUCTION

Oceanographic and atmospheric mesoscale phenomena promote the
heterogeneity of the environment and, through bottom-up processes, the availability of
seabird prey (Waugh et al. 1999). Seabird distribution is influenced by the patchy
distribution of their prey, by physiological needs and life-history parameters
(Weimerskirch 2007). Physiographic and environmental variables such as bathymetry
(BAT), sea-surface temperature (SST), and chlorophyll-a (CHL) are strong indicators of
seabird distribution (Hyrenbach et al. 2002, Amélineau et al. 2016, Grecian et al. 2016),
allowing the prediction of the oceanographic habitats explored by seabirds (Weimerskirch
2007). Changes in depth influence the formation of mesoscale processes, which are
frequently associated with the presence of foraging seabirds (Blanco & Quintana 2014).
SST is used to identify typically enriched regions, i.e. eddies, upwelling, and fronts
(Thorne et al. 2015, Grecian et al. 2016), as well as water masses, which are related to
seabird assemblages (Bost et al. 2009). CHL is also used as a proxy for prey presence and
abundance as it is directly related to the accumulation of biomass along the food chain
through bottom-up processes (Grémillet et al. 2008, Grecian et al. 2016), despite a lag-
time between primary production and the availability of key seabird prey, such as squids
and fish (Fauchald et al. 2000). These phenomena are driven by the way climate,
abundance of food resources, and nutrient content influence higher trophic levels, which
may limit entire ecosystems (Frederiksen et al. 2006).

Wind variation, in direction and intensity, influences changes in the direction
and trajectory of bird movements and their distribution (Weimerskirch et al. 2012). Winds
may limit the flight efficiency of central-place foragers (CPF) over the sea (Alerstam et
al. 2019). The stronger the wind, the faster the flight needs to be, which brings extra costs

to the bird (Hong et al. 2019) or could be used to increase flight speed per se and stimulate



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

36

displacement (C. D. Gabani unpubl. data, Appendix 2). Wind conditions determine the
timing and range of foraging excursions (Dodge et al. 2013, Yamamoto et al. 2017), yet,
changes in this relation remain to be tested (Alerstam et al. 2019). Albatrosses, in
particular, can perform dynamic flight by soaring over the ocean and by exploiting the
energy of the vertical gradient over the ocean surface (Mir et al. 2018).

Seabird distribution is also influenced by sex, age class, and reproductive status
of the individuals within a population. Sexual spatial segregation in seabirds may occur
based on the different wing loadings between males and females — due to different body
sizes (Gonzalez-Solis et al. 2000), and also due to the role that each sex plays in parental
care (Phillips et al. 2005). Regarding reproductive status, breeding and non-breeding birds
differ in spatiotemporal distribution and habitat use, as non-breeders are not constrained
by the need to return to the colony, i.e., they are not CPF, thus may reach further, and stay
over foraging grounds (Ballance et al. 2006, Clay et al. 2016). Individuals may also
present exclusive distribution and movement patterns (Bonnet-Lebrun et al 2018).

The Atlantic-yellow-nosed-albatross (Thalassarche chlororhynchos, AYNA) is
a small albatross (mollymawk) endemic to the Tristan da Cunha Archipelago, where
breeds from August to April. The archipelago includes the isles of Gough, Nightingale,
Inaccessible and Tristan da Cunha. Population estimates globally are from 50,000 to
80,000 adults (ACAP 2012). The species is often seen on the continental shelf, over
relative warm water masses (subtropical and tropical, Neves et al. 2006). In Brazil, the
species occurs throughout the year in southern and southeastern regions, where it is
common during the austral winter (Neves et al. 2006). In international waters, it occupies
the northern border of the subtropical convergence in the South Atlantic Ocean (latitude
ranges mainly 30—45°S to 20°S in winter) (Olmos 2002). In the Eastern Atlantic Ocean,

it occurs in the Benguela current along the African continental shelf (Makhado et al.
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2018), which is mainly visited by juveniles during winter (Crawford et al. 1991), and a
regular vagrant to North Atlantic Ocean (Howell & Zufelt 2019).

Pelagic longline fishing areas overlap with AYNA distributions (Bugoni &
Furness 2009a, Carneiro et al. 2020), where it is one of the most frequent species
attending fishing vessels for discards (Bugoni et al. 2008a). Bycatch of AYNA in longline
fisheries is associated with its population decline (Cuthbert et al. 2003). Indeed, adults
and immatures are incidentally captured in longline fisheries along the African sector
(Petersen et al. 2009), as well as longline and a range of hook-an-line fisheries in the
South American sector (Bugoni et al. 2008b). Population trends indicate a 54% to 63%
decline in three generations, which resulted in the classification as "Endangered" globally
(BirdLife International 2018).

This study aims to identify patterns in the spatial distribution of the AYNA in
relation to BAT, SST, CHL, and winds. We also aim to investigate the area used by
individuals to their reproductive status (breeding vs. non-breeding) and sex (male vs.
female). We expect that breeding birds will occupy poor, deep, and warm waters as they
are CPF. They are expected to face a wider range of wind angles and speeds as they fly
thousands of kilometers over the open ocean to reach the colony. On the other hand, non-
breeding birds will remain mostly over rich, shallow and warm waters over the
continental shelf. However, they will face a more limited range of wind angles and speeds

as they travel alongside the South American coast.

2. MATERIAL AND METHODS
2.1. Study area
The study area extends from 20°S to 44°S on the continental shelf of South

America, and eastward, including the open ocean and waters around the AYNA colony
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on the Tristan da Cunha archipelago. This region is characterized by the Brazil-Malvinas
confluence, where occurs the meeting of the Malvinas Current, with origin in Patagonia,
with a northward flow, with the Brazil Current, with a southward flow. This encounter
generates eddies that extend to the Vitdria-Trindade seamount chain in southeastern
Brazil (20°S) (Matano et al. 2010). The region is marked by the continental discharge of
Lagoa dos Patos (southern Brazil) and the Plata River (Argentina) (Seeliger & Odebrecht
1997). Within the study area, there is also an upwelling, at Cape Frio (southeastern
Brazil), which is more intense during spring, and the Valdés Peninsula (eastern
Argentina), where, during autumn, the thermocline breaks (Mdller et al. 2008, Palma et
al. 2008). Also, alongside the coast of South America, wind constantly blows from

northeast to southwest forming an airway (Peterson & Stramma 1991).

2.2. Bird data

Seven AYNA in 2015 and nine in 2019 were attracted to fishing vessels using
offal and captured using cast nets (Bugoni et al. 2008c) off southern and southeastern
Brazil, respectively. Solar Argos/GPS PTT-100 Satellite Transmitter Terminals
(Microwave Telemetry, Inc., Maryland, USA) were deployed on 2015 and GPS-PTTs
KiwiSat K3H 173a (Sirtrack Ltd.) in 2019 on the mantle feathers of birds using Tesa®
tape. Devices were programmed for 12:12 on:off duty cycles. The heaviest of devices (70
g) were about 3% of the body mass of adult AYNA (2200 g, Dunning-Jr. 2008) or birds
found stranded alive on the coast (1672-2720 g, Faria et al. 2014). Thus, device mass is
within the limit suggested as safe for seabirds (Phillips et al. 2003). Each device was set
to obtain at least 5 fixes (accuracy of £18 m) during the 12 h period the GPS was
programmed to be turned on. Only valid locations were considered, i.e., locations with Z

Argos classification were excluded from the analysis. The presence of a brood patch was
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recorded when possible (Tranquilla et al. 2003). Trips within a radius up to 300 km around
the colony were classified as short trips whereas long trips were based on the overall bird
range, i.e., until birds reached foraging grounds at the South American continental shelf.
No bird performed trips intermediate between the two categories, or towards the eastern
Atlantic Ocean.

