UNIVERSIDADE ESTADUAL DE SANTA CRUZI UESC
PROGRAMA DE POSGRADUACAO EM ECOLOGIA E CONSERVACAO DA
BIODIVERSIDADE T PPGECB

FLAVIO MARIANO MACHADO MOTA

IMPACTO DAS MUDANCAS CLIMATICAS SOBRE A DIVERSIDADE DE AVES

IIhéus, Bahia
2024



FLAVIO MARIANO MACHADO MOTA

IMPACTO DAS MUDANCAS CLIMATICAS SOBRE A DIVERSIDADE DE AVES

Tese de doutorado apresentada ao Programa de
P6sGraduacdo em Ecologia e Conservagdo da
Biodiversidade da Universidade Estadual de
Santa Cruzomo requisito parcial para obtencéo
do titulo de Doutor em Ecologia e Conservacgéo
da Biodiversidade.

Orientadora: Dra. Daniela Custédio Talora
Co-orientadores: Dr. Neander Marcel Heming e
Dr. José Carlos Moranteilho

IIhéus, Bahia
2024



M917 Mota, Flavio Mariano Machado.
Impacto das mudancas climéticas sobre a diver-
sidade de aves / Flavio Mariano Machado Mota. i
[lhéus, BA: UESC, 2024.
175f. @il

Orientadora: Daniela Custodio Tarola.
Tese (doutorado) T Universidade Estadual
de Santa Cruz. Programa de Pos-Graduacao em
Ecologia e Conservagao da Biodiversidade.
Inclui referéncias.

1. Aves. 2. Diversidade bioldgica. 3. Mudancas
climéticas. 4. Florestas tropicais. 5. Avifauna. I. Titulo.

CDD 598




FLAVIO MARIANO MACHADO MOTA

IMPACTO DAS MUDANCAS CLIMATICAS SOBRE A DIVERSIDADE DE AVES

Dr. Marcos de Souza Lima Figueiredo

Universidade Federal do Estado do Rio de Janeiro

Dr. Leonardo de Sousa Miranda
Lancaster University

Dra. Gabriela Silva Ribeiro Gongalves

Universidade Federal do Para

Dra. Eliana Cazetta
Universidade Estadual de Santa Cruz



Agradecimentos
Agradeco a minha familia, amigos, professores, orientadores e colaboradores estrangeiros,

todos que contribuiram de alguma forma para a construcao desta tese.

Agradeco ad’rograma de PéSraduacdo em Ecologia e Conservacédo da Biodiversidade
(PPGECB), ao Laboratério de Ecologia e Conservacao Aplicada (LEAC) e ao Grupo de
Macroecologia e Conservagéo da Universidade Estadual de Santa Cruz (UESC) pelo suporte.

Agradeco adiodiversity and Conservation Ecology LdbUniversity of Utalpor terem me

recebido tdo bem e contribuido para que eu tivesse uma 6tima experiéncia no exterior.

Agradeco a Fundacédo de Amparo a Pesquisa do Estado da Bahia (FAPESB) pela bolsa de
doutorado e &oordenacédo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES) pela

bolsa de doutoradsanduiche (PDSE), e dtie Explorers Clulpelo financiamento.



Sumario

F Yo | = To [=To] [ g 1T 01 (0 L ST PP PP POPPPPPPP 5
ST U1 [0 PP PPP PSRRI 9
N 013 1= o PP PPPPPPR 10
e To [N or=To o = = | ST 11
] (= =] o = LS PP 14
(@F=T 11U o 0 PRSP PPURTPRPUPPRPP 19
Amount of bird suitable areas under climate change is modulated by morphological,
ecological and geographical traitS............cccceeeeiiiiieeeiiei e 19
Y 0111 7> VX S PPPPRRPRR 19
0 I [ 11 To [ [ £ o P PPRRRRN 20
1.2. Material and Methods............oooiiiiiiiieeee e e e e e e e 22
1.3 RESUILS ..ttt 24
O I o U1 [ o PRSP 26
IR T Y (=] =] T =S 28
(@ o 11 1V [ 02 USRI 35
Impact of climate change on the multiple facets of forest bird diversitpiodaversity
hotspot within the AtlantiC FOreSt...........oooi i 35
Y 0111 - VX P PPUSRPRR 35
2.1, INETOAUCTION. ... e e e eret et e e e e e e e e e e e e e e e e s st e e e e aeeeeeeas 36
2.2. MEENOUS. ... eee ettt e e e e eert et e e et et e e e e e e e e e e e e e e s ammma e e e e e e e e e e e e annne 39
L0 [0}V : 1 =T TSP PPPPPPPPPP 39
=T 0 0 = = VPP 40
(O 101 (30 == PP 41
Ecological Niche Models (ENMS)........ccoouuiiiiiiiiiiiiiieeeeeeeeiiiin e eeevvimmmennnee e A1
Taxonomic, functional and phylogenetic metrics.............cccccccieen i 42
DAta ANAIYSIS. .. .eeeieiiiiiiieie e e 42
2.3, RESUILS ...t e e e el 43
2.4, DISCUSSIONL...ccieiiiiiiiiitinie s see ettt e e s e e e e e e e e e eaans e e e s e e e e eeeeaaeeeeeeaannaeeeaeaaeaeeeeees 48
2.5, RETEIBNCES. ... .uitiiiiiiiiiiite ettt e e e e e e e e rmnne e e e e e e e e 52
(@ o1 0] [0 T PSSR 62

