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RESUMO

A ordem Phaethontiformes é composta por trés espécies de aves marinhas, todas agrupadas no
género Phaethon, as quais ndo possuem dimorfismo sexual aparente. No Brasil, P. aethereus
e P. lepturus nidificam nos arquipélagos dos Abrolhos (BA) e de Fernando de Noronha (PE),
e encontram-se na lista brasileira de espécies ameacadas de extingdo. Este trabalho teve como
objetivos testar a existéncia de dimorfismo sexual de tamanho nessas duas espécies, gerar
equacOes discriminantes para a determinacdo sexual com base em morfometria, verificar a
variabilidade genética das populacGes de ambas as espécies, testar a ocorréncia do efeito de
gargalo populacional, e a conectividade intraespecifica entre as populac6es que nidificam nos
dois arquipélagos estudados. Para a analise de dimorfismo sexual foram utilizadas oito
varidveis morfométricas e realizada a determinacdo sexual pelo método molecular, para
verificar diferencas intersexuais univariadas. A partir desses dados, foram ajustados modelos
lineares generalizados, com o maior poder discriminatorio possivel. As informac6es genéticas
foram obtidas através da amplificacdo e genotipagem de 11 loci de microssatélites, acessando
indices de diversidade genética, distribuicdo das frequéncias alélicas, e grau de relacdo entre
as populacdes dos dois arquipélagos. Para P. aethereus foi identificado dimorfismo sexual
significativo em quatro variaveis, com machos maiores que fémeas, e ajustado um modelo
com 73,4% de poder discriminatério. Para P. lepturus, apenas a corda da asa apresentou
diferenca intersexual significativa, com fémeas maiores que machos, e 0 melhor modelo
ajustado discriminou corretamente 70,4% dos individuos. Esses resultados representam as
primeiras informagdes sobre dimorfismo sexual na ordem Phaethontiformes. A
heterozigosidade média foi baixa para ambas as espécies, 0 que pode ser explicada pelos altos
indices de endocruzamento. Nao foram identificados indicios de eventos de gargalo de garrafa

recentes. N& ha relacdo intraespecifica entre os arquipelagos estudados, indicando



estruturacdo populacional de ambas as espécies na costa brasileira. Os resultados ressaltam a
necessidade de medidas de conservacdo que considerem a distincdo genética entre as
populacdes de cada arquipélago, de ambas as espécies, bem como a necessidade de estudos
que abordem outras questdes, como parametros reprodutivos e analise filogeogréafica, visando

a Sua COﬂSBI’V&QéO.

Palavras-chave: Phaethon aethereus, Phaethon lepturus, dimorfismo sexual, diversidade

genética, gargalo de garrafa populacional, estrutura genética.



ABSTRACT

Sexual size dimorphism, sex determination by morphometrics, genetic diversity and
intraspecific connectivity of Phaethon aethereus and Phaethon lepturus in Brazil. The
order Phaethontiformes comprises three seabird species, all grouped in the genus Phaethon,
which have no apparent sexual dimorphism. In Brazil, P. aethereus and P. lepturus nest on
Abrolhos (BA) and Fernando de Noronha (PE) archipelagos, and are listed as threatened by
the Brazilian red list. This study aimed to test the existence of sexual size dimorphism in these
two species, to generate discriminant functions for sex determination based on morphometry,
to verify genetic diversity of populations for both species, to test the occurrence of recent
bottleneck events, and to check intraspecific connectivity for both species between the two
archipelagos. For the analysis of sexual dimorphism were used seven morphometric variables
and performed sex determination by molecular analysis, in order to verify univariate
intersexual differences. From these data, generalized linear models were fitted with the
highest discriminatory power. Genetic data were obtained by amplification and genotyping of
11 microsatellite loci, accessing genetic diversity indices, distribution of allelic frequencies,
and degree of relationship between populations of the two archipelagos. Males were larger in
P. aethereus, significant for four variables, and fitted a model with 73.4% of discriminatory
power. For P. lepturus only wing chord showed significant intersexual difference, with
females larger than males, and the best fitted model correctly discriminated 70.4% of
individuals. Such results represent the first information on sexual dimorphism in the order
Phaethontiformes. Average heterozygosity was low for both species, which could to be
explained by high levels of inbreeding. There was no evidence of recent bottleneck events in
both species, as well as no intraspecific relationship between archipelagos studied, indicating

genetic structuring for both species on the Brazilian coast. These findings highlight that



conservation measures need to take into account the genetic distinctiveness of populations
nesting in each island, for both species, as well as the need of studies that address other issues

such as breeding parameters and phylogeographic analysis.

Keywords: Phaethon aethereus, Phaethon lepturus, sexual dimorphism, genetic diversity,

population bottleneck, genetic structuring.



INTRODUCAO

A ordem Phaethontiformes é composta por apenas trés espécies de aves marinhas,
todas agrupadas no género Phaethon, as quais estdo distribuidas em latitudes tropicais e
subtropicais dos oceanos Pacifico, Atlantico e indico, reproduzindo em ilhas oceénicas (Orta
1992). Popularmente conhecidas como rabos-de-palha (CBRO 2011), essas aves apresentam
plumagem predominantemente branca e retrizes centrais alongadas, as quais sdo iguais ou
maiores que o comprimento total do corpo sem penas, além de ndo apresentarem dimorfismo
sexual aparente (Harrison 1991).

No Brasil, duas das trés espécies da ordem ocorrem regularmente, e encontram-se na
lista brasileira de espécies ameacadas de extincdo (MMA 2003). O rabo-de-palha-de-bico-
vermelho Phaethon aethereus Linnaeus, 1758 (Figura 1a) e o rabo-de-palha-de-bico-laranja
Phaethon lepturus Daudin, 1802 (Figura 1b) nidificam em coldnias nos arquipélagos dos
Abrolhos e de Fernando de Noronha (Sick 1997). A principal area de reproducdo de P.
aethereus no Brasil é Abrolhos, com 269 ninhos registrados em 2011 (M. Efe, dados néo
publicados), porém cerca de uma dezena de individuos também nidifica em Fernando de
Noronha, como registrado por Oren (1984) e Antas (1991). De forma analoga, o arquipélago
de Fernando de Noronha é o principal sitio de reproducéo de P. lepturus na costa brasileira
com 99 ninhos registrados em 2011 (M. Efe, dados ndo publicados), embora sejam
observados alguns individuos sobrevoando e reproduzindo em Abrolhos, como registrado
pela primeira vez por Efe et al. (1992). A terceira espécie da ordem, o rabo-de-palha-de-
cauda-vermelha P. rubricauda Bodaert, 1873, foi registrada no Brasil apenas um individuo,
vagante, em Abrolhos (Couto et al. 2001).

Seguindo o padréo geral das aves marinhas quanto ao dimorfismo sexual, os rabos-de-

palha tém plumagem monocromatica e sdo aparentemente monomarficos entre 0s sexos, sem



qualquer caracter de discriminacdo sexual visivel ao olho humano (Schreiber e Burger 2001).
No entanto, embora as aves marinhas tendam a ser monomorficas sexualmente, um crescente
numero de estudos tem identificado algum grau de dimorfismo sexual em relacdo ao tamanho
corporal, geralmente na forma de pequenas diferencas morfométricas, as quais podem ter
papel fundamental na reproducéo, através da selecdo sexual, ou na alimentacdo, através da
segregacdo de nicho (Croxall 1995). Com excecdo da ordem Phaethontiformes, essas
diferencas ja foram estudadas e constatadas em todas as ordens de aves marinhas:
Charadriiformes (Devlin et al. 2004), Pelecaniformes (Dorr et al. 2005), Sphenisciformes
(Bertellotti et al. 2002), Procellariiformes (Copello et al. 2006), e Suliformes (Quintana et al.
2003).

Além de ser uma informacdo béasica acerca da biologia da espécie, a identificacdo de
dimorfismo sexual relacionado ao tamanho (Sexual Size Dimorphism - SSD) é a base para o
esclarecimento de importantes questdes ecoldgicas e evolutivas, principalmente sobre as
funcBes desse dimorfismo, como a selecdo sexual e utilizacdo diferencial do habitat entre os
sexos (Serrano-Meneses e Székely 2006). Nesse contexto, a presenca do dimorfismo ainda
possibilita a identificacdo do sexo das aves em campo, através de um método menos invasivo
e sem custo, que utiliza apenas as diferencas morfoldgicas para discriminar os sexos (e.g., Gill
e Vonhoff 2006, Einoder et al. 2008).

Estudos fornecendo equacgdes discriminantes para determinacdo sexual baseadas em
caracteres morfoldgicos duplicaram na ultima década, principalmente pela eficiéncia e
praticidade, pois em geral ndo requerem licencas especiais para coleta de sangue, tampouco
gastos de tempo e recursos financeiros no processamento das amostras (Dechaume-
Moncharmont et al. 2011). Dessa forma, a identificacdo de diferencas morfométricas entre 0s

sexos, e 0 desenvolvimento de equacdes discriminantes baseadas nessas diferencas, viabiliza
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e refina a interpretacdo de dados comportamentais e ecoldgicos, permitindo a otimizacdo de
iniciativas de conservacao (Székely et al. 2007).

Na costa brasileira, a principal ameaca aos rabos-de-palha é a presenca de espécies
exoticas invasoras em suas col6nias, como gatos, ratos, lagartos e cabras (Efe 2008). Além
disso, ambos os arquipélagos apresentam um histérico de ocupacdo humana nos ultimos
séculos, periodo no qual as caracteristicas naturais de cada local foram alteradas
significativamente pelo homem (Donato 1987, Lins e Silva 2003). A presenca de espécies
exoticas invasoras, juntamente com o disturbio antropico, esta entre as principais ameacas
para as aves marinhas em todo o mundo (Croxall et al. 2012). Uma das consequéncias da
degradacédo ou destruicdo de habitat € a reducdo do nimero de individuos de uma populacao
(bottleneck), o que pode intensificar processos como o endocruzamento, e perdas de
diversidade genética e potencial evolutivo (Frankham et al. 1999, Lande 1995).