The reproductive status was defined as breeders and non-breeders (Jaeger et al.
2014), the latter including birds that never visited colony grounds. The identification of
the reproductive status was based on the presence of brood patch (n =5) and/or confirmed
with bird tracks, i.e., birds attending colony later in the breeding season (n = 11 in total,
Péron et al. 2010, Rayner et al. 2014). Blood samples were collected from the tarsal vein
with syringe and needle and placed in plastic vials with absolute ethanol. Blood samples
were used for molecular sex determination through DNA extraction and amplification of

the CHD genes in bird chromosomes Z and W (Fridolfsson & Ellegren 1999).

2.3. Environmental variables

Each bird track was overlapped with maps of environmental variables (SST,
BAT, CHL, wind components u# and v) to identify which habitats were used, using
RStudio Desktop 1.1.447 (R Core Team 2017). Each variable was extracted for each
coordinate estimated in time and space to identify predominant intervals for each
reproductive status and sex. The extraction was made via a bilinear (BAT) or cubic
interpolation (rest of variables) by using the packages ‘pracma’ (Borchers 2019) and
‘oce’ (Kelley et al. 2019), respectively. This way, scale differences in data were avoided.
SST and wind data were obtained from the NOAA High-Resolution Blended Analysis
dataset (0.25° x 0.25°, PSD ESRL/OAR/National Oceanic and Atmospheric

Administration/USA). Satellite images were obtained from the Ocean Color Web
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program (resolution of c.4 km; http://oceancolor.gsfc.nasa.gov) as a proxy for CHL
concentration. BAT data were obtained from GEBCO (The General Bathymetric Chart
of the Oceans, intervals of 30 arc-seconds). Bird-wind angle - i.e. the difference between
bird flight and wind direction, hereafter beta - was calculated and classified based on Lane
et al. (2019) as head-, cross- or tailwinds. Bird angle was calculated based on the
difference of direction between GPS fixes. Wind speed and direction were calculated
based on the wind components « and v (Lane et al. 2019). Also, at the beginning of each
trip, we checked wind conditions to identify which could be considered favourable
weather. Crosswinds around 3.5 km were considered ideal for dynamic soaring and

central place forager flight (Richardson et al. 2018, Alerstam et al. 2019).

2.4.  Data analysis

Kernel density was used to outline the occupation area (95% contours) and the
core area (50% contours) of bird distribution for both reproductive status and both sexes
(Wood et al. 2000). We estimated the area of each contour. We also analyzed if contours
overlapped and calculated overlapped proportions (in %) to identify possible segregation
between reproductive status and sexes. Each contour was described using the mean,
standard deviation and range of the environmental variables (BAT, SST, CHL, wind
direction and speed). For this analysis, the package ‘adehabitatHR’ (Calenge 2006) was
used. Differences between habitat use patterns of each reproductive status each year,
regarding environmental variables, were tested with a Wilcoxon test for non-parametric

variables.

3. RESULTS
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In total, 16 birds were tracked. Tracking period lasted on average 68 + 27 days,
where birds covered on average 120,558 + 126,676 km with a mean speed of 13.53 +3.11
km h! (Table 1). Non-breeders (n = 5) tracked during 2015 and 2019 occupied the
continental shelf between 33°S and 44°S and between 20°S and 28°S respectively (95%
contours). They concentrated along the southeastern Brazilian and eastern Argentinian
coasts (50% contours home range). Breeding birds occupied the region around the colony,
the open ocean, and the continental shelf between 22°S and 44°S. The 50% contours
concentrated around the colony and also over the South American continental shelf (Fig.
1). For breeders (n = 11), the tracking coincided with the fledging period in 2015 (austral
summer/autumn) and with the egg-laying and incubation period, i.e. austral spring, in
2019 (ACAP 2012, Table 1). Breeders performed trips between the colony and foraging
grounds. Short trips had a radius of up to 300 km around the colony. Complete long trips
were a commute between colony grounds and the continental shelf of South America,
<3500 km. Long and short trips demonstrated a bimodal frequency distribution (Fig. 2),
in both 2015 and 2019. Complete long trips (n = 7) lasted 21.54 = 1.75 days, whereas
complete short trips (n = 34) lasted 2.75 + 2.32 days (Fig. 2).

The distribution of males (n = 9) and females (n = 6) overlapped at the open
ocean and the South American continental shelf. One bird of sex unknown restrained their
distribution to the region of Cape Frio (Fig. 3). Females were captured more often during
summer/autumn 2015, whereas males were tagged during spring 2019 (Table 1). The
home range by both groups was similar in size, but not in environmental characteristics
(Tables 2 and 3). Breeding males (n = 7) made more short-range trips than females,
however, breeding females (n = 3) reached farther foraging grounds in relation to
breeding males and spent more time at sea on average. On long-ranged trips, females took

paths further south than males. Conversely, males did longer trips and more short trips
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than the mean number of trips of females. Females, on the other hand, spent more time
foraging in long trips at the southern sector of their distribution. On the continental shelf,
both sexes covered the same region, from southeastern Brazil to eastern Argentina.

The SST was distinct between breeding and non-breeding birds in both density
contours (Tables 4 and 5). Non-breeders occupied more tropical than subtropical waters
(Fig. 4). Breeders had a similar occupation in both tropical and subtropical waters.
Atlantic yellow-nosed albatrosses moved south or north according to the SST (Fig. 5).
Males moved on colder SST than females on average (Tables 4 and 5).

Bathymetry differed between breeding and non-breeding birds in both density
contours (Tables 4 and 5). Non-breeders flew over the continental shelf and shelf-break
at all times (Fig. 6). Breeders spent more time at the open ocean during short and long
trips (Fig. 4b). Males flew over deeper waters than females.

Proportionally, non-breeding birds remained a longer time in areas with high
CHL levels than breeding birds, in both 50% and 95% contours (Tables 4 and 5, Fig. 4).
Contrary to breeders who remained at the region between Cape Frio (Brazil, ~25°S) and
Plata River mouth (Argentina, ~45°S), non-breeders reached grounds further north over
the continental shelf (e.g. the seamount chain Vitoria-Trindade, Brazil, ~20°S), and
southward (up to Valdés peninsula, Argentina, ~43°S) where CHL levels were high (Fig.
7). Females found richer waters than males on average (Tables 2 and 3).

Regarding wind, the beta was similar for both groups in both density contours
home range (Tables 4 and 5, Fig. 8). Breeders found a wide variety of wind angles as they
crossed the open ocean towards foraging grounds. Non-breeding birds remained at the
continental shelf where predominant winds flow towards the southeast. Wind speed was
different between groups: breeders flew within stronger winds than non-breeders (Fig. 7).

During foraging trips, a departure from the colony or foraging grounds happened under
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moderate crosswinds (from 3.5 to 7 m s™). Males and females presented a similar beta to
breeders and non-breeders. Males were in contact with stronger winds than females, but,

on average, wind speed for both groups was much alike (Tables 2 and 3).