Functional traits exacerbate the vulnerability of forest birds to climate change in the
AUBNTIC FOIEST.....oiiiiiiiitiei et e e e e ereea e s e e e e e e e e e et e e eeeeesbbbnnneeeeeeeeeeesennes 62



F N 015 1 = (o1 AP TPR 62

G 0 I [ 01 (o o (3 Tod 1 o] o PP PPPPRROUOPPPPPPPPPY 63
G T |V =1 [ Lo L= 65
Y LU [0 )= T - TSP PPPPPRPRPRRPIN 65
Bilrd Aatal...ccceeeieiieiiee e e 66
ClMALE DALA.......cceiii it erene bbb e e e e e e e e e e e s smmr e e e e e e e aeeeeeeas 68
Ecological Niche Models (ENMS)........uuiiieeeei e eeeeeeeeeeeernee e 68
StAtISTICAl ANAIYSIS. ... .eeiiiiiiiiii e rr e e e e e e e e e e e n e 69
3.3 RESUIES ...ttt ettt a e e e e e e e e e mnne e e e e e e e 69
I I o 11 [0 PP PPPPPRPRPNY 4724
IR T L= (= =] Lo OO ¢
(@F=T 11U [0 1 TP PRRRPOPUPPRPR 82
Climate change is expected to restructure forest frugivorous bird communities in a
biodiversity hotpoint within the Atlantic FOrest.................ouvviicccieeeeece 82
Y 0111 > Vo R PPPTSRPRR 82
g R | 11 o o [ o 1) o 1S 83
A =Y T T £ RSP 85
Y 100 )T =Y TS PPPPRPSPPRPIN 85
=T 0 0 - - VUSSP 86
(O 14T (=30 - = S 87
Ecological Niche MOdEIS...........oooiiiiee e e e 88
DAta@ @NAlYSES.....uuueiiiiiie et eeee e e e e e e et —————————aaaaa——— 89
G TR TS | S UUSUR 89
B I3 Yo 13 o ] S 93
A5, REIEIBINCES .. ..ottt e eer s 96
(0= 011 (V][0 T TSP PUPPPUPPPRRPPN 107
divraster: an R package to calculate taxonomic, functional and phylogenetic diversity from
25 (<] £ PP PPN 107
ADSTIACT. ... e e e e e e e 107
o0 R = = Tod 1o (o 11 [ PR 108
5.2. Methods and fEAIUIES........uviiiiiiiiie e 110
Lo IRC T =T ] o] L= 114
5.4. PerformancCe COMPAIISONL. .....uuu e e eeeeeaaaaaaeeeeaeeeeaeeeeeeinnasaaaaeaaasaeeeeeeeeenes 114
5.6. REIEIENCES......utteiiiiii ettt eeee e e e e e e e e e e e e e eeeettbbabmmmraeeeeeeeerees 118