Nesse contexto, esfor¢cos de conservacdo sdo importantes para a recuperagdo
populacional, porém a biologia reprodutiva da prépria espécie poderia influenciar na
velocidade dessa recuperacdo. Os rabos-de-palha podem ser exemplo disso, pois possuem
caracteristicas reprodutivas que ndo sdo favordveis a uma rapida resposta a medidas de
conservacdo, como o fato de (1) geralmente nidificarem diretamente no solo ficando mais
expostos a predacdo, (2) colocarem apenas um ovo sem substituicdo em caso de perda do ovo
ou do ninhego, (3) ninhegos ficarem sozinhos nos ninhos enquanto adultos se alimentam no
mar, (4) ndo haver cuidado parental ap6s o filhote sair do ninho (Orta 1992), e ainda, (5)
apresentarem baixo sucesso de eclosdo devido a fatores ambientais (Castillo-Guerrero et al.
2011).

Dessa forma, pelas ameacas citadas acima é possivel que gargalos de garrafa
populacionais tenham ocorrido nas populagfes de rabos-de-palha na costa brasileira, e que

tais populacdes ao passarem por um declinio populacional, tenham sofrido perda de
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diversidade genética. Apesar disso, desde a década de 1980 ambos os arquipélagos estdo
protegidos pela legislacdo ambiental brasileira e sdo considerados unidades de conservacao
nacionais, 0o que pode estar contribuindo para a estabilizacdo e recuperacdo dessas
populacdes, de forma semelhante ao que vem ocorrendo com outras populacdes de aves apds
a aplicacdo de medidas de conservacdo (Groombridge et al. 2001, Rains et al. 2011). Dessa
forma, partindo do pressuposto que populacdes que passaram por eventos de gargalo
populacional recentemente apresentam deficiéncia de alelos raros, € possivel detectar a
ocorréncia de eventos desse tipo através de testes que considerem a distribuicdo de
frequéncias alélicas, e ainda a analise de excesso de heterozigosidade em relacdo ao numero
de alelos (Cornuet e Luikart 1996).

As aves marinhas, apesar de sua grande capacidade de deslocamento, sdo conhecidas
por serem altamente filopatricas (Schreiber e Burger 2001). Dessa forma, sua capacidade de
movimentacdo ndo condiz necessariamente com a capacidade de dispersao como comprovado
para o tesourdo Fregata magnificens (espécie com a maior relacdo area de asa vs. volume
corporal [wing-loading] entre todas as aves), a qual se mantém isolada geneticamente no
arquipélago de Galapagos (Hailer et al. 2011). Porém, ndo existe uma regra sobre estruturacdo
genética para o grupo, principalmente para populacdes sem barreiras fisicas historicas ou
atuais, embora haja uma associacdo entre padrGes de distribuicdo durante o periodo
reprodutivo com a estruturacdo genética (Friesen et al. 2007), ainda ndo testada em rabos-de-
palha. O entendimento da estruturacdo de populacdes tem influéncia direta sobre a otimizagdo
de esforcos de conservacdo, a partir da definicdo de unidades de conservacao e execucgdo de
medidas efetivas para problemas especificos de cada unidade (Fraser e Bernatchez 2001).

Os rabos-de-palha ndo tém apenas sua estruturacdo genética desconhecida, mas
também outros aspectos populacionais relacionados & sua conservagao como 0s parametros de

diversidade genética, uma das trés questbes mais importantes para a conservacdo de
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populagdes naturais no mundo, de acordo com a Estratégia Mundial de Conservacdo (IUCN
1980). Além disso, no Brasil as populagdes de aves marinhas tém sido tratadas como unidades
homogéneas principalmente pela auséncia de estudos direcionados a essa questdo e, além
disso, apenas uma pequena parte (cerca de 5%) dos estudos com aves marinhas tem
objetivado a conservacdo, sendo que nenhum estudo de dindmica populacional com as
espéecies do género Phaethon foi realizado até entdo na costa brasileira (Moraes-Ornellas
2009). Isso reforca a necessidade de estudos direcionados a conservacdo das populacdes
dessas aves na costa brasileira e, nesse contexto, os marcadores moleculares podem auxiliar
na conservacao, pois refinam a compreensdo ecoldgica e evolutiva e fornecem solugdes para
problemas especificos de cada populacdo ou espécie (Taylor e Friesen 2012). Para esses fins,
0s microssatélites, os quais sdo pequenos segmentos do DNA nuclear com repeticfes em
tandem de 2-5 bases nitrogenadas, tém vantagens sobre outros marcadores moleculares para
medir variabilidade genética, pois sdo altamente polimorficos e permitem a caracterizacéo
individual (Hartl e Clark 2010).

Dessa forma, esse estudo foi dividido em duas partes, apresentadas como Anexos 1 e
2. Na primeira parte utilizou-se uma abordagem estatistica, baseada em dados morfométricos,
para responder questdes sobre o dimorfismo sexual em relacdo ao tamanho para P. aethereus
e P. lepturus. Nesse estudo, os objetivos foram: (1) identificar o grau de dimorfismo sexual
em relacdo ao tamanho corporal (SSD) nas duas espécies de Phaethon e determinar em quais
caracteres esse dimorfismo esta expresso, (2) gerar modelos de regressédo logistica a partir de
medidas morfométricas para discriminar os sexos de ambas as espécies, e (3) avaliar o poder
discriminatorio de cada um dos modelos ajustados.

Na segunda parte da dissertacdo foram utilizados dados genéticos, a partir da
amplificacdo de microssatélites, para fornecer informacbes Gteis & conservagdo das

populacbes de ambas as espécies na costa brasileira. Portanto, no segundo anexo, os objetivos
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foram: (1) determinar a variabilidade genética da populacdo de P. aethereus no arquipélago
dos Abrolhos e da populagéo de P. lepturus em Fernando de Noronha, (2) testar a ocorréncia
do efeito de gargalo populacional nas duas popula¢Ges supracitadas, e (3) avaliar a
conectividade intraespecifica para ambas as espécies entre os dois arquipélagos.

Nesta dissertacdo apresenta-se de modo objetivo, em portugués, uma introducéo sobre
os temas estudados, bem como a descricdo da metodologia aplicada para atingir os objetivos
de cada anexo, 0s respectivos resultados, e principais conclusdes da dissertacdo. Apds estdo
os dois anexos, formatados como artigos cientificos, sendo que o primeiro segue diretrizes
especificas de submissdo da revista Waterbirds (Fator de Impacto 2011: 0,757), para onde ja
foi submetido, e o segundo segue diretrizes da revista Journal of Avian Biology (Fator de

Impacto 2011: 2,28).

MATERIAL E METODOS

Area de estudo

Fernando de Noronha possui 21 km? e é constituido por 21 ilhas e ilhotas, as quais
possuem origem vulcanica. Localiza-se a 3°50'S e 32°24'0, sendo que o ponto mais proximo
do continente americano (Cabo de Sdo Roque - RN) esta a 345 km (Anexo 2, Figura 1). O
clima é do tipo tropical quente oceanico (Aw, segundo a classificacdo pelo sistema de
Koppen), com temperatura média de 26,5°C e pluviosidade média anual de 1300 mm (Rocha
1995). Porém, os maiores indices pluviométricos se concentram entre 0s meses de margo a
julho, seguidos por um longo periodo de estiagem, compreendido entre agosto e fevereiro
(Almeida 1955). Atualmente, o arquipélago é considerado uma Important Bird Area
(Devenish et al. 2009), além de ser uma unidade de conservacdo federal, sendo 2/3 da

categoria Parque Nacional Marinho e 1/3 de Area de Protecdo Ambiental.
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O arquipélago dos Abrolhos é constituido por cinco ilhas dispostas circularmente, as
quais também possuem origem vulcanica. Localiza-se a 17°50'S e 38°35'O, distando 105 km
da cidade de Caravelas, sul do estado da Bahia. O clima é do tipo tropical quente oceanico,
com pluviosidade média anual de 1850 mm e temperatura média de 23°C (NIMER 1989).
Atualmente, quatro ilhas do arquipélago estdo protegidas pelo Sistema Nacional de Unidades
de Conservacdo, categorizadas como Parque Nacional Marinho. A ilha de Santa Béarbara, a
maior do arquipélago, esta sob administracdo da Marinha do Brasil e ndo pertence a unidade

de conservacao.

Amostragem

Nos anos de 2011 e 2012 foram capturados nos ninhos, em periodo de reproducéo, 57
P. lepturus em Fernando de Noronha, e 160 P. aethereus em Abrolhos. Além disso, foram
capturados dois P. aethereus adultos em Fernando de Noronha, e um P. lepturus juvenil em
Abrolhos, todos os trés individuos capturados nos seus respectivos ninhos. A excecio deste
individuo juvenil, todos os demais individuos eram adultos e, desses, oito medidas corporais
foram tomadas: comprimento de bico (culmen exposto); narina a ponta do bico (medida da
extremidade distal da narina até a ponta do bico); largura do bico (medida na altura das
narinas, em mm); altura do bico (medida na altura das narinas, em mm); comprimento total da
cabeca (medida da ponta do bico até a juncdo parietal-supraocipital, em mm); comprimento
do tarso (da articulacdo meiotarsal até a proximidade distal do tarsometatarso, em mm); corda
da asa (da articulacdo do carpo a maior rémige primaria, com a asa fechada, em mm); e massa
corporal, em g. As duas penas centrais sdo alongadas e podem exceder o comprimento total
da ave (Orta 1992), porém, essas penas geralmente sdo encontradas quebradas em funcéo dos
movimentos da ave no interior das tocas onde nidificam, o que torna inviavel investigar

variagdes intersexuais usando esse caracter.
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Seguindo procedimento padrdo, a corda da asa foi medida usando uma régua de metal
com paragem (x 1 mm), enquanto todas as outras medidas foram realizadas usando
paquimetros Vernier digitais (+ 0,01 mm). A massa corporal foi medida com precisdo de 5 g
usando balanca de mola tipo dinamémetro (Pesola®), mas essa variavel foi excluida da analise
devido as suas variacdes durante a estacdo reprodutiva (Croxall 1995). Todas as medidas de
P. lepturus foram realizadas pelo bidlogo Gustavo da Rosa Leal. Por outro lado, as medidas
de P. aethereus foram realizadas em parte pela bidloga Cynthia Campolina, e em outra parte
pelo bidlogo Dr. Méarcio Amorim Efe. A fim de evitar reamostragens, todas as aves
amostradas foram identificadas com anilhas metdlicas CEMAVE/ICMBio. Amostras de
sangue de cada individuo foram coletadas e armazenadas em cartdo FTA® para extracio de

DNA, e posterior genotipagem e determinacdo molecular do sexo.