4. DISCUSSION

In the current study, we identified that Atlantic yellow-nosed albatrosses
(AYNA) performed a dual-foraging strategy, with trips < 300 km around the colony and
3000 km towards the South American continental shelf. Dual foraging is common among
seabirds such as other albatrosses (Weimerskirch et al. 1993, Baduini & Hyrenbach
2003), shearwaters (Shoji et al. 2015, Ochi et al. 2016) and auks (Welcker et al. 2009)
(but see Phillips et al. 2009), but this is the first study to record such a strategy in AYNA.
In this strategy, short trips are usually performed to attend the offspring's needs
(Weimerskirch et al. 1994). We tracked AYNA during both egg-laying/incubation and
fledging periods (ACAP 2012), and the species performed dual foraging regardless of
juvenile independency. The 300 km radius around the colony is characterized by deep
warm oligotrophic waters. Even though this region is poor in chlorophyll-a levels (CHL),
which are a proxy for primary productivity, it seems to be a reliable source of food as
breeders visited it often. In contrast, long trips usually fulfill the nutritional requirements
of adults (Weimerskirch et al. 1994). In our study, birds visited the South American
continental shelf during the whole tracking period; there waters are comparatively warm,
shallow, and eutrophic. Birds concentrated between Cape Frio and Plata River (50%
density contour). This region was the one with the highest CHL. Continental shelves are
known to hold abundant prey in comparison to the open ocean (Amélineau et al. 2016).
Thus, it was explored by both breeding and non-breeding birds. Both statuses overlapped

their density contours at the continental shelf of South America, but more pronouncedly
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at the region of Cape Frio (Brazil). Still, as central place foragers (CPF), breeding birds
are restrained by the need to attend offspring, thus, they must explore foraging grounds
not far from the colony (Ballance et al. 2006, Clay et al. 2016). Non-breeders, on the other
hand, were able to go further north or further south than breeders. Hence, we identified
partial segregation between breeding statuses (Fig. 1). Moreover, non-breeding birds have
the chance to explore areas with high CHL that may remain unnoticed, or far from reach
by breeders. However, all birds seemed to be limited by the seamount chain Vitoria-
Trindade (~20°S, eastern Brazil). This underwater formation divides the Brazilian coast
into two contrasting zones and is the source of several eddies formed by the Brazilian
current (Schmid et al. 1995). Birds also moved south up to 44°S, where the area is marked
by the southern limit of the Brazil/Malvinas Confluence (Souza et al. 2019).

Males and females occupied the open ocean and the South American continental
shelf similarly. However, we tracked more females during summer/autumn of 2015 and
more males during spring and early summer of 2019. This could either be a bias in our
sampling method or a reflection of true spatiotemporal segregation between sexes, which
remains to be confirmed. Nevertheless, males and females found different environmental
characteristics; most of them reflect the season of the year, the breeding status they were
associated with, and the number of short or long trips they performed. Females occupied
more pronouncedly (50% contour) the region between Cape Frio (southeastern Brazil,
during spring) and Plata River (between Argentina and Uruguay, during autumn), where
females were in contact with high CHL levels all year round. Males, on the other hand,
concentrated at Cape Frio and within the 300 km around colony grounds. Spatial
segregation is common when there is a strong sexual dimorphism or specific nest roles in
the seabird species (Shaffer et al. 2001, Phillips et al. 2005). As AYNA males and females

overlap in size (Onley & Scofield 2010), specific parental care may play different roles
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between males and females. After the incubation period, females need to restore their
calcium reserves, which is seen in Northern gannets, Morus bassanus (Lewis et al. 2002)
and Northern fulmars, Fulmarus flacialis (Mallory et al. 2008). This may prevent females
from leaving the nest right after egg-laying. Conversely, males would tend to spend more
time at the colony during chick-rearing (autumn) while females take turns at sea.
However, further studies with a higher number of individuals of known sex and breeding
statuses are needed in order to confirm this hypothesis.

At the continental shelf, breeders and non-breeders went to regions where
characteristic mesoscale processes occur. At Cape Frio, birds flew by in the same period
when enhanced upwelling forms in the region (spring) (Castelao & Barth 2006, Franchito
et al. 2008). During other seasons, e.g. autumn, birds concentrated at the Plata River
region. The continental discharge is intense there (Piola et al. 2005), bringing nutrients to
the continental shelf (Braga et al. 2008), which enhances primary productivity (Browning
et al. 2014). Also, during this period, the water column cools down, breaking the
thermocline (Acha et al. 2004). This allows water mixing, which also increases CHL
(Monbet 1992).

Regarding wind, both breeding and non-breeding birds faced diverse beta values,
but for different reasons. Beta is the angle between bird’s route and wind direction.
Breeding birds faced diverse wind angles during their long and short trips to distinct
foraging grounds. Non-breeding birds flew within the airway with a southwest flow that
marks the South American continental shelf. All birds over the continental shelf
performed area restricted search, thus, facing the same airflow through different points of
view. Both breeding groups faced predominant northeastern winds whenever they were
on the continental shelf. There, ground speed was the highest for both groups. The same

situation was found in the area by spectacled petrels (Procellaria conspicillata) which
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spent several days fast-traveling between foraging patches, also on the continental shelf
(Bugoni et al. 2009). Those birds also presented slow-moving periods, which were
associated with foraging activity. Even though wind speed was different between breeders

" most of the time,

and non-breeders, it was ideal for dynamic soaring (around 3.5 m s
Richardson et al. 2018). Therefore, the continental shelf of South America has favourable
conditions for both foraging and soaring. AYNA is a small albatross with a wingspan of
2 m, thus, they can explore weaker winds and sustain flight at less orthogonal beta than
larger albatrosses, e.g. Diomedea (Spear & Ainley 1997), which occupy more southern
areas (Carneiro et al. 2020). Notwithstanding, breeding birds started long and short trip
phases during crosswinds, which is considered to be ideal for CPF flight (Alerstam et al.
2019).

The areas occupied by both breeders and non-breeders are also important for
fishing fleets with a wide variety of fishing gears (Bugoni et al. 2008a, b). AYNA has
been incidentally caught in longline and handline fisheries in the eastern South Atlantic
(Bugoni et al. 2008b, Jiménez et al. 2009). Brazilian fleets lack adequate fishing
management (Vaz-dos-Santos et al. 2007). Even though bycatch rates are declining
(Anderson et al. 2011), it is estimated that, proportionally, capture rates are still high for
threatened seabirds, especially as numbers in Brazil might be underestimated and mostly
unreported. Moreover, the death of one adult by incidental catch is most concerning as
both parents are needed to provide for the chick at the colony (Ryan & Boix-Hizen 1999).