Supplementary Material..........cccoooiiiiiii e ———————

Concluséo geral



Resumo
As mudancas climaticas representam uma ameaca crescente a biodiversidade, com rapidas
alteracdes nos padrbes de precipitacdo e temperatura que superam 0s registros Histéricos.
aves, em particular, sdo sensiveis a essas mudancas, sendo um grupo modelo para avaliar
potenciais alteracbes em suas distribuicdes no futuro. Nesta tese, tivemos como objetivos: i)
investigar os fatores morfologicos, ecoldgicos e geograficos que afesposta das aves as
mudancas climaticas em escala global; ii) avaliar alterac6es na diversidade taxonémica (TD),
funcional (FD) e filogenética (PD) de aves florestais do Corredor Central da Mata Atlantica
(CCMA) entre cenarios climaticos e a represivittade de areas altamente diversas dentro de
areas protegidas; iii) identificar as caracteristicas que tornam essas aves mais vulneraveis as
mudancas climaticas e onde estdo localizadas; iv) avaliar como as mudancas climaticas afetam
a rigueza e a compigo de espécies de aves frugivoras florestais do CCMA; e v) apresentar
uma ferramenta para facilitar o calculo de métricas de diversidade a partir de dados
espacializados. Nossos resultados indicaram que, em escala global, aves com distribuicédo
ampla, mear massa corporal, encontradas primariamente em florestas e na Oceania tendem a
perder mais area climaticamente adequada no futuro. Em escala regional, observamos uma
perda de diversidade taxonémica (TD), funcional (FD) e filogenética (PD), e um aumento da
representatividade de areas altamente diversas dentro de areas protegidas. Houve também
substituicdo de funcdes ecoldgicas compartilhadas pelas aves florestais e diferencas nas
relagdes filogenéticas compartilhadas por elas dentro do CCMA. Além dissesdatorestais
gue apresentam menor distribuicdo, alta dependéncia de florestas e que sédo encontradas em
altitudes elevadas sao mais vulneraveis as mudancas climaticas. As aves frugivoras, em
particular, devem apresentar reducdo da riqueza, tornandomasiidades do futuro um
subconjunto das comunidades atuais na por¢céo oeste do CCMA. Por fim, a ferramenta que
desenvolvemos para calcular métricas de diversidade a partir dos resultados da modelagem de
nicho apresentou desempenho satisfatorio, facilitandtises macroecologicas. Nesta tese,
ressaltamos a importancia de considerar multiplas métricas de diversidade simultaneamente
para identificar potenciais areas para a conservacéao, e que diferencas entre escalas (global e
regional), dimensdes (TD, FD e PB®¥spécies podem ocorrer. Além disso, destacamos que a
manutencao das areas florestadas e protegidas nas por¢des norte e sul do CCMA, bem como o
aumento da conectividade entre areas adequadas para as aves florestais, € fundamental para
garantir a persist&ia das espécies no futuro, especialmente daquelas mais vulneraveis as

mudancas climéticas. Esperamos que os resultados apresentados aqui sejam Uteis para o



planejamento de conservacao da regidao, bem como inspirem futuros estudos com outros grupos

e em otras localidades.

Palavraschave: Macroecologia, MaxEnt, Aquecimento global, Conservacdo, Avifauna,

Floresta tropical

Abstract
Climate change poses an increasing threat to biodiversity, with rapid changes in precipitation
and temperature patterns surpagsistorical records. Birds, in particular, are sensitive to these
changes, making them a model group for assessing potential shifts in their distributions in the
future. In this thesis, our objectives were: i) to investigate the morphological, echlagita
geographical factors affecting birds' responses to climate change on a global scale; ii) to assess
changes in taxonomic diversity (TD), functional diversity (FD), and phylogenetic diversity
(PD) of forest birds in the Central Corridor of the Atlarfiorest (CCMA) under different
climate scenarios and the representation of highly diverse areas within protected areas; iii) to
identify characteristics that make these birds more vulnerable to climate change and their
geographical distribution; iv) to eluate how climate change affects the richness and species
composition of frugivorous forest birds in the CCMA; and v) to present a tool for facilitating
the calculation of diversity metrics from spatial data. Our results indicated that globally, birds
with wide distribution, lower body mass, primarily found in forests, and in Oceania are likely
to lose more climatically suitable areas in the future. Regionally, we observed a loss of
taxonomic (TD), functional (FD), and phylogenetic diversity (PD), alorth am increase in
the representation of highly diverse areas within protected areas. There was also a shift in
shared ecological functions among forest birds and differences in their phylogenetic
relationships within the CCMA. Additionally, forest birdsthvilimited distribution, high
dependence on forests, and found at higher altitudes are more vulnerable to climate change.
Frugivorous birds, in particular, are expected to experience reduced richness, resulting in future
communities being a subset of cuMreommunities in the western part of the CCMA. Finally,
the tool we developed to calculate diversity metrics from niche modeling results performed
well, facilitating macroecological analyses. In this thesis, we emphasize the importance of
simultaneously @nsidering multiple diversity metrics to identify potential conservation areas,
noting differences across scales (global and regional), dimensions (TD, FD, and PD), and
species. Moreover, we highlight that maintaining forested and protected areas irtlieenno
and southern parts of the CCMA, and enhancing connectivity between suitable areas for forest
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birds, is crucial for ensuring species persistence in the future, especially for those most
vulnerable to climate change. We hope the findings presenteduMiebe useful for regional