Extracdo de DNA e determinacdo molecular do sexo

No laboratério, o DNA foi extraido das amostras de sangue usando o protocolo de
Boyce et al. (1989), o qual emprega o uso do detergente catibnico CTAB. Para a
determinacdo sexual, foram amplificados os introns sexo-especificos localizados nos genes
CHD (Ellegren 1996), o que foi realizado utilizando os primers P2-P8 (Griffiths et al. 1998)
através de Reacdo em Cadeia da Polimerase (PCR). O volume final das reacbes de
amplificacdo foi de 10 pL contendo 10 ng de DNA, 0,2 uM de cada primer, 0,2 uM de dNTP,
tampédo de PCR 1x, 1,5 mM de MgCl; e 1,0 unidade de Taq DNA-polimerase (GIBCO-BRL
Life Sciences/Invitrogen, Carlsbad, California). As amplificacdes foram executadas da
seguinte maneira: desnaturacdo da fita dupla de DNA a 94°C durante cinco minutos, seguida
de 30 ciclos a 94°C durante um minuto, anelamento dos primers a 46°C durante um minuto, e
alongamento final a 72°C durante cinco minutos. Os produtos de PCR foram separados por

eletroforese em gel de poliacrilamida desnaturante a 8%, e revelados utilizando a metodologia
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de coloracdo com nitrato de prata (Bassam et al. 1991). Machos foram caracterizados pela
presenca de apenas uma banda no gel (duas copias do intron CHD-Z sobrepostas), enquanto
fémeas foram caracterizadas pela presenca de duas bandas (copias de CHD-Z e CHD-W, as

quais possuem diferentes pesos moleculares). Todas as aves foram sexadas com sucesso.

Analises estatisticas de dimorfismo sexual e determinacdo de sexo por morfometria

De acordo com Zar (2010), os valores extremos (outliers) de cada varidvel podem
representar erros de amostragem ou até mesmo amostras reais que se distanciam da média do
conjunto amostral. Barnet e Lewis (1994) definem outliers como “uma observagdo, a qual
parece ser inconsistente com o restante do conjunto de dados”, e sugerem que esses dados
podem ser retirados da amostra total, ou acomodados nela através do emprego de métodos
estatisticos robustos. Portanto, para a analise de dimorfismo sexual (teste t univariado), os
outliers foram identificados através de teste de probabilidade baseado no desvio padrdo de
cada amostra (método implementado no programa BioEstat 5.0, Ayres et al. 2007), e retirados
do conjunto total permitindo um maximo de cinco outliers por conjunto, de acordo com
Rosner (2011). Por outro lado, para a regressdo logistica os outliers identificados foram
acomodados no conjunto amostral total de cada espécie, pois essa analise mostrou-se robusta
o suficiente para suportar violacGes de pressupostos, como a distribuicdo ndo-normal dos
dados e a prépria presenca de outliers (Hair et al. 2009). Dessa forma, normalidade
univariada e homoscedasticidade foram testadas através dos testes de Shapiro-Wilk e Bartlett,
respectivamente, para o conjunto amostral sem outliers. Todos os individuos de ambas as
espécies apresentaram igualdade nas matrizes de covariancia, e os dados de todas as variaveis
estavam normalmente distribuidos. Apos a confirmacdo do sexo de cada ave por analise
molecular, diferencas intersexuais a partir das medidas morfométricas foram acessadas

através de teste t univariado. Além disso, o valor de P foi ajustado com correcdo de
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Bonferroni para comparacGes multiplas (Zar 2010). O indice de SSD foi calculado como a
razdo entre os valores médio de fémeas e machos, para cada variavel.

A capacidade de discriminacdo sexual através de morfometria foi examinada
utilizando-se Modelos Lineares Generalizados (GLMs) com erros binomiais e uma funcgéo de
ligacdo logit, na qual o sexo foi tratado como uma variavel-resposta binaria. Correlacdo de
Pearson foi utilizada para identificar interacdo entre as variaveis, excluindo aquelas
correlacionadas entre si (P < 0.05).Variaveis significativas foram selecionadas manualmente,
testando o desvio das probabilidades de modelos completos e reduzidos (Burnham e
Anderson 2002). Os melhores modelos para cada espécie foram selecionados utilizando-se 0s
Critérios de Informacdo de Akaike (Akaike’s Information Criteria - AIC), assumindo que oS
menores valores indicam um melhor ajuste do modelo.

A partir dos modelos selecionados para P. aethereus, dois métodos de validacdo foram
aplicados: (1) com todo o conjunto de dados que foi utilizado para ajustar os modelos; e (2)
com uma amostra obtida a partir de selecdo aleatdria sem reposicdo (método jackknife), com
50% do conjunto total de dados (conforme Dechaume-Moncharmont et al. 2011). Devido ao
pequeno tamanho amostral de P. lepturus, os modelos selecionados para essa espécie foram
validados apenas com o conjunto total de dados. O melhor modelo para cada espécie foi
aquele com o maior parsimdnia, e maior poder discriminatorio. O ponto de corte (C) dos
escores discriminantes para cada modelo foi calculado conforme Hair et al. (2009),

considerando grupos com diferentes nimero de individuos, da seguinte maneira:

_ (NfxZm)+(Nm*Zf)
- Nf+Nm

C

, (eq. 1)
na qual N é o tamanho da amostra para machos (m) e fémeas (f), e Z € o centréide (media dos
escores discriminantes) para cada sexo. Todas as andlises estatisticas foram conduzidas

utilizando o programa estatistico R (R Development Core Team 2011).
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Amplificacdo dos microssatélites e genotipagem

As analises de variabilidade genética, gargalo de garrafa populacional e conectividade
intraespecifica foram realizadas a partir do sangue ja extraido conforme topico acima, e de 11
loci polimdérficos de microssatélites por espécie, isolados de P. lepturus e publicados
previamente por Humeau et al. (2011). Dos 11 loci descritos por Humeau et al. (2011), o
locus P4G1 ndo amplificou amostras de P. lepturus coletadas no Brasil, enquanto que P3F3
ndo amplificou amostras de P. aethereus.

Amplifica¢bes por PCR foram conduzidas com um volume de 20 pL contendo 20-30
ng de DNA, 0,2 uM de cada primer, 0,2 UM de um primer marcado com fluorescéncia na
extremidade (HEX/FAM), 0,2 uM dNTP, tampédo de PCR 1x, 1,5 mM MgCl, e 1,0 unidade
de Tag DNA-polimerase (GIBCO-BRL Life Sciences/Invitrogen, Carlsbad, California). As
amplificagdes no termociclador foram conduzidas da seguinte forma: desnaturagdo a 95°C
durante 15 minutos, 30 ciclos a 94°C durante 30 segundos, 56°C durante 90 segundos, 72°C
durante 60 segundos, e alongamento final a 72°C durante 10 minutos. Os produtos de PCR
foram analisados em um aparelho ABI PRISM 3130 Genetic Analyser (Applied Biosystems,
Foster City, California), e a leitura dos alelos foi realizada utilizando o programa Peak

Scanner versdo 1.0 (Applied Biosystems, Foster City, California).

Analises estatisticas dos microssatélites

A diversidade genética em cada populacdo estudada foi medida utilizando o programa
ARLEQUIN 3.5.1.2 (Schneider et al. 2000), através do numero de alelos por locus (N),
nimero médio de alelos por locus (riqueza alélica [4]), heterozigosidade observada (Ho) e
heterozigosidade esperada (Hg) a partir das proporgdes de Hardy-Weinberg (Nei 1978),

heterozigosidade média (H) e desvios do equilibrio de Hardy-Weinberg (EHW, Guo e
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Thompson 1992). O programa GENEPOP online (http://genepop.curtin.edu.au/) foi utilizado
para célculos de déficit/excesso de heterozigotos e correcdes de Bonferroni sequenciais, as
quais foram aplicadas para corrigir comparacfes simultdneas multiplas (Rice 1989).
Estatistica F de Wright, baseada na variancia das frequéncias alélicas, foi utilizada para
analisar estrutura populacional interna das populacdes (Fs), conforme algoritmos de Weir e
Cockerham (1984), os quais estdo implementados no programa GENEPOP online. A acuracia
dos loci de microssatélites amplificados para estimar o nivel de endocruzamento foi verificada
através de correlacdo de Pearson entre heterozigosidade observada e o coeficiente de
endocruzamento no programa R (R Development Core Team 2011).

Para identificar evidéncias de gargalo populacional em cada populacdo foram
utilizadas duas abordagens complementares. O primeiro € um método grafico que ilustra o
déficit de alelos raros na populacdo, através do formato da distribuicdo de frequéncias
alélicas: quando o gréafico esta em formato de ‘L’, a populagdo esta naturalmente sofrendo as
distribuicdes de mutagdo e deriva genética; quando ndo apresenta formato de ‘L’, ¢ uma
indicacdo da ocorréncia de gargalos populacionais recentes (Luikart et al. 1998). O segundo é
um método estatistico que compara o excesso de heterozigosidade observada com o nimero
de alelos em cada locus, assumindo equilibrio de mutacéo e deriva. Essa relacao foi calculada
utilizando o teste de classificacdo de assinatura de Wilcoxon, sendo que os calculos foram
baseados nos modelos de mutacdo gradual (stepwise mutation model) (Valdes et al. 1993) e
de mutacdo em duas fases (2-phase mutation model) (Di Rienzo et al. 1994), executados no
programa BOTTLENECK 1.2.02 (Cornuet and Luikart 1996).