Overall, breeding AYNA occupied the open ocean and, more intensively, the
continental shelf of South America, an area also occupied by a range of fishing fleets.
Breeding birds acted as CPF and divided their foraging in short trips over poor, deep and
warm waters near the colony and long trips to the South American continental shelf,

where waters are also warm, but richer. Non-breeding birds remained at the continental
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shelf at all times and faced predominant winds with a northeastern flow that sustained
soaring. Thus, we identified partial segregation between reproductive statuses. Sexes
overlapped their distribution areas. Birds seemed to adjust their trip departure to weather

conditions where the wind was best for their CPF flight (moderate crosswinds).
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1 Table 1. Data summary of tracked Atlantic yellow-nosed albatross (Thalassarche

2 chlororhynchos) in the southwestern Atlantic Ocean

Tracked Number Total distance Overall mean
Bird ID Sex  Breeding status Tracking period days of ve.zlid traveled (km) ground sgeed
locations (kmh™)

U55600 Male Non-breeding 21 Jan—18 Mar 2015 57 650 8 867 10.4
U58531 Female Breeding 22 Jan—09 Mar 2015 47 192 8490 7.7
U58532 Female Non-breeding 23 Jan—22 Apr 2015 90 138 1293 14.3
U58533 Male Breeding 25 Jan—19 Mai 2015 115 1092 43 617 8.1
U58534 Female Breeding 25 Jan —23 Fev 2015 30 281 6221 14.7
U58535 Female Breeding 30Jan —-31 Mar 2015 61 652 20 685 10.1
U58536 Female Non-breeding 30 Jan —24 Fev 2015 26 255 3685 14.8
A3 Unknown Non-breeding 17 Aug —27 Oct 2019 71 1053 152 281 12.9
U63125 Male Breeding 03 Oct 2019 — 04 Jan 2020 93 1385 373171 13.3
U63126 Male Breeding 03 Oct — 02 Dec 2019 60 388 111319 16.6
U63127 Female Non-breeding 03 Oct — 31 Oct 2019 28 395 49761 12.9
U63128 Male Breeding 03 Oct 2019 — 04 Jan 2020 93 1214 206 075 14.1
U63132 Male Breeding 03 Oct — 21 Dec 2019 79 943 251 486 17.1
U63135 Male Breeding 03 Oct 2019 — 04 Jan 2020 93 1202 324715 14.8
U63136 Male Breeding 03 Oct 2019 — 04 Jan 2020 93 2630 269 680 16.0
U63138 Male Breeding 02 Oct — 06 Dec 2019 65 389 97 584 18.6
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1 Table 2. Wilcoxon test results for environmental variables in habitat used by satellite-
2 tracked Atlantic yellow-nosed albatross (Thalassarche chlororhynchos) regarding sex in
3 both kernel density contours. Environmental variables are bathymetry (BAT), sea-surface

4  temperature (SST), chlorophyll-a levels (CHL), winds speed and bird-wind angle (beta)

Environmental Kernel 50% Kernel 95%
variables W P W P
BAT 7215495 <0.01 15122937 <0.01
SST 9095474 <0.01 17250194 <0.01
CHL 8242987 <0.01 16287464 <0.01
Beta 4837753 0.91 10127996 0.51
Wind speed 4593676 <0.01 9779969 <0.01
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Table 3. Characteristics of kernel density contours for tracked Atlantic yellow-nosed

albatross (Thalassarche chlororhynchos) regarding both sexes and the following

environmental variables: bathymetry (BAT), sea-surface temperature (SST), chlorophyll-

a levels (CHL), winds speed and bird-wind angle (beta)

Kernel  Kernel area BAT SST CHL Wind speed Beta
Bird sex
Density (%) (km’) (m) (°C) (mgm") (ms") ©)
1741 £2021 18.85+42 0.52+0.92 6.11+£2.69 179 £103
95 8762332
Male (1790-5911)  (9.4-31.69) (0.02-22.84) (027-20.03) (0.04-360)
n=9) 1681 £2059 18.46+4.24 0.5+0.8 6.3+2.76 179 £103
50 1312947
(1789-5911) (10.90-31.69) (0.02-15.14) (0.27-16.05) (0.04—360)
291 +558 21.7+£226 142+£2.05 5.12+2.08 177 £ 105
95 8 035 637
Female (9-3037)  (16.44-29.43) (0.03-14.83) (0.12-11.02) (0.02-360)
(n=16) 332+£603 21.84+2.13 131+194 5.06+2.05 179 + 105
50 1537368
(9-3037) (16.44-29.43) (0.03-14.83) (0.12-11.02) (0.34-360)
1833 £1999 18.95+4.10 0.51+£0.80 6.10+2.60 178 £103
95 181 617
Unknown (1295-5911) (9.40-28.44) (0.02-13.49) (0.27-16.05) (0.02-360)
n=1) 1683 £1995 18.74+422 0.52+093 6.07+2.73 179 +£102
50 20 131
(1790-5911)  (9.40-29.95) (0.02-22.84) (0.27-20.03) (0.07-360)
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Table 4. Wilcoxon test results for environmental variables in habitat used by the Atlantic
yellow-nosed albatross (Thalassarche chlororhynchos) regarding reproductive statuses in
both kernel density contours. Environmental variables are bathymetry (BAT), sea-surface

temperature (SST), chlorophyll-a levels (CHL), and bird-wind angle (beta)

Environmental Kernel 50% Kernel 95%
variables W P W P
BAT 5859203 <0.01 14976441 <0.01
SST 8640307 <0.01 17220432 <0.01
CHL 8217240 <0.01 16334502 <0.01
Beta 5178949 0.23 10181710 0.55

Wind speed 5409167 <0.01 9775628 <0.01
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Table 5. Characteristics of kernel density contours for tracked Atlantic yellow-nosed

albatross (Thalassarche chlororhynchos) regarding both reproductive status and the

following environmental variables: bathymetry (BAT), sea-surface temperature (SST),

chlorophyll-a levels (CHL), winds speed and bird-wind angle (beta)

Kernel BAT SST CHL Wind speed Beta
Bird Estimated
Density
group area (km?) (m) (°C) (mg m) (ms?) ©)
(%)
1689 £1992 18.83+422 0.52+092 6.11+2.7 179 £ 102
95 7017 815
Breeding (0-5911) (9.4-31.69) (0.02-22.84) (0.27-20.03) (0.04-360)
(n=11) 777 £1485 18.86+4.52 0.46+0.78 590+£2.69 181102
50 3178 862
(0-4494)  (12.7-31.69) (0.03-15.14) (0.27-15.98) (0.07-360)
290 £556  21.69+227 1.41+£204 512+2.08 178+105
Non- 95 1950180
(9-3037) (16.44-29.43) (0.03—14.83) (0.12-11.02) (0.02-360)
breeding
277+514  21.7+£198 1.10+£1.66 511+2.08 178+105
(n=15) 50 411010

(12-2976) (16.44-29.43) (0.03-14.83) (0.12-11.02)

(0.02-360)
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Fig. 2. Absolute frequency and duration of trips of Atlantic yellow-nosed albatrosses
Thalassarche chlororhynchos in the southwestern Atlantic Ocean. Only complete trips
were included. A complete trip is characterized by an outbound phase (towards foraging

zones), a foraging phase, and an inbound phase (towards colony)
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black star indicates the location of the colony at the Tristan da Cunha archipelago



69

non-breeding |

Wind speed
(ms?)

B
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(bottom). Wind data was extracted from each position registered by the GPS device
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Flight Behaviour of Atlantic yellow-nosed albatross (Thalassarche chlororhynchos)
in relation to atmospheric formations and environmental variables in the South

Atlantic Ocean
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ILaboratorio de Aves Aquaticas e Tartarugas Marinhas, Instituto de Ciéncias
Biolégicas, Universidade Federal do Rio Grande (FURG), Campus Carreiros,
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* Corresponding author: coraldaia@gmail.com

ABSTRACT: Seabirds display behaviours differently depending on their life stage and
intrinsic and extrinsic variables. Behaviours are identifiable based on bird movements. In
this study, we tracked 16 Atlantic yellow-nosed albatrosses (Thalassarche
chlororhynchos, AYNA) during breeding and non-breeding periods and identified
different behaviour through a Hidden Markov Model (HMM). We determined four
hidden states, which we identified as displacement, foraging, searching, and resting (in
order of frequency). Displacement was associated with deep waters; foraging, with
shallow rich waters; searching, with all chlorophyll-a levels; and resting, with
unfavourable winds for dynamic soaring. We also analysed how birds dealt with

atmospheric formations. Birds used the peripherical winds from low- and high-pressure
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centres to move. They mainly used crosswinds, but also strong tailwinds to soar. In face
of frontal systems, birds either moved with the atmospheric front at a position behind it,
moved across it, or rested on the water surface, depending on the predominant wind
direction and speed. Birds also avoided tropical depressions. Males had more
displacement events whereas females performed area restricted search more often, which
was associated with foraging behaviour. Both sexes dealt similarly with atmospheric
formations. Unlike larger albatrosses, AYNA has a smaller wingspan (2 m), thus, soared
within tailwinds, which is not usually documented in large birds, but more frequent in
small seabirds. AYNA demonstrated to adjust behaviour to different atmospheric

formations, avoiding bad weather and optimizing trips.