conservation planning and inspire future studies in other groups and locations.

Keywords: Macroecology, MaxEnt, Global warming, Conservation, Avifauna, Tropical forest

Introducéo geral

As répidas mudancas nos padrdes pdecipitacdo e temperatura tém provocado
alteracOes significativas nas distribuicbes das espécies, aumentando seu risco de extin¢cao
(RoméanPalacios and Wiens, 2020). Estis@ que 0 aquecimento global possa resultar numa
perda de 22,7% a 30,7% de inse&3%06 a 31% de plantas e 35% a 44% de vertebrados (Wiens
and Zelinka, 2024). Por exemplo, projecdes indicam que entre a década de 2050 e o fim do
século, 74% dos primatas da Mata Atlantica e 58% das aves da Amazonia podem perder mais
da metade de sua aremwticamente adequada (Miranda et al., 2019; Pinto et al., 2023). Essas
mudancas na distribuicdo das espécies tém impactos profundos na estrutura das comunidades,
alterando a composicdo de espécies através da reducdo de especialistas e da possivel
substitucao por espécies generalistas. Isso pode afetar significativamente o funcionamento dos
ecossistemas (Gallagher et al., 2013; Hitheto et al., 2019; Prietborres et al., 2020).

As aves desempenham papéis cruciais nos ecossistemas, atuando como dispersoras de
sementes, especialmente em florestas tropicais. Além disso, contribuem para uma série de
outros servicos ecoldgicos, como polinizacdo, controle de pragas e prevencdo @s doeng
(kekercioYl u, 2011; Trolliet et al ., 2017;
desencadear efeitos em cascata sobre outras espécies, comprometendo o funcionamento dos
ecossistemas (kekerciojlu et al .., 2023)0 Ro4 ; k e k
exemplo, a redugdo das areas climaticamente adequadas para aves nectarivoras e suas plantas
hospedeiras pode resultar em menor sobreposicao na distribuicdo desses grupos, impactando a
polinizagdo (Remolindrigueroa et al., 2022; Adedoja et,a?024). Da mesma forma, a
diminuicdo da area adequada para aves frugivoras e suas plantas associadas pode prejudicar a
dispersdo de sementes (Marchioro et al., 2023). Portanto, € crucial considerar a potencial perda
de area adequada para essas espécigtanejamento de conservacéo frente as mudancas
climaticas.

A vulnerabilidade das aves as mudancas climaticas pode estar associada a diversas
caracteristicas das espécies (Pacifici et al., 2017; /et et al., 2023). Por exemplo, aves

florestais quese alimentam principalmente de frutos tendem a perder mais area climaticamente
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adequada no futuro em comparacdo com espécies associadas a areas abertas e que tém uma
dieta mais variada (Miranda et al., 2019). Além disso, a massa corporal das aves pode
influenciar a variacao no tamanho da distribuicdo, sendo esperado que espécies menores sofram
maiores perdas devido ao maior custo metabolico em manter a termorregulacéo (Smith et al.,
2017). A capacidade de disperséao € outro traco ecolégico importantespnavia maior perda

de area adequada em cenarios de nao dispersdo comparado a cenarios de dispersao ilimitada
(PrietoTorres et al., 2020). Identificar as caracteristicas associadas a maior perda de area
adequada é fundamental para evitar a extingdo deiespé® futuro.