O grau de relacdo intraespecifica entre Fernando de Noronha e Abrolhos para ambas
as espécies foi verificado através do método Bayesiano de Monte Carlo via cadeias de
Markov (Markov Chain Monte Carlo - MCMC), o qual examina a distin¢do das populagdes e

0 agrupamento de gen6tipos individuais utilizando o programa STRUCTURE 2.3.3 (Pritchard
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et al. 2000). Para a andlise foi utilizado um periodo burn-in de 10.000, e um milhdo de
repeticdes MCMC apo6s burn-in, seguindo recomendacdes de Pritchard et al. (2010). Também
foi aplicado o modelo de ancestralidade que utiliza informacdo populacional a priori para
testar a ocorréncia de individuos migrantes (GENSBACK=2, MIGRPRIOR=0.05,
ALFA=1.0) (Pritchard et al. 2010). A definicdo do nimero de populagdes assumidas (K) foi
conduzida para se obter o maior In Pr(X|K) e o menor valor de K, conforme Pritchard et al.
(2010). Dessa forma, foram plotados os valores de In Pr(X|K) correspondentes para cada K,
sendo considerado o mais acurado aquele onde a curva estabilizou (more-or-less plateaus,
Anexo 2, Figura 2). Apesar disso, 0 K com o maior In Pr(X|K) foi comparado a K=2, visto
qgue os arquipélagos estdo separados por 1.700 km e, inicialmente, os individuos foram
assumidos como sendo representantes de duas populac@es distintas. Além disso, ainda foram
calculadas diferencas génicas de cada espécie entre os arquipélagos através do teste de

probabilidade de Fisher, utilizando o programa GENEPOP online.

RESULTADOS

Dimorfismo sexual e determinacéo de sexo por morfometria
Rabo-de-palha-de-bico-laranja Phaethon aethereus. Machos apresentaram as medidas
de comprimento de bico, narina a ponta do bico, comprimento total da cabeca e corda da asa,
maiores do que as fémeas (Anexo 1, Tabela 1). Comprimento de bico, narina a ponta do bico
e comprimento total da cabeca apresentaram correlacdo (P < 0.001), e as duas ultimas foram
excluidas da matriz de dados utilizada para ajustar os GLMs. Dessa forma, comprimento de
bico e corda da asa contribuiram significativamente para a determinagdo sexual (Anexo 1,
Tabela 2), identificando corretamente o sexo de 108 das 160 aves incluidas na analise

(67,5%), através da seguinte equacao:
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D = (comprimento do bico * 0,33) + (corda da asa x 0,11) — 17,76

(eq. 2)

Individuos com escores discriminantes D < -0,01 foram sexados como fémeas,
enquanto aqueles com D > -0,01 foram machos. O método de validacdo jackknife classificou
corretamente 65% dos individuos, os quais foram aleatoriamente selecionados da matriz de

dados original.

Rabo-de-palha-de-bico-amarelo Phaethon lepturus. Para essa espécie, o SSD foi
detectado apenas para a corda da asa. Porém, os valores do indice de SSD indicaram
dimorfismo sexual reverso (RSD) para esse caractere (Anexo 1, Tabela 3). Assim como para
P. aethereus, comprimento do bico, narina a ponta do bico, e comprimento total da cabeca
apresentaram correlacdo (P < 0.001), e as duas Utlimas variaveis foram excluidas da matriz de
dados para o ajuste dos GLMs. Nesse caso, quatro varidveis (corda da asa, comprimento de
bico, altura do bico e largura do bico) contribuiram com o ajuste do melhor modelo (menor
AIC, Tabela 4). O modelo com as quatro variaveis supracitadas apresentou a melhor
classificacdo das aves previamente sexadas através do DNA, determinando corretamente o
sexo de 39 das 54 aves analisadas: 20 fémeas (80,0%) e 19 machos (65,5%). Apesar disso, a
discrepancia nas taxas de classificacdo entre os sexos foi maior nesse modelo do que no
modelo com o segundo melhor ajuste. Portanto, 0 melhor modelo deve ser considerado aquele
que utiliza apenas corda da asa, altura do bico e largura do bico, o qual classifica um menor
namero de individuos (38 de 54), mas inclui um menor numero de variaveis e taxas de
classificacdo mais similares entre machos e fémeas. O modelo €é o seguinte:

D = (corda da asa * —0,15799) + (largura do bico * 1,3892)
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+ (altura do bico = 0,79786) + 41,93815 (eq. 3)

Assim, individuos com escores discriminantes D < 0,129 foram sexados como fémeas,

enquanto aqueles com D > 0,129 foram machos.

Polimorfismos dos microssatélites e variabilidade genética

Todos os loci amplificados para ambas as espécies foram polimorficos. O numero total
de alelos foi de 78 para P. lepturus em Fernando de Noronha, com média de 7,8 alelos por
locus (Anexo 2, Tabela 1). A heterozigosidade média para essa espécie foi H = 0,454, sendo
que 5 loci apresentaram desvios significativos das propor¢des genotipicas esperadas conforme
EHW, apods correcdo de Bonferroni para multiplos testes (P < 0,01). O teste global utilizando
todos os loci mostrou desvio significativo do EHW para a populacdo de P. lepturus em
Fernando de Noronha (P < 0,001). O teste baseado em MCMC (P < 0,01 ap6s corregédo de
Bonferroni) indicou déficit de heterozigotos em apenas 2 dos 10 loci analisados para a
espécie, mas considerando P < 0,05 o déficit de heterozigotos ocorreu em 7 loci.

O ndmero total de alelos presentes na populacdo de P. aethereus de Abrolhos foi 40,
com média de 4 alelos por locus. A heterozigosidade média para a espécie foi H = 0,309, e 8
loci apresentaram desvios significativos das proporcGes genotipicas esperadas conforme
EHW. O teste global mostrou desvio significativo do EHW para a populacao de P. aethereus
em Abrolhos (P < 0,001). Além disso, o teste baseado em MCMC indicou déficit de
heterozigotos em 7 dos 10 loci amplificados (considerando P < 0,01 apds correcdo de
Bonferroni).

Tanto P. aethereus (r* = -0,7607, P = 0,009) quanto P. lepturus (r* = -0,7927, P =
0,003) apresentaram correlagéo significativa entre Hop e Fs, confirmando a utilidade dos loci

de microssatélites amplificados como indicadores acurados do nivel de endocruzamento em
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cada populacédo estudada, conforme Allendorf e Luikart (2007). A populacdo de P. lepturus
de Fernando de Noronha apresentou F;s = 0,230 (P < 0,0001) enquanto a populacdo de P.

aethereus de Abrolhos apresentou Fs = 0,553 (P < 0,0001).

Gargalo de garrafa populacional

Gargalos populacionais causam mudangas caracteristicas na distribuicdo de
frequéncias alélicas, as quais sdo interpretadas como perda de alelos de baixa frequéncia e
aumento na abundancia relativa de alelos com frequéncias alta e intermediaria (Frankham et
al. 2002). As distribuicdes das frequéncias alélicas foram similares para as duas espécies, com
as maiores proporcdes de alelos em baixas frequéncias (0,01-0,2), resultando em um grafico
em formato de ‘L’ e auséncia de ocorréncia do efeito de gargalo de garrafa populacional
recente (Anexo 2, Figura 3). O teste para excesso de heterozigosidade resultou em valores de
P nédo significativos para ambas as espécies nos dois modelos rodados. Para P. aethereus 0s
valores de P para 0 excesso de heterozigosidade em relacdo ao nimero de alelos foram 0,996
para 2-phase mutation model e 0,997 para stepwise mutation model. Para P. lepturus os
valores de P destes modelos foram, respectivamente, 0,958 e 0,998. Esses dados ddo suporte
ao resultado do método gréafico, indicando que as populacdes ndo passaram por um evento de

gargalo populacional recentemente.

Relacéo intraespecifica entre tropicbirds de Abrolhos e Fernando de Noronha

O individuo de P. lepturus amostrado em Abrolhos apresentou 8 alelos exclusivos,
presentes em 8 dos 10 loci amplificados, e 0 modelo de teste para migrantes assumindo a
existéncia de duas populacdes (K = 2) indicou que a probabilidade deste individuo pertencer a

populacdo de Fernando de Noronha é < 1% (Anexo 2, Figura 4a). O teste de probabilidade de
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Fischer, de diferenca génica entre as ‘populagdes’, confirmou essa acentuada diferenca
intraespecifica (* = 92,756; gl = 18; P < 0,0001).

Por sua vez, a relagdo dos individuos de P. aethereus amostrados em Fernando de
Noronha com a populacdo de Abrolhos foi estimada com base em K=4 (Anexo 2, Figura 4b),
onde iniciou a estabilizacdo da curva (more-or-less plateaus), e comparada com K=2 (Anexo
2, Figura 4c). Esses dois individuos apresentaram apenas um alelo exclusivo, o qual ocorreu
no locus P3A3. Apesar disso, a analise com K=2 revelou que a probabilidade dos individuos
amostrados em Fernando de Noronha pertencerem a populacdo de Abrolhos é de apenas
12,7% e 32,6%, com uma diferenca de frequéncias alélicas entre as populacdes de 22,8%. A
analise com K=4 confirmou o resultado anterior e intensificou a diferenca entre as
populacdes, demonstrando que esses dois individuos possuem relacdo ancestral de apenas
3,7% com a populacdo de Abrolhos. Além disso, o teste de probabilidade de Fischer também
indicou uma diferenca génica significativa entre os individuos amostrados em Fernando de

Noronha com a populagéo residente em Abrolhos (,° = 37,236; gl = 20; P = 0,005).