KEYWORDS: biotelemetry, hidden behavioural states, Hidden Markov Model, pressure

systems, wind,.
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1. INTRODUCTION

Throughout their lifetime, seabirds display a range of behaviours in different
spatial, temporal, and ecological scales (Weimerskirch 2007). These behaviours are
diverse and associated with intrinsic (e.g. physiology, sex, age, and reproductive status)
and extrinsic properties (e.g. barriers, the environment, and the action of other agents)
(Dodge et al. 2008, Wakefield et al. 2009). When a new stimulus is spotted or when the
physiological state changes, the bird can change behaviour by moving (Jonsen et al.
2003). Thus, a collection of discrete behaviours has similar movement characteristics,
such as the step between fixes and the angle, or direction, of the route (Beyer et al. 2013).

During the breeding season, seabirds may perform the dual-foraging strategy:
birds make short and long trips to distinct foraging grounds, always returning to the
colony — which characterizes them as central place foragers (CPF) (Wakefield et al.
2009a, Weimerskirch et al. 2014, Appendix 1, this study). During their trip to attend its
own needs, or chick provisioning (Weimerskirch et al. 1994), seabirds will have a straight
fast flight between foraging and colony grounds or also between prey patches. When they
find a prey patch, they engage in area restricted search (ARS), where they perform several
short curves (Kareiva & Ordell 1987). Non-breeding are free-ranging birds and, on the
other hand, also perform ARS, but as they do not attend the nest, they may be in contact
with foraging grounds most of the time. Thus, ARS is often associated with foraging,
whereas CPF flight is characterized by events of displacement. (Kareiva & Ordell 1987,
Weimerskirch et al. 1993). Those are the most basic behaviours one can identify in
foraging trips through the analysis of their movements.

However, when seabirds meet an atmospheric formation, their behaviour may
change accordingly. In the Southern Hemisphere high- and low-pressure atmospheric

centres stimulate the weather by rotating anticlockwise or clockwise, respectively (He et
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al. 2017, Gilliland & Keim 2018). Their resulted winds may be used by seabirds as
flyways (Murray et al. 2002, 2003a, b). Atmospheric fronts may dislocate birds, change
their trajectory, or result in beach wrecks (Kai et al. 2009, Hass et al. 2012, Genovart et
al. 2013). On a smaller scale, seabirds must choose the direction and trajectory of their
flight based on the available winds (Adam & Flora 2010). How wind affects bird
behaviour has been recorded exhaustively, however, few studies have approached how
mesoscale atmospheric formations affect bird behaviour during their flight movements
(Alerstam et al. 2019). Murray et al. (2002, 2003a, b) have demonstrated that wandering
albatrosses (Diomedea exulans) used atmospheric centres to travel north- or southwards.
Spruzen & Woehler (2002) also showed an association between albatrosses and weather
systems

In order to analyse atmospheric centres in relation to flight and foraging
behaviour, we used a Hidden Markov Model (HMM) to identify hidden states within a
bird's route (Boyd et al. 2014). In the HMM, environmental variables such as bathymetry,
sea-surface temperature, chlorophyll-a levels, wind direction and intensity are used as
covariables. HMM deals with serial and correlated data (Jonsen et al. 2005). It uses the
step between fixes and the turning angle of tracked individuals to assign behavioural
states (Dean et al. 2013).

The species chosen for this study is the Atlantic-yellow-nosed-albatross (AYNA,
Thalassarche chlororhynchos). As seabirds in general, it acts as a CPF during the
breeding season (Weimerskirch et al. 1993). Birds forage along the continental shelf of
South America (Neves et al. 2006) and Africa (Makhado et al. 2018). The colony is
located at the Tristan da Cunha Archipelago, where population estimates are from 50,000
to 80,000 adults (ACAP 2012). The Archipelago is formed by Gough, Nightingale,

Inaccessible and Tristan da Cunha isles. The species is known to attend fishing vessels
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for discards (Bugoni et al. 2008). Due to this behaviour, and the overlap with important
fishing areas, bycatch rates are considerably high, which deemed the species as
"Endangered" globally (BirdLife International 2018).

This study aimed to identify behavioural states within the routes of tracked
AYNA. We associated its behaviours to environmental variables (chlorophyll-a levels,
sea-surface temperature, and bathymetry) and the flight to wind speed and direction. We
chose those variables because they are commonly associated with seabirds as
environmental cues for changing behaviour. We expect that breeding birds will engage
with atmospheric centres found during their trips to foraging grounds, i.e., they will alter
their route heading and hidden behavioural state. Non-breeding birds will have more
foraging events than breeding birds. The latter will have more displacement events as
they perform dual-foraging. We expect that males and females will behave similarly

regarding the frequency of distinct behaviour since both sexes overlap in morphology.

2. MATERIAL AND METHODS
2.1. Study area

Albatrosses' capture was carried out in the southwestern Atlantic Ocean (22 to
35¢ latitude S) on the continental shelf and offshore waters of Brazil both austral autumn
(2015) and winter/spring (2019). This region is characterized by the Subtropical
Convergence of the South Atlantic. The limits of the convergence oscillate between
28°40'S at Santa Marta Grande Cape (southeastern Brazil) and 34°40'S at Uruguay
(Seeliger & Odebrecht 1997, but see Peterson & Stramma 1991). The Subtropical
Convergence is powered by a stationary high-pressure centre formed between Africa and
South America. The region at the continental shelf is marked by the continental discharge

of Patos Lagoon (southern Brazil) and the La Plata River, between Uruguay and
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Argentina. North of this region, there is also the Cape Frio upwelling (southeastern Brazil
at 22°S), which is more intense during spring (Castelao & Barth 2006). Valdés Peninsula
(east of Argentina) is located south of the study area, where, during autumn, the
thermocline breaks (Moller et al. 2008, Palma et al. 2008), and corresponds to the

southernmost limit reached by tracked AYNA.

2.2. Bird data

Seven Solar Argos/GPS PTT-100 Satellite Transmitter Terminals (Microwave
Telemetry, Inc., Maryland, USA) and nine GPS-PTTs KiwiSat K3H 173a (Sirtrack Ltd.,
New Zealand) were deployed on sixteen AYNA after birds were attracted to a fishing
vessel using discards and captured with castnet (Bugoni et al. 2009). In 2015, birds were
captured at the shelf break of Uruguay (~ 34° S). Captures in 2019 happened at the shelf
break of Brazil (~20° S). Devices weighted less than 3% of total body mass of birds
(Dunning-Jr. 2008, Faria et al. 2014), thus, within the limit suggested as safe (Phillips et
al. 2003). The devices were fitted on the mantle feathers of birds using Tesa© tape.
Transmitters were programmed to transmit at least five accurate fixes (£ 18 m) during
duty cycle of 12 h on (during daylight) and 12 h off. The tracking ranges from the egg-
laying (September) to fledging period (March) across the full annual cycle of AYNA
(ACAP 2012). Breeding birds made short (<300 km within a radius around colony
grounds) and long trips (>3000 km towards the South American continental shelf) (C D.
Gabani unpubl. data, Appendix 1). Those trips were divided in outbound (towards
foraging grounds), foraging, and inbound (towards colony) phases.