Além das caracteristicas individuais das espécies, padrées de diversidade sao cruciais
para definir estratégias de conservacéao eficazes para a protecdo de espécies vulneraveis (Vale
et al., 2018a). A combinagcdo do niumero de espécies (diadesalfa) com as mudancas na
composicdo de espécies entre comunidades (diversidade beta) permite identificar regibes
altamente diversas, tanto local quanto temporalmente, e ajuda a detectar tendéncias de perda
ou ganho de espécies com determinadas eaistitas e/ou a substituicdo de espécies com
diferentes atributos (Sobral et al., 2016). Por exemplo, muitas aves provavelmente perderao
areas climaticamente adequadas no futuro, resultando em uma menor riqueza de espécies
(PrietoTorres et al., 2020). &m disso, aves que dependem de recursos encontrados apenas
no interior de fl orestas (Malanotte et al
substituidas por aves generalistas que utilizam uma maior variedade de recursos, como
diferentes habitats éens alimentares, ou que sdo associadas a areas abertas (\Reypgez
et al.,, 2017). Essas alteracbes na estrutura das comunidades indicam localidades onde os
esforcos de conservacdo devem ser concentrados para maximizar sua efetividade diante das
mudanca climéticas (Prietd orres et al., 2020).

Embora a diversidade taxondmica seja amplamente utilizada para avaliar os impactos
das mudancgas climaticas nas comunidades (Deomurari et al., 2023; de Moraes et al., 2024), é
essencial considerar também o papeld@gico que as espécies desempenham (diversidade
funcional) e o historico evolutivo compartilhado por elas (diversidade filogenética) (Stewart et
al., 2022; Voskamp et al., 2022). A reducao da diversidade funcional pode indicar a perda de
servicos ecossimicos importantes, como a dispersdo de sementes, prejudicando o
recrutamento de novas plantas. Da mesma forma, a diminuicdo da diversidade filogenética
pode sinalizar a perda de histéria evolutiva com o desaparecimento de linhagens unicas
(Stewart et al.2022; Voskamp et al., 2022). Além disso, divergéncias entre as dimensodes
taxondmica, funcional e filogenética podem ocorrer, ja que a perda de espécies nem sempre

resulta em perda de func&o ou historia evolutiva (Meynard et al., 2011). Portanto, é crucial
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considerar todas essas dimensdes para fornecer evidéncias biologicas solidas sobre potenciais
mudancas e apoiar estratégias de conservacao mais adequadas.

O crescente interesse no impacto das mudancas climéaticas sobre a biodiversidade,
refletido no aumewtda quantidade de publicagdes sobre o tema (Farooqi et al., 2022), indica
a necessidade de ferramentas destinadas a analises macroecoldgicas. Apesar de existirem
diversas ferramentas disponiveis para avaliar mudancas nas comunidades, o que inclui o
calcub de diversas métricas de diversidade (Kembel et al., 2020; Baselga et al., 2023; Dormann
et al., 2023), lidar com um grande volume de dados, como é o caso de grandes extensdes
geograficas e/ou um grande numero de espécies, € desafiador (Beck et al., 2012)
Recentemente, tém surgido algumas alternativas capazes de calcular diversidade taxonémica,
funcional e filogenética, bem como endemismo filogenético e redes de interacdo bipartidas
(Mota et al., 2023; Oliveira dnkbsasferramentas, 20 2
dispensam a transformacédo de dados espaciais em matrizes e tendem a exigir menor poder e
tempo de processamento (Mota et adsacessites23; A
a um numero maior de Usuarios.

A Mata Atlantica basileira é reconhecida como uma &rea prioritaria para a
conservacgao, destacanse por seus altos niveis de biodiversidade e degradacédo (Vancine et
al., 2024). Entre 2021 e 2022, foram perdidos mais de 20 mil hectares de floresta (SOS Mata
Atlantica, 2023, e 97% do que resta da sua cobertura original (22,9%) consentm
fragmentos menores que 50 hectares (de Lima et al., 2020; Vancine et al., 2024). Ainda assim,
0 bioma abriga cerca de 832 espécies de aves, das quais aproximadamente 26% sdo endémicas
e 8% sao globalmente ameacadas (Hasui et al., 2018; Vale et al., 2018b). Muitas espécies da
Mata Atlantica ja sdo ameacadas por diversos fatores, como a caca e o trafico (Bernardo, 2020;
Cockle and Bodrati, 2020), e as mudancas climéaticas podem agradarmadts o risco de
extincdo dessas espécies. Proje¢fes indicam que varias espécies devem perder éarea
climaticamente adequada no futuro (Vale et al., 2018a), o que pode prejudicar a provisdo de
servigos ecossistémicos importantes para a manutencéo dstsafi@e capacidade