SUMARIO DOS PRINCIPAIS RESULTADOS

1. Esse estudo fornece as primeiras informacdes a respeito da existéncia de dimorfismo
sexual de tamanho para a ordem Phaethontiformes;

2. Demostrou-se pela primeira vez que a ordem Phaethontiformes ndo segue um padrao
guanto ao dimorfismo sexual de tamanho, pois para P. aethereus machos sdo maiores que as
fémeas, enquanto para P. lepturus fémeas sdo maiores;

3. Embora tenham sido ajustados modelos para a determinacdo de sexo baseados em

dados morfométricos, com poder discriminatdrio superior a 70% para ambas as espécies, a
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sobreposicdo das variaveis entre 0s sexos é grande e, provavelmente, um maior tamanho
amostral ndo iria superar o poder discriminatério encontrado neste estudo;

4. A heterozigosidade média tanto para a populacdo de P. aethereus em Abrolhos,
quanto para P. lepturus em Fernando de Noronha, estdo em desequilibrio de Hardy-Weinberg.
Além disso, apresentaram niveis mais baixos do que outras espécies de aves marinhas com
tendéncia de declinio populacional, conforme lista da IUCN. O endocruzamento pode ser a
explicacdo para isso, pois foram encontrados valores altos e significativos de Fs;

5. De acordo com o gréfico de distribuicdo das frequéncias alélicas, o qual apresentou
formato em “L”, ndo ocorreu efeito de gargalo de garrafa populacional recente nas populagdes
de P. aethereus em Abrolhos e de P. lepturus em Fernando de Noronha;

6. O individuo de P. lepturus amostrado em Abrolhos ndo é oriundo da populacdo de
Fernando de Noronha e, da mesma forma, os dois individuos de P. aethereus amostrados em
Fernando de Noronha tem uma baixa probabilidade de serem de Abrolhos. Sugere-se que 0s
mesmos podem ser representantes de populacbes adjacentes a costa brasileira (e.g., ilha
Ascencdo, ilhas do Caribe, ou Cabo Verde).

7. Estudos referentes aos parametros demograficos de ambas as populacdes sdo de
extrema importancia para relacionar o efeito do endocruzamento com o sucesso reprodutivo.
Além disso, as populacBes estudadas nessa dissertacdo demonstraram que, mesmo apenas na
costa do Brasil, ja pode ser detectada estruturacdo genética. Considerando que sdo espécies de
distribuicdo pantropical, uma analise filogeografica é fundamental para esclarecer a existéncia
de estruturacdo genética dessas espécies em nivel global. Dessa forma, unidades de manejo
podem ser definidas e esforgos de conservagdo podem ser melhor direcionados de acordo com

o0s problemas especificos de cada populacéo.
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Figura 1. Espécies do género Phaethon as quais nidificam em ilhas tropicais brasileiras e

encontram-se ameacgadas de extingdo localmente. (a) Rabo-de-palha-de-bico-amarelo P.

lepturus, e (b) Rabo-de-palha-de-bico-laranja P. aethereus.
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Abstract — Tropicbirds (order Phaethontiformes) are a well-studied seabird taxon, but
there have been no published studies on sexual size dimorphism. Here, we investigated sexual
size dimorphism in the Red-billed Tropicbird (Phaethon aethereus) and the White-tailed
Tropichird (P. lepturus), and evaluated the applicability of using morphometrics and
discriminant functions to sex birds in the field. We sampled Red-billed Tropicbirds (n = 160)
andWhite-tailed Tropicbirds (n = 57) in the Atlantic Ocean off the coast of Brazil. Each
individual had seven morphometric traits measured and blood sampled for molecular sex
determination. Discriminant functions were generated using generalized linear models
(GLM). Red-billed Tropicbirds had significant male-biased intersexual differences in bill
length, wing chord, nostril-to-bill-tip, and head-plus-bill, and the best GLM included bill
length and wing chord. White-tailed Tropicbirds were characterized by significant intersexual
differences for wing chord, with females larger than males, and the best GLM for this species
included wing chord, bill width and bill depth. Discriminant functions had accuracy similar to

those used for other seabird species with similar body sizes.

Key-words: intersexual difference, discriminant function, Red-billed Tropicbird,

Phaethon aethereus, White-tailed Tropicbird, Phaethon lepturus.

Running head: SEX DISCRIMINATION AND DIMORPHISM IN TROPICBIRDS
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Tropichirds (Aves: Phaethontiformes) are monomorphic seabirds and are therefore
thought to have limited sexual size dimorphism (SSD) (Orta 1992). The order comprises three
species distributed in tropical and subtropical warm waters, breeding in colonies on oceanic
islands and catching their prey by plunge-diving in pelagic zones (Orta 1992). In Brazil, there
are colonies of a few hundred Red-billed Tropicbhirds (Phaethon aethereus) and White-tailed
Tropichirds (P. lepturus) at Abrolhos and Fernando de Noronha archipelagos, respectively
(Sick 1997). Both species are listed as threatened in the Brazilian Red List, mainly due to the
introduction of Rattus rattus, Tupinambis merianae, and Felis catus (Efe 2008).

In birds with sexually monomorphic plumage and soft-tissue coloration, small but
significant intersexual morphometric differences could potentially allow gender
discrimination in the field to enhance the interpretation of behavioral and ecological studies,
allowing the optimization of conservation initiatives. One of the most successful strategies for
gender discrimination is through fitting linear models with binomial function, a procedure that
has been successfully applied to waterbirds (e.g. Ura et al. 2005; Hallgrimsson et al. 2008).

An increasing number of studies have identified some degree of SSD in seabirds,
usually in the form of subtle morphometric differences inconspicuous to the human eye. Such
differences have been reported in various orders of seabirds: Charadriiformes (Devlin et al.
2004), Pelecaniformes (Dorr et al. 2005), Sphenisciformes (Bertellotti et al. 2002),
Procellariiformes (Copello et al. 2006), and Suliformes (Quintana et al. 2003). However,
information on SSD in the order Phaethontiformes is lacking.

In this study we aim (1) to identify the degree of SSD in Red-billed and White-tailed
Tropicbirds and to determine in which traits it is expressed; (2) to generate linear models from
morphometric measurements to discriminate sex of both species, and; (3) to assess the degree

of confidence in sex discrimination by the fitted models.
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METHODS

White-tailed Tropicbirds (n = 57) breeding on Fernando de Noronha archipelago (3°
51' S 32°25' W) and Red-billed Tropicbirds (n = 160) breeding on Abrolhos archipelago (17°
58'S, 38° 42" W) were captured on nest burrows in 2011 and 2012. Eight body measurements
were taken: bill length (exposed culmen); nostril-to-bill-tip (measured from the distal end of
the nostril to the bill tip); bill width (measured at the nostrils); bill depth (measured at the
nostrils); head-plus-bill (bill tip to the posterior ridge formed by the parietal-supraoccipital
junction); tarsus length (from middle of midtarsal joint to distal end of tarsometatarsus); wing
chord (carpal joint to tip of the longest primary, with flattened wing); and body mass.

Wing chord was measured using a metal rule with stop (x 1 mm), while all others
linear measurements were taken using digital vernier calipers (z 0.01 mm). Body mass was
measured to the nearest 5 g using Pesola spring scales, but excluded from the analysis due to
large variations during the breeding season (Croxall 1995). All samples were collected by the
authors of this study, using standardized techniques. In order to prevent resampling, all
sampled birds were banded with metal rings.

Blood samples of each individual were collected and stored in FTA card for molecular
sex determination, and DNA was extracted using the protocol of Boyce et al. (1989).
Amplification of sex-specific introns on the CHD genes (Ellegren 1996) was performed using
P2-P8 primers (Griffiths et al. 1998). The final volume of amplification reactions was 10yl
containing 10ng of DNA, 0,2uM of each primer, 0,2uM of dNTP, PCR Buffer 1x, 1.5 mM of
MgCl; e 1.0 unity of Taqg DNA polymerase (GIBCO-BRL Life Sciences/Invitrogen).
Amplifications were performed as follows: denaturation at 94 °C for 5 min, 30 cycles at 94 °C
for 1 min, annealing at 46 °C for 1 min, and final elongation at 72 °C for 5 min. PCR products
were separated by electrophoresis in 8% denaturing polyacrylamide gel and revealed using

the methodology of staining with silver nitrate (Bassam et al. 1991). Males were
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characterized by the presence of only one band on the gel (two CHD-Z copies), while female
were characterized by two bands (CHD-Z and CHD-W copies, with different molecular
weight).

Heterozygosity for the intron CHD-Z was tested with PO accessory primer (Han et al.
2009). We randomly selected ten individuals of each sex, which had sex determined by P2-P8
universal primers, and multiplex reactions with P2-P8 plus P0. As a result, polymorphism was
not detected in any of the tested individuals, rejecting heterozygosity on CHD-Z intron for
tropicbirds.

Intersexual differences from morphometric measurements were accessed through
univariate t-test. For this analysis, outliers were identified and removed by the probability test
based on standard deviation present in BioEstat 5.0 (Ayres et al. 2007). Therefore, all
individuals of both species had equality of group covariance matrices, and all data were
normally distributed, after Bartlett and Shapiro-Wilk’s tests, respectively. Furthermore, P-
value was adjusted with Bonferroni correction for multiple comparisons (Zar 2010). Sexual
size dimorphism index was calculated as the ratio between the average values for females and
males.

The ability of the morphometric analysis to discriminate among males and females
was examined using Generalized Linear Models (GLMs) with binomial errors and a logit link
function, where sex was treated as a binary response variable. Outliers previously identified
were maintained in the total sample set, because the analysis is robust enough to violations of
normality and homoscedasticity (Hair et al. 2009). Pearson’s correlation was used to check
the interaction between variables, excluding those variables correlated amongst themselves (P
< 0.05). To fit the GLMs, significant variables were selected by the model through a stepwise

procedure, testing the deviance of the likelihoods of full and reduced models (Burnham and
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Anderson 2002). The best models for each species were selected using Akaike's Information
Criteria (AIC), assuming that smaller values indicate a better fit of the model.

From selected models for Red-billed Tropicbirds, two validation methods were
applied: (1) with the full sample set, which was used to fit the models; and (2) a sample
obtained from random selection without replacement with 50% of the full data set (jackknife
method), which was used to validate the model fitted with the full set (Dechaume-
Moncharmont et al. 2011). Due to small sample size, for White-tailed Tropicbirds best
models were only validated using the full sample. Cutpoint (C) for discriminant scores to each

model was calculated according to Hair et al. (2009), considering groups with different sizes,

as follows:
C = (Nf+Zm)+(Nm=*Zf)
- Nf+Nm :

in which C is the cutpoint, N is the sample size for males (m) and females (f), and Z is the
centroid (mean of discriminant scores) for each sex. All statistical analyzes were carried out

using the software R (R Development Core Team 2011).