Breeding status was classified as breeding and non-breeding based on the
presence of brood patch and/or the presence of bird at the colony as most seabirds

skipping breeding do not visit the island (Rayner et al. 2014). Sex of all birds was
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determined following Fridolfson & Ellegren (1999). DNA was extracted from blood
samples obtained with syringe and needle from the tarsal vein. Samples were placed in
plastic vials with absolute ethanol. Sexing is based on the amplification of the CHD genes
in bird chromosomes (Z and W) to determine males (homogametic, ZZ) and females

(heterogametic, ZW).

2.3. Environmental variables

For all analyses, atmospheric and oceanographic data were used. Wind « and v
components at 2 m, sea-surface temperature (SST), and sea-level pressure (SLP) were
obtained from NOAA High-Resolution Blended Analysis dataset (0.25° x 0.25°, hourly,
PSD ESRL/OAR/National Oceanic and Atmospheric ~Administration/USA).
Atmospheric centres were identified using SLP. We confirmed the location and type of
atmospheric  formation using synoptic maps from the Brazilian Navy
(https://www.marinha.mil.br/chm/dados-do-smm-cartas-sinoticas/cartas-sinoticas).
Bathymetry (BAT) was obtained from GEBCO (The General Bathymetric Chart of the
Oceans, intervals of 30 arc-seconds). Satellite images with chlorophyll-a (CHL) levels
from the Ocean Color Web program (resolution of c.4 km, eight days coverage;
http://oceancolor.gsfc.nasa.gov) were downloaded and linearly interpolated to fill data
gaps.

SST, BAT, and CHL were divided into categories following Bugoni et al. (2009)
as subtropical and tropical (SST); colony grounds, pelagic, shelf break and continental
shelf (BAT); oligotrophic, mesotrophic, eutrophic and enriched (CHL). Wind speed was
divided using the Beaufort scale. The angle between wind direction and bird route
(hereafter referred to as beta) was also calculated and classified following Lane et al.

(2019): head-, cross- and tailwinds. Wind speed around 3.5 m s™! was considered to be
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the minimum required for sustained dynamic soaring (after Richardson et al. 2018). Each
variable was extracted using bilinear (BAT) or cubic interpolation (SST, CHL, wind
intensity) for each fix of the birds' tracking localized at space and time as a way to avoid
scale differences found in bird and environmental data. Packages used were ‘pracma’

(Borchers 2019) and ‘oce’ (Kelley 2018) respectively.

2.4.  Data analysis

Hidden Markov models were applied in the tracking data to define discrete
behavioural states (Joo et al. 2013). Covariates used were BAT, SST, CHL, wind intensity
and direction. Based on parameters given a priori by the researcher, the model uses the
covariates, the step and the turning angle in each position given by the GPS to estimate
the maximum likelihood of the model and a hidden state for each fix. The researcher must
also choose a number of states before the model is adjusted (Dodge et al. 2008). For this
analysis, we used the ‘moveHMM’ package (Michelot et al. 2016). We also applied chi-
squared tests to identify which environmental variable class was associated with each
behavioural class (displacement, foraging, searching and resting).

We also analysed how birds behaved in face of atmospheric formations, such as
pressure systems, fronts, and tropical depressions. For this, atmospheric centres (high- or
low-pressure) and other formations were visually identified based on SLP maps using
synoptic maps from the Brazilian Navy as comparison. As atmospheric data were hourly
based, we averaged them on a 12 h scale to compare with the Brazilian Navy data. Then
we overlapped the SLP contours to the bird route with its associated behaviours from the
HMM. We took note of the direction taken by the bird in its flight, which behaviours the
bird performed and which was the predominant wind direction and speed (Murray et al.

2002, 2003a, b, Weimerskirch & Prudor 2019).
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3. RESULTS

We applied four hidden behavioural states in the HMM, which we identified as:
displacement, foraging, searching, and resting (in order of frequency, Table 1).
Displacement (or soaring) was characterized by long steps and small angles; foraging by
short steps and acute angles, associated with area restricted search (ARS); searching, by
long steps and acute angles (erratic behaviour); and resting by short steps and small
angles. Overall, breeders (n = 11) had about four times more displacement events. Still,
non-breeding birds (n = 5) performed more events of foraging and searching than
breeders. Resting was the most infrequently performed behaviour. Males (n =9) had more
displacement events, while females (n = 6) performed more searching and foraging (Table
1).

Displacement was strongly associated with deep waters and mesotrophic
environments (Fig. 1, Tables 2 and 3). This was observed especially for breeders, i.e.
those birds which effectively crossed open seas from the South American shelf where
they were tagged and Tristan da Cunha where they breed. Some individuals crossed the
South Atlantic several times (7 complete trips with an average range of 3500 km). In
relation to winds, birds soared in moderate crosswinds (10-20 m s™') and strong tailwinds
(>20 m s™!). Non-breeding birds moved between food patches whereas breeding birds
crossed the South Atlantic. Most of the long trips were associated with displacement from
nest to foraging areas on neritic waters, punctuated by short and scarce points of foraging
or resting. This long displacement was also influenced by atmospheric formations. Short
trips around colony grounds were characterized by displacement events with ARS events

at their utmost range.
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Birds foraged more often at the continental shelf and the shelf break (Fig. 1,
Tables 2 and 3). Breeding birds foraged in enriched and mesotrophic waters. However,
for non-breeders, all CHL classes had a weak association with foraging. This indicates
that non-breeding birds engaged in ARS regardless of chlorophyll-a concentration (CHL).
Subtropical waters also had an association with foraging.

Searching was also associated with enriched (breeders) and mesotrophic (non-
breeders) CHL classes (Tables 2 and 3). Searching occurred under weak or strong winds
for non-breeding birds and under moderate winds for breeding birds. Regarding
bathymetry (BAT), non-breeders searched more at the shelf break, whereas breeders did
so at the continental shelf. Similar to foraging, searching occurred over subtropical
waters. Resting, on the other hand, had an association with the atmospheric state. It
occurred especially under unfavourable winds to dynamic soaring, such as head-, tail-
and weak winds.

Males and females differed in how they behaved (3> = 1160.1, df = 6, P <0.01).
Females had more searching (44.1% of their overall tracking period) and foraging
(35.7%) events whereas males had more displacement events (42.3%). Just like the
breeding statuses, resting was the most infrequent behaviour done by both sexes.

Long trips showed relation between bird displacement and atmospheric state.
Thus, we analysed how atmospheric formations (e.g. fronts and pressure systems, Fig. 2a
and 2b) influenced the bird's flight. The way birds behaved in face of atmospheric
formations is reflected on the hidden behavioural state (HMM output) and the direction
of route chosen.

High-pressure systems were associated with behavioural state displacement
(Fig. 2c and 2d). Birds circumnavigate these centres using peripheral winds. Birds seems

to follow high-pressure centres even if this meant not flying a straight, shorter route to
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their destination. This situation occurred frequently, especially when birds were going
back to the colony, as both bird and atmospheric centre moved eastwards.