RESULTS
Red-billed Tropicbird.--Males had bill length, nostril-to-bill-tip, head-plus-bill and
wing chord larger than females (Table 1). Bill length, nostril-to-bill-tip and head-plus-bill
presented correlation (P < 0.001), and the latter two were excluded from the data set to fit
GLMs. Thus, the model which used bill length and wing chord showed discriminatory power
of 67.5% (n = 108), while the model that used only bill length correctly classified 62.9% of
the individuals (Table 2).

D = (bill length * 0.33) + (wing chord * 0.11) — 17.76
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Individuals with discriminant scores D < -0.01 were sexed as females, whereas those
with D > -0.01 were males, and the jackknife validation method correctly classified 65% of

the individuals randomly selected from the original dataset.

White-tailed Tropicbird.--In White-tailed Tropichbirds significant SSD was detected
for wing chord only. However, SSD values indicated reverse sexual dimorphism (RSD) for
this trait. As for Red-billed Tropicbird, bill length, nostril-to-bill-tip and head-plus-bill
presented correlation (P < 0.001), and the latter two were excluded from the data set to fit
GLMs. In this case, in the GLM, four variables (wing chord, bill length, bill depth and bill
width) contributed to the best fit model (lowest AIC in Table 2). This model with the four
variables above was the best in classifying birds, and was able to correctly sex 39 out of 54
birds: 20 females (80.0%) and 19 males (65.5%). Nevertheless, discrepancy on classification
rates between males and females was higher in the model with better fit than the second best
model. Thus, the most parsimonious model is the one that employs only wing chord, bill
depth and bill width, which despite correctly classifying a lower number of birds (38 out of
54), includes fewer variables and more similar classification rates between males and females.
This model is as follows:

D = (wing chord = —0.15) + (bill width * 1.38) + (bill depth * 0.79) + 41.93
Here, individuals with discriminant scores D < 0.12 were females, whereas those with D >

0.12 were males.

DISCUSSION
Sexual size dimorphism
In many bird species, males are typically larger than females (Székely et al. 2007), a

pattern which has also been observed in most seabirds (Schreiber and Burger 2001). In the



42

current study Red-billed Tropicbirds displayed this typical pattern, i.e. males had bill length
and wing chord larger than females. However, in White-tailed Tropicbirds females typically
had greater wing lengths than males. Thus, based on these two species there is no consistent
pattern of SSD in order Phaethontiformes.

The causes of SSD have long been discussed. Darwin (1871) suggested that larger
body size in males is largely determined by selection during male-male disputes, where males
with larger body size have more mating opportunities. The evolution of SSD has subsequently
been widely studied and, in most cases, sexual selection or niche segregation between sexes
has been identified as key selective forces (reviewed in Shine 1989). Serrano-Meneses and
Székely (2006) suggested that, in seabirds, the agility of males in sexual display may be an
influential factor to the evolution of SSD. They also suggested that those species that display
on the ground will have male-biased SSD, while females will be larger than males in species
which perform aerial displays, such as tropicbirds.

The RSD found for White-tailed Tropicbird is uncommon within seabirds (Schreiber
and Burger 2001). It has been recorded for wing chord in six Puffinus species (Bull et al.
2005), and has also been found in families which until recently were considered sisters of
Phaethontidae, such as Sulidae and Fregatidae (Schreiber and Burger 2001). Tropicbirds
perform aerial courtship displays (Orta 1992) and thus female-biased SSD was expected
(Serrano-Meneses and Székely 2006). Therefore, from an adaptative perspective, aerial sexual

displays may explain the observed pattern of RSD in White-tailed Tropicbirds.

Sex discrimination
This is the first time that discriminant functions have been applied to the study of
morphometrics of Phaethontiformes. For White-tailed Tropicbird, although sexual

dimorphism occurs only for the wing chord, the fitted model was able to identify sexes,
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confirming the relevance and intensity of RSD. For Red-billed Tropicbird, the application of
jackknife subsampling technique as an alternative method for validating the model resulted in
a similar discriminatory power compared to the validation performed with the total data set.
This technique has been suggested by Dechaume-Moncharmont et al. (2011) precisely to
avoid overestimated discriminant rates with intermediate sample sizes (n < 200).

Although there is SSD in both species, there is strong overlap in the range of traits that
showed statistical differences between the sexes. Hence, even if the sample size increases, it is
possible that the discriminatory power of new discriminant functions will be similar to this
study. In summary, we clearly demonstrate that discriminating functions are a plausible
method for sex determination of the two tropicbirds in the field, with discriminatory power

similar to other seabirds in which the same methods have been applied.
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Table 1. Body measurements of Red-billed Tropicbirds (Phaethon aethereus) and White-tailed Tropicbirds (Phaethon lepturus) sampled on Abrolhos

and Fernando de Noronha archipelagos (Brazil), respectively. Measurements of each sex are in mm, with mean = SD (sample size); SSD = male:female

(means). P-value of t-tests were adjusted with Bonferroni correction.

Red-billed Tropicbirds

White-tailed Tropicbirds

Variables ) Q SSD t P ) Q SSD t P

Bill length 63.20+226 (n=71) 61.06+215(n=68) 1.03 -5.69 <0.001 47.64+221(n=31) 4811+211(n=26) 099 081 042
Nostril-to-bill-tip 55.93+199(n=71) 5488+197(n=68) 1.01 -3.13 0.002 37.16+2.04(n=32) 3783+211(n=26) 098 121 0.23
Wing chord 32492+6.6(n=39) 320.62+539(n=40) 1.01 -3.16 0.002 271.84+6.33(n=32) 276.56+6.1(n=25) 0.98 2.84 0.006
Tarsus length 29.68+153(n=32) 29.27+189(n=26) 101 -089 036 23.12+133(n=32) 2295+133(n=26) 100 -0.48 0.63
Bill width 1144+£092(n=32) 11.71+120(n=28) 097 096 033 8.01+£0.52(n=31) 830+£0.77(n=26) 096 1.63 0.098
Bill depth 2146+1.10(n=32) 21.11+11(n=28) 101 -144 016 16.13+0.76(n=29) 1593+0.85(n=25) 1.01 -0.89 0.37
Head-plus-bill 121.65+3.00(n=32) 119.48+3.23(n=28) 1.01 -2.67 0.009 9752+208(n=31) 9829+253(n=26) 099 123 0.21
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Table 2. Generalized Linear Models with best accuracy to discriminate the sex of Red-

billed Tropicbirds (RBT, Phaethon aethereus), and of White-tailed Tropicbirds (WTT,

Phaethon lepturus) on Abrolhos and Fernando de Noronha archipelagos (Brazil),

respectively. P represents the significance of the models which was calculated based on

residual deviance on degrees of freedom.

Discriminatory Power

(%)
Species Model ) Q Total AIC
Sex = bill length 675 575 62.5 107.65
RBT Sex = bill length + wing 725 625 67.5 101.52
Sex = wing chord 65.5 64 64.8 7195
Sex = wing + bill width + bill depth 65.5 76 704  68.11
WTT Sex = bill length + wing + bill width + bill depth 65.5 80 722  67.87
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Abstract

Tropichirds, genus Phaethon, are pelagic seabirds that nest on islands and, in Brazil, are
listed as threatened mainly due to the introduction of vertebrate species in their
colonies. Phaethon aethereus red-billed tropicbird (RBT) and Phaethon lepturus white-
tailed tropicbird (WTT) nests off Brazil on Abrolhos and Fernando de Noronha
archipelagos, which are 1700 km apart from each other. In this study we used 11
microsatellite loci to determine genetic diversity of WTT from Fernando de Noronha
and RBT from Abrolhos, to test the occurrence of a recent bottleneck in these
populations, and verify intraspecific connectivity of these species between archipelagos.
Both species presented low heterozygosity, smaller than other seabird species with
decreasing population trend. Moreover, both populations showed high levels of
inbreeding, which could contribute to the decreasing heterozygosity and also
contributing to the Hardy-Weinberg disequilibrium. Nevertheless, there was no
evidence of recent bottlenecks in these populations. Intraspecific connectivity analysis
indicated a low probability of recent contact among birds from the two archipelagos,

which demonstrate genetic structuration between the islands.

Key words: Red-billed tropicbird, white-tailed-tropicbird, bottleneck, intraspecific

connectivity, genetic diversity.
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Seabirds in general, and pelagic species in particular, are severely threatened, with the
highest rates of population decline among all groups in the class Aves (Croxall et al.
2012). Furthermore, two thirds of all threatened seabird species nest on islands (Collar
and Andrew 1992), places where birds had been historically extinct after human arrival,
especially by direct consumption as food or by introduction of domestic or human
associated vertebrates, as evidenced by historical data (Steadman 1995). In Brazil, 15
seabird species are threatened to extinction according to the national red list. Six of
them nest on Brazilian tropical islands (Machado et al. 2008) and two of those are
colonial pelagic tropicbirds of the Phaethontiformes order, which breed on Abrolhos
and Fernando de Noronha archipelagos (Sick 1997).

The red-billed tropicbird Phaethon aethereus (RBT) breeds mainly on Abrolhos
archipelago with 269 nests recorded in 2011 (M. Efe, unpublished data), though about a
dozen active nests are regularly seen on Fernando de Noronha archipelago (Oren 1984,
Antas 1991, M. Efe unpublished data). Fernando de Noronha, on the other hand, is the
main breeding site for the white-tailed tropicbird P. lepturus (WTT) on the Brazilian
coast, with 99 active nests in 2011 (M. Efe, unpublished data), although some
individuals are also frequently observed flying and nesting on Abrolhos (M. Efe et al.
unpublished data).

The main threat to tropicbirds on the Brazilian coast is the presence of invasive
species such as cats, rats, goats and lizards in their colonies (Efe 2008). Moreover,
human occupation during the last centuries significantly altered the natural
characteristics of both archipelagos (Donato 1987, Lins and Silva 2003). The presence
of invasive species and human disturbance are among the main threats for seabirds

around the world (Croxall et al. 2012). One of the consequences of predation by
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invasive species and habitat destruction or degradation is reducing the number of
individuals in a population (bottleneck), which can intensify processes such as
inbreeding and loss of genetic diversity and evolutionary potential (Frankham et al.
1999, Lande 1995).

In this context, conservation efforts are important for the recovery of
populations, though the breeding biology of such species could influence recovery rates.
Tropichirds are k-selected species and their reproductive biology is not favorable to a
rapid recovery as they (1) nest mostly directly on the ground becoming more vulnerable
to predation, (2) lay only one egg, (3) leave the chicks alone in the nest while feeding at
sea, (4) do not perform post fledgling parental care (Orta 1992), and also (5) show low
hatching success due to environmental conditions or disturbances (Castillo-Guerrero et
al. 2011).

Therefore, based on threats and intrinsic biological characteristics mentioned
above, it is postulated that population bottleneck had occurred in these tropicbird
populations. If they experienced population declines, they should undergone loss of
genetic diversity. Nevertheless, since the 1980s the two archipelagos are protected by
the Brazilian law and are considered national protected areas, which could to be
contributing to the stabilization and recovery of these populations, similar to other bird
populations where conservation and management efforts are in place (Groombridge et
al. 2001, Rains et al. 2011). Because recently bottlenecked populations exhibit an allele
deficiency, detecting such events is possible through tests that consider distribution of
allele frequencies, and also by detecting excess of heterozygosity in relation to the

number of alleles (Cornuet and Luikart 1996).
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Despite their great mobility, seabirds are known to be highly philopatric
(Schreiber and Burger 2001). In this way, their mobility does not necessarily means
high dispersal ability, as evidenced for magnificent frigatebird Fregata magnificens,
which has the higher wing-loading of all birds, but remains genetically isolated at the
Galapagos archipelago (Hailer et al. 2011). Nevertheless, there is no general pattern of
genetic structuring in seabirds, especially for species without contemporary or historical
physical barriers between populations, although it has been described a correlation
between nonbreeding distribution patterns with genetic structure (Friesen et al. 2007,
Wiley et al. 2012). Such correlations remain untested in tropicbirds. Understanding the
structure of populations optimizes conservation efforts by defining conservation units
and implementing effective strategies for specific problems of each unit (Fraser and
Bernatchez 2001).

The genetic structure of tropicbirds is unknown as well as other population
issues related to its conservation and genetic diversity indices. Such data are among the
three most important issues for the conservation of natural populations worldwide,
according to the World Conservation Strategy (IUCN 1980). In Brazil, seabird
populations have been managed as single units, mainly by the absence of studies
directed to clarify population structure, and only a small part (about 5%) of seabird
studies have focused on conservation, and virtually no study on tropicbirds population
dynamics has been conducted for species inhabiting islands off Brazil (Moraes-Ornellas
2009). In this context, molecular markers are potentially useful tools for conservation,
because they refine ecological and evolutionary understanding and provide solutions to

specific problems of each population or species (Taylor and Friesen 2012).
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Therefore, aiming at understanding population dynamics of tropicbirds from the
Brazilian tropical archipelagos and providing the framework information for their
conservation, the objectives of this study were to: 1) identify genetic diversity of RBT
population on Abrolhos, and of WTT population on Fernando de Noronha; 2) test the
occurrence of population bottleneck in both populations, and 3) assess the degree of

intraspecific relationship of both species between the two archipelagos.

Materials and methods

Study area and sampling

Fernando de Noronha archipelago has 21 km? and consists of 21 islands and islets of
volcanic origin (Almeida 1955). It is located at 3°50'S and 32°24'W, and the nearest
point to South America mainland is 345 km away. The Abrolhos archipelago has 0,16
km?, consists of five islands disposed circularly, which also have volcanic origin, and is
located on the continental shelf at 17°50'S and 38°35'W, about 70 km far away from the
nearest point to the Brazilian coast (IBAMA/FUNATURA 1991). Fernando de Noronha
is about 1700 km apart from Abrolhos and is directly influenced by a south equatorial
current with high salinity and temperature, which flows from east to west and reaches
Abrolhos when it is deflected southward influenced mainly by southeast trade winds,

forming the Brazil Current (Stewart 2008) (Fig. 1).

DNA extraction and genotyping
Blood samples were collected from breeding birds captured manually or with dip nets
on nests, and stored on FTA® cards for DNA extraction. To avoid resampling, all birds

were identified with metal rings. DNA was extracted using the protocol described by
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Boyce et al. (1989), which uses CTAB cationic detergent. Ten microsatellite loci of
each species were amplified, all described by Humeau et al. (2011).

Polymerase chain reaction (PCR) amplifications were carried out in a reaction
volume of 20 pL containing 20-30 ng of DNA, 0.2 uM of each primer, 0.2 uM of
forward primer end-labeled with a fluorescent dye primer (HEX/FAM, Schuelke 2000),
0.2 uM deoxynucleoside triphosphate, 1x PCR buffer, 1.5 mM MgCl; and 1.0 unit of
Tagq DNA polymerase (GIBCO-BRL Life Sciences/Invitrogen, Carlsbad, California).
The termocycling profile included an initial denaturing at 95°C for 15 min, followed by
30 cycles of denaturing at 94°C for 30 s, annealing at 56°C for 90 s, extension at 72°C
for 60 s, and a final extension at 72°C for 10 min. The products were analysed in an
ABI PRISM 3130 Genetic Analyser (Applied Biosystems, Foster City, California), and
alleles reading was performed using the software Peak Scanner version 1.0 (Applied

Biosystems).

Data analysis

Genetic diversity in each population was measured using the ARLEQUIN 3.5.1.2
software (Schneider et al. 2000), by the number of alleles per locus (N), allelic richness
(A), observed heterozigosity (Ho), expected heterozigosity from Hardy-Weinberg
proportions (Hg, Nei 1978), average heterozigosity (H) and deviations from Hardy-
Weinberg equilibrium (HWE, Guo and Thompson 1992). The GENEPOP online
software (http://genepop.curtin.edu.au/) was used for calculations of heterozygotes
deficiency and sequential Bonferroni corrections, which were applied to correct
multiple simultaneous comparisons (Rice 1989). Wright’s F-statistics, based on the

variance in the allele frequencies, were used to analyze within population structure
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(Fis), according to Weir and Cockerham (1984) and implemented in GENEPOP online.
The accuracy of microsatellite loci amplified to estimate the level of inbreeding was
verified by Pearson’s correlation between observed heterozygosity and inbreeding
coefficient, in R software (R Development Core Team 2011).

In order to identify evidences of population bottleneck in each population two
complementary approaches were used. The graphical method illustrates the
existence/absence of rare alleles in a population by the shape of allele frequencies
distribution: a L-shaped graph indicates that the population is naturally in mutation-drift
equilibrium; otherwise, it is indicative of a recently bottlenecked population (Luikart et
al. 1998). The second is a statistical method for bottleneck occurrence, which tests for
excess of heterozygosity compared to the expected values from the observed number of
alleles at each locus and population, assuming mutation—drift equilibrium as the null
hypothesis. This relationship was calculated using a Wilcoxon signed rank test, and the
computations were based on both stepwise mutation (Valdes et al. 1993) and 2-phase
mutation models (Di Rienzo et al. 1994), as performed in the BOTTLENECK 1.2.02
software (Cornuet and Luikart 1996).

The degree of intraspecific relationship between birds sampled at Fernando de
Noronha and Abrolhos for both species was determined using the Markov Chain Monte
Carlo (MCMC) method, which examines the distinction between populations and
clustering of individual genotypes, through the STRUCTURE 2.3 software (Pritchard et
al. 2000). Following Pritchard et al. (2010), analyses used burn-in period of 10,000 and
one million of MCMC repetitions after burn-in, running the ancestry model which uses
prior population information to test for migrants and requires an a priori information

about the source population of each sample (Pritchard et al. 2010). The definition on the
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number of assumed populations (K) was conducted to obtain the greatest Estimated Ln
Prob of Data (In Pr(X|K)) and the lowest K value, considering the number of assumed
populations more accurate that one where the curve reached the “more-or-less plateaus”
(Pritchard et al. 2010) (Fig. 2). Nevertheless, the K value considered ideal was
compared with K = 2 since the archipelagos are separated by 1700 km and, initially,
individuals contained in the data sets of each species were assumed to be representatives
of two distinct populations. Furthermore genic differences of each species were also
calculated between the archipelagos by the Fisher's exact probability test algorithm

through GENEPOP online.

Results

Microsatellite polymorphism and genetic diversity

Were sampled 37 RBT in Abrolhos, and two individuals in Fernando de Noronha. For
WTT 35 samples were obtained at Fernando de Noronha, and only one individual at
Abrolhos. The WTT sampled in Abrolhos was the only nest made by this species in the
archipelago during the sampling period and, of all birds sampled it was the only chick
included in the analysis. Among the eleven microsatellite loci described by Humeau et
al. (2011), loci P4G1l and P3F3 did not amplify for WTT and RBT samples,
respectively, collected in Brazil. All amplified loci for both species were polymorphic.
The total number of alleles was 78 for WTT in Fernando de Noronha with an average of
7.8 alleles per locus (Table 1). Average heterozygosity of WTT was H = 0.454, with
five loci showing significant deviations from the expected genotypic proportions of
HWE (p < 0.01). The global test using all loci showed significant deviation from HWE

for the WTT population from Fernando de Noronha (p < 0.001). The test based on
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MCMC indicated deficiency of heterozygotes in only two out of the ten loci analyzed
for this species (p < 0.01 after Bonferroni correction). However, if p < 0.05, the
deficiency of heterozygotes occurred in seven loci.

The total number of alleles present in the RBT population of Abrolhos was 40,
with average of 4.0 alleles per locus. Average heterozygosity was H = 0.309, and only
two loci showed no significant deviations from the expected genotypic proportions
according to HWE. The global test showed significant deviation from HWE for the
RBT population nesting at Abrolhos (p < 0.001). Furthermore, the MCMC based test
indicated deficit of heterozygotes in seven out of the ten loci amplified (p < 0.01 after
Bonferroni correction).