Low-pressure centres are often associated with cold fronts, thus, they stimulated
different behaviours: detours, “rides”, and resting (Figs. 3a—c). For instance, birds change
heading when they are in the opposite direction to a low-pressure centre. Birds would go
either north or south. This happens mostly when birds are going westwards to the South
American continental shelf while atmospheric formations go eastwards. Also, when low-
pressure systems develop into tropical depressions, birds detoured their routes to avoid
rainy weather (Fig. 3a). Besides detours, birds may also rest on the sea surface until bad
weather clears off. Thus, birds performed the hidden behaviour resting when winds were
unfavourable: headwinds or weak tailwinds (Fig. 3c). When winds were favourable
(crosswinds or strong tailwinds), birds moved across the cold front. Finally, when birds
are in the same direction as the front (usually eastwards), and the individual was behind
it, they “ride” the front (Fig. 3b). The resulting winds were favourable for soaring
(moderate to strong crosswinds), which allow the bird to perform displacement during
the whole period in which they are associated with the front.

Birds seem to use tailwinds only when intensity is strong enough to allow
soaring, thus, supporting displacement (Fig. 4). Birds avoided headwinds in all possible
situations. When both meet, birds usually use a stationary behaviour (resting) while
waiting for the next soaring-favourable window. The main wind used by birds for
displacement was the moderate to strong crosswind. Still, in a long foraging trip,
displacement and resting were the more common behavioural states. Foraging and
searching were less usual, yet, foraging is much more frequent than searching.

The erratic behaviour (searching) occurred in two situations: when a bird found

its destination (continental shelf or colony) or when a bird faced too many atmospheric
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formations at the same time. In this scenario, a bird may run into two frontal systems at
once (Fig. 3b). Those are usually formed by a cold front, a low-pressure centre, together
with a warm front and/or a stationary front. In this kind of situation, it was not rare to see
a bird performing several different behaviours without a defined pattern. Finally, foraging
behaviour also happens along a route. However, those events were rare and punctual.
When a bird engaged in ARS along the route, they perform a large number of foraging
instances. After this event, they returned to their route and finish the trip, i.e. they do not

return to the colony.

4. DISCUSSION

Despite albatrosses had been tracked since early stages of biologging
technologies (Jouventin & Weimerskirch 1990, Prince et al. 1992) —and are currently one
of the best-tracked bird groups (Wakefield et al. 2009b) — as long as we know, we are the
first to apply the HMM approach on tracking data of a small (mollymawk) albatross.
Displacement was the most frequent behaviour. Mainly, this is associated with the dual
foraging strategy (characterized by long and short trips, C. D. Gabani unpubl. data,
Appendix 1) of breeding birds and the movement of non-breeding birds between food
patches. It was most common over pelagic waters as all foraging trips from breeding birds
occurred at the open ocean. Thus, the region is used by birds as transit area.
Notwithstanding, foraging also occurred at the less productive pelagic water, but within
a 300 km radius around the colony only. However, such foraging events coincided with
favourable environmental conditions (e.g. cold eutrophic waters, and weak winds). Even
though the open ocean is not as rich as the neritic waters (Amélineau et al. 2016), it proved
to be a reliable source for foraging breeding birds as they performed several short trips

regularly. Notwithstanding, foraging mainly occurred at the South American continental
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shelf as it was performed by both breeders and non-breeders. Thus, the region is marked
as a major ground for foraging as all birds in this study performed ARS there.

Breeding and non-breeding differed in behaviour mainly because breeders are
central place foragers (CPF), thus, have an obligation with the colony. The necessity to
return to the nest causes breeding birds to face atmospheric and oceanographic conditions
that non-breeding birds do not necessarily. Besides the significant differences in
behaviour between sexes, our results suggest that breeding status explains most of the
observed movement patterns. Moreover, sexes overlap in size and, similarly to other
albatross species (Phillips et al. 2004), adults share parental care at the nest, indicating
that both sexes may behave similarly. Thus, both sexes behaved according to the breeding
statuses they were associated with. However, further studies where sex and breeding
status are known beforehand are desirable in order to truly test this hypothesis.

During the inbound and outbound phases of long trips, breeding birds found
several mesoscale atmospheric formations that influenced the heading of their route and
their behaviour. As an overview, the study area is characterized by a rich variety of frontal
systems and pressure centres. They move eastwards in the atmosphere following the
westerlies. In this area, low-pressure centres are constantly associated with frontal
systems (Fig. 3). This union often results in bad weather and heavy rain. High-pressure
centres are the opposite: they are rarely associated with fronts and usually represent good
weather. Mainly, birds use the peripheric crosswinds from atmospheric centres to move
east- or westwards. Such winds are ideal for traveling between colony and foraging
grounds, as crosswinds are best suited for CPF flight (Alerstam et al. 2019). As a
mollymawk, the Atlantic yellow-nosed albatross (AYNA) is smaller than other albatross
species usually studied in the literature (e.g. Clay et al. 2020). Different from large

albatrosses (Ainley et al. 2015), birds in the current study also used strong tailwinds to
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soar. Other seabird species have also been recorded in an association with strong tailwinds
(e.g. spectacled petrels, Procellaria cospicillata, Bugoni et al. 2009, Manx shearwater,
Puffinus puffinus, Gibb et al. 2017, and Arctic tern, Sterna paradisaea, Hromadkova et
al. 2020). The same scenario is seen with soaring terrestrial birds (Becciu et al. 2018). In
this way, small wingspan could allow birds to soar in winds not used commonly by larger
birds, thus, allowing them to occupy different regions and face adverse atmospheric
formations that are avoided by other birds. As long as we know, the present study is the
first to associate high- and low- pressure systems with tracks of a mollymawk albatross
of the Thalassarche genus.

Adverse atmospheric conditions (bad weather) may be caused by cold fronts,
low-pressure systems, and rain. Winds developed under bad weather may not be ideal for
displacement. Thus, birds performed resting, which was the most infrequent behaviour in
our study. In a closer look, we realized that punctual resting events may also have been
associated with the periods in which the GPS device was turned off, mostly at night.
Nevertheless, during multiple resting events, birds were responding to bad atmospheric
state. Resting on the water is a common behaviour among albatrosses and seabirds in
general (Weimerskirch 2007, Sanchez-Roman et al. 2019). It may be used to avoid a light
storm or erratic winds (Nourani & Yamaguchi 2017). Strong events, such as severe storms
and cyclones, are, however, avoided as also seen in other species (Weimerskirch & Prudor
2019). Notwithstanding, birds can circle a tropical depression, resulting in more days of
travel, but it seems to be a safer route. This, seen in our study, agrees with the literature
(Murray et al. 2002, 2003a, b)

We identified searching as erratic behaviour. It occurred in three different
situations: when a bird was near the colony supposedly looking for proper ways to land,

or between presumed food patches, or under adverse atmospheric conditions. There was
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no clear pattern among environmental conditions. Between food patches, birds use visual
clues and olfactory sensing to find the next prey aggregation in pelagic waters (Bastos et
al. 2020). Adverse atmospheric conditions proved to be diverse, e.g., the encounter of two
front systems, an association between a low-pressure centre and a front system, and the
border within a high- and a low-pressure system with fronts in association. Searching is,
thus, an opportunistic behaviour with low predictability, but high occurrence. At sea,
seabirds are vulnerable to gale as there is no shelter in the open ocean (Wilkinson et al.
2019). They must use environmental cues to predict the intensity and direction of
atmospheric formations, such as barometric pressure and wind speed (Weimerskirch &
Prudor 2019, Wilkison et al. 2019). This way, bird behaviour reflects the instability of
atmospheric conditions by responding in a way that is erratic but also detectable.

In conclusion, regions marked by mesoscale processes proved to be ideal for
foraging birds as they aggregate prey and are easily recognizable (e.g. low sea-surface
temperature and characteristic ocean colour/chlorophyll-a concentration). Breeding birds
spent a high amount of their time moving from colony to foraging grounds, whereas non-
breeding birds performed foraging most of their time, as they have no commitment to
breeding at the colony. In their long trips, breeding birds faced several atmospheric
conditions and formations that influenced their decision making, i.e., the heading of their
route and the behaviour they chose to perform. Even though AYNA is a small albatross,
individuals faced adverse atmospheric conditions that are rather avoided by larger
albatross species (Weimerskirch & Prudor 2019, Wilkison et al. 2019) by using strong
tailwinds. Nevertheless, crosswinds were identified as best for movements, as already

seen in other seabird species.
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Table 1. Relative frequency of each hidden state behaviour of 16 satellite-tracked Atlantic
yellow-nosed albatrosses (Thalassarche chlororhynchos) in the South Atlantic Ocean for

both breeding and non-breeding statuses and both sexes. Each column sums 100%

Breeding Non-breeding| Males Females Unknown

Behaviour
(n=11) (n=Y5) n=9) (n=6) m=1)

Displacement 42.16 9.57 4232 13.86 14.82
Foraging 25.42 47.22 25.77 35.74  54.61
Searching  23.46 32.79 22.68 44.10  16.05

Resting 8.97 10.43 924  6.3l1 14.53
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Table 2. Chi-squared tests comparing behavioural hidden states with the classes of
environmental variables where SST = sea-surface temperature, BAT = bathymetry, CHL
= chlorophyll-a, and BETA = angle between bird route and wind direction. One test was

made for each reproductive status of Thalassarche chlororhynchos

Enviromental Breeding birds Non-breeding birds
variables ¥ df p ¥ df  p
SST 573.54 3 <0.01 18.038 3 <0.01
BAT 43999 9 <0.01 20.306 6 <0.01
CHL 166.82 9 <0.01 61.809 9 <0.01

Wind speed 623.05 24 <0.01 128.17 18 <0.01

BETA 12743 6 0.05 72.689 6 0.05
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Table 3. Contribution (in %) of each class of environmental variable to each behavioural
hidden state in both breeding and non-breeding statuses of Atlantic yellow-nosed
albatross (Thalassarche chlororhynchos). Bold numbers reflect classes with most
contribution to each behavior. Environmental variables are SST = sea-surface
temperature, BAT = bathymetry, CHL = chlorophyll-a, and BETA = angle between bird

route and wind direction

Environmental | Breeding Non-breeding
Class
variable Displacement Foraging Resting Searching Displacement Foraging Resting Searching
Subtropical 241 29.00 1.38 18.07 23.74 2.87 4338 18.60
SST
Tropical 2.33 28.03 1.33 17.46 3.06 0.37 5.59 2.40
Colony
14.48 38.02 3.20 0.04 0.00 0.00 0.00 0.00
grounds
Continental
BAT 0.21 1.99 3.11 10.04 7.38 0.72 0.02 0.28
shelf
Pelagic 6.58 4.93 7.26 7.79 0.47 291 0.51 1.61
Shelf break 0.76 1.40 0.15 0.03 75.42 7.87 0.24 2.57
Enriched 0.45 15.30 0.54 13.14 2.66 095 18.16 4.48
c Eutrophic 4.25 9.37 0.19 0.02 2.89 3.40 2.31 4.63
HL
Mesotrophic 17.86 27.40 0.88 0.13 0.48 378 1946 19.77
Oligotrophic 3.16 0.41 1.04 5.85 2.41 3.77 1073  0.13
Head wind 21.37 17.59 2.86 7.91 2.65 6.82 2652 043
BETA Cross wind 0.12 0.72 1.27 4.64 5.08 0.20 0.93 1.47
Tail wind 15.88 27.55 0.00 0.09 2.34 10.45 42.01 1.08
Calm 0.27 1.40 0.06 0.15 1.38 0.19 0.24 0.77
Light air 0.02 0.10 0.84 0.00 0.85 1.16 6.05 0.36
Light breeze 0.92 0.16 2.81 3.63 11.77 5.28 0.36 18.26
Gentle
3.50 0.14 1.91 8.86 1.80 3.56 0.39 1.41
breeze
Moderate
Wind speed 1.00 0.28 0.13 0.33 1.35 0.83 0.64 0.85
breeze
Fresh breeze 7.36 4.28 1449 14.73 18.27 1.38 0.30 16.22
Strong
1.85 12.21 0.06 3.86 0.75 3.02 0.00 2.56
breeze
High wind 5.64 2.79 1.01 4.27 0.00 0.00 0.00 0.00

Gale 0.14 0.70 0.03 0.08 0.00 0.00 0.00 0.00
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Fig. 1. Distribution of the four hidden state behaviours performed by 16 Atlantic

yellow-nosed albatrosses (Thalassarche chlororhynchos). Black star indicates the

colony at the Tristan da Cunha Archipelago
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Fig. 2. In the left, schematic representation of high- (H, a) and low- (L, b) pressure
systems. Arrows indicate wind flow. Usually, low-pressure systems were associated with
cold (blue line) and warm (red line) atmospheric fronts as in a frontal system. In the right,
schematic representation of an Atlantic yellow-nosed albatross (Thalassarche
chlororhynchos) flying from the coast of South America to colony grounds at the Tristan
da Cunha archipelago (red triangle). Whole trip is indicated by black line in both frames.
Short section of the bird trip one-day long (a) and (b). The distance covered in each day
is represented by an orange segment over the black line. Blue thin lines are sea-level
pressure contours. H represents a high-pressure system; L, a low-pressure system. Red
arrows indicate wind flow; orange arrows indicate the bird travel direction. Note that bird
uses peripheric winds from the atmospheric pressure systems to fly eastwards in an
inbound trip back to the colony. During all segments, the bird performed displacement

behaviour
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Fig. 3. Schematic representation of a bird (Thalassarche chlororhynchos) flying from
the coast of South America to colony grounds at the Tristan da Cunha Archipelago (red
triangle). Whole trip is indicated by black line. The distance covered in each day
(indicated by the date at the top of the frame) is painted with the color of the behavior
(orange = displacement, purple = resting). Thin dark blue lines represent sea-level
pressure contours. Red arrows indicate the direction of the atmospheric formation
(circle = tropical depression, L = low-pressure system, H = high-pressure system, light
blue spikes = front cold, red circles = warm front). Orange arrows are the bird’s travel
direction. (a.1, a.2) Bird avoids the tropical depression by going to the opposite
direction of their final destination. When tropical depression reduces to a low-pressure
system, bird resumes original trajectory. (b) Bird advances in the same direction as the
cold front (eastwards), taking advantage of the crosswinds generated by the front as in a
ride. (c) Bird changes behaviour (and travel direction) in face of a frontal system: from

displacement (orange) to resting (purple), back to displacement
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Fig. 4. Frequency, intensity and direction of the wind faced by the 16 Atlantic yellow-
nosed albatrosses (Thalassarche chlororhynchos) according to different behaviours.
Wind data was extracted from each position registered by the GPS device. Black star

represents the best wind speed to dynamic soaring