Both RBT (r? = -07607, p = 0.009) and WTT (r* = -0.7927, p = 0.003) showed a
significant correlation between observed heterozygosity and F;s, which confirms
inbreeding in both population. The WTT population of Fernando de Noronha had Fis =

0.230 (p < 0.0001), while the RBT population of Abrolhos had F;s = 0.553 (p < 0.0001).

Population bottleneck

The distribution of allele frequencies was similar for both species, with highest
proportions of alleles at low frequencies (0.01-0.2), resulting in a L-shaped graphic and
thus no evidence of recent population bottleneck (Fig. 3). The test for heterozygosity
excess revealed no significance for both species in both 2-phase mutation and stepwise
mutation models, which had p-values, respectively, of p = 0.996 and p = 0.997 for RBT,
and p = 0.958 and p = 0.998 for WTT. These data support results from the graphic

method, showing that both populations were not recently bottlenecked.
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Intraspecific relationship between tropicbirds from Fernando de Noronha and
Abrolhos archipelagos

The single WTT individual (chick) sampled on Abrolhos presented eight exclusive
alleles, which were present in eight out of the ten loci. The model of test for migrants
with K = 2 revealed that the probability of this individual belonging to the Fernando de
Noronha population was < 1% (Fig. 4a). Fisher’s probability test of genic difference
between “populations" confirmed this marked intraspecific difference (y° = 92.756; df =
18; p < 0.0001).

On the other hand, relationships of the two adult RBT individuals sampled in
Fernando de Noronha with the Abrolhos population was estimated based on K = 4 (Fig.
4b), where it was located the more-or-less plateaus, and compared with K = 2 (Fig. 4c).
These two individuals had only one exclusive allele, in the locus P3A3. Nevertheless,
with K = 2 the probability of individuals sampled in Fernando de Noronha belong to the
Abrolhos population was only 12.7% and 32.6%, with a difference of allelic frequencies
of 22.8% between populations. Analysis with K = 4 confirmed previous result and
intensified differences between populations, showing that these two individuals had an
ancestry relationship of only 3.7% with the Abrolhos population. Furthermore, Fisher’s
probability test also indicated a significant genic difference among individuals sampled
at Fernando de Noronha in comparison with the population from Abrolhos (,* = 37.236;

df = 20; p = 0.005).

Discussion

Genetic diversity
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Average heterozygosity found in both species (RBT on Abrolhos H = 0.309, and WTT
at Fernando de Noronha H = 0.454) are smaller than those found in microsatellite
amplifications in other seabird species with decreasing population trends, such as
Wandering albatross (H = 0.509; Bried et al. 2007), Galapagos petrel Pterodroma
phaeopygia (H = 0.460; Friesen et al. 2006), Magellanic penguin Spheniscus
magellanicus (H = 0.598; Bouzat et al. 2009), and the Suliformes: Brown booby Sula
leucogaster (H = 0.620), Red-footed booby Sula sula (H = 0.640) and Great frigatebird
Fregata minor (H = 0.600) (Morris-Pocock et al. 2012). The WTT individuals sampled
at Réunion island (n = 55) showed higher allelic richness (4 = 13) and average
heterozygosity (H = 0.584) (Humeau et al. 2011), in comparison with these parameters
for WTT and RBT obtained in this study. Moreover, in contrast with tropicbirds from
Brazil, WTT from Réunion Is. showed no deviations from HWE (Humeau et al. 2011).
Thus, both tropicbird populations studied had probably declined and represent now a
fraction of the original population from both islands.

In small populations, mating of unrelated individuals becomes infeasible over
time (Frankham et al. 2002). Inbreeding leads to reduction in population fitness and
direct evidence found in inbred individuals is decreased heterozigosity (Allendorf and
Luikart 2007). Abrolhos RBT population showed significant level of inbreeding, which
could explain decreased heterozygosity and HW disequilibrium found in eight out of the
ten loci analyzed. Similarly, significant level of inbreeding found for the Fernando de
Noronha WTT population could explain HW disequilibrium found in five out of the ten
amplified loci, which may be related to the small population size limited by the small
area of Chapéu island (only 0.01 km?) used by most tropicbirds for nesting in this

archipelago.
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Evans and Sheldon (2008) indicated that low average heterozygosity in bird
population/species represents great risk of extinction, as it usually occurs when
populations are declining. As many seabirds are subdivided in populations, which often
face distinct environmental conditions, it is of paramount importance that conservation
efforts consider specificities of each population, treating them as distinct conservation
units, and not only an approach to species level that consider them as single entities

(Fraser and Bernatchez 2001).

Bottleneck

The findings of this study does not indicate occurrence of a recent bottleneck. However,
the allelic frequency distribution presents a large number of rare alleles (frequency
range 0.01-0.2), and few alleles in the remaining frequencies. According to Cornuet and
Luikart (1996), the graph of a population in mutation-drift equilibrium must shows a
smoother curve, with number of alleles gradually decreasing as they are increasing
frequency ranges.

Therefore, even though these populations have a large percentage of rare alleles
and mutation models indicate mutation-drift equilibrium, they could be recovering from
an historical bottleneck or founder event, as they present reduced genetic diversity,
similar to what occurs in other bottlenecked bird populations (e.g. Glenn et al. 1999,
Zhang et al. 2004). Such low genetic diversity can be attributed to the low resilience of
seabirds against adverse environmental conditions, as also suggested for the slow
recovery of the Monteiro’s Storm-petrel Oceanodroma monteiroi (Bolton et al. 2008).
Moreover, low genetic diversity could be considered a natural characteristic of

tropichirds, accounting for no impact on the population viability of these species, such
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as to albatrosses (Milot et al. 2008). This issue could be better understood by

determining genetic diversity indices in other large tropicbirds populations.

Intraspecific connectivity between archipelagos

Microsatellite analyzes demonstrated a limited possibility of the WTT sampled
at Abrolhos coming from Fernando de Noronha population, and vice-versa for RBT.
Intraspecific differences found between archipelagos were sufficient to infer that such
individuals may have dispersed from other colonies in the Atlantic ocean, such as
Ascension island, Cape Verde, or Caribbean islands (Orta 1992).

Friesen et al. (2007) suggested that the at sea distribution during the non-
breeding period may influence the level of population structuring, so that species which
remain near their colonies during the non-breeding period present stronger genetic
structuring because it makes difficult encountering with individuals from other colonies.
Little is known about the at sea distribution of tropicbirds in non-breeding period (Orta
1992), but Le Corre and Jouventin (1999) identified intraspecific differences in plumage
coloration and morphometrics for WTT worldwide, featuring subspecies level.
Although we had studied tropicbird populations only on Brazilian islands, and even
though they are relatively nearby colonies, it was possible to identify significant genetic
differences between populations. Because tropicbirds present pantropical distribution,
the existence of worldwide genetic structuring was somewhat expected, at least on an
ocean basin level. A clearer scenario would emerge only with a global phylogeographic
analysis, which would reveal the source population of the Abrolhos WTT and the
Fernando de Noronha RBTSs, as well as elucidate the dispersal ability of the poorly

studied tropicbirds. Considering different environmental conditions found between



64

islands and importance of specific approaches according to the problems faced by each
population, our findings are significant for the conservation, since it is the first study of
population differentiation at the molecular level in tropicbirds, serving as an alert to the

importance of population-specific management of these birds.
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Table 1. Microsatellite genetic diversity of Red-billed tropicbirds Phaethon aethereus
on Abrolhos archipelago and of White-tailed tropicbirds Phaethon lepturus on Fernando
de Noronha archipelago, Brazil. Number of alleles per locus (A), allelic richness (4),
observed heterozigosity (Hp), Nei’s estimated heterozigosity (Hg), average

heterozigosity (H), and inbreeding coefficient values (Fis).

Red-billed tropicbird (n = 37) White-tailed tropichbird (n = 35)

Locus A Ho HE F|5 A Ho HE FIS
P3G12 3 0.029* 0.364 0.922 2 0.000* 0.061 0.664
pP3D7 3 0.000* 0.377 1.000 5 0.468* 0.535 0.117
P3A3 2 0.000* 0.210 1.000 3 0.125 0.177 0.469
PAF2 3 0.205* 0.476 0.680 27 0.935 0.947 0.008
pP3C1 7 0.382* 0.696 0.511 6 0.218* 0.563 0.647
P3F7 2 0.000* 0.421 1.000 15 0.903 0.883 0.005
PAG1 4 0.500 0.517 0.076

P3A4 7 0.333* 0.419 0.218 8 0.354* 0.525 0.304
P3F3 4 0.517* 0.699 0.268
P3H10 3 0.117 0.113 -0.034 3 0.709 0.552 -0.157
P3F5 6 0.454* 0531 0.163 5 0.312 0.285 -0.024

A 4 7.8

H 0.309 0.454

* The loci with observed heterozygosity marked with an asterisk are in Hardy-Weinberg

disequilibrium (P < 0.01 after Bonferroni correction).
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Figure Captions

Figure 1. Map of study area, with Fernando de Noronha and Abrolhos archipelagos,

Brazil

Figure 2. Estimated Ln Prob of Data In Pr(X|K) for each number of populations
assumed (K). The K chosen as the best parameter for the ancestry model is that located
on beginning of the plateau, where the curve stabilizes. K = 4 for RBT — red-billet
tropicbird Phaethon aethereus and K = 2 for WTT — White-tailed tropicbird Phaethon

lepturus.

Figure 3. Distribution of allele frequencies in relation to the percentage of alleles at each
locus, in two tropicbird species in Brazil. The graph indicates L-shaped distribution,
indicating that populations of tropicbirds on the Brazilian coast were recently

bottlenecked.

Figure 4. Intraspecific connectivity of tropicbirds on Brazilian islands based on ancestry
model that test for migrants from percentual allelic frequencies. (a) White-tailed
tropicbird Phaethon lepturus sampled in Abrolhos (right bar) compared to the breeding
population of Fernando de Noronha. The two Red-billed tropicbirds Phaethon aethereus
sampled in Fernando de Noronha (right bars) compared to the breeding population of

Abrolhos, assuming (b) four populations (K = 4), and (c) two populations (K = 2).
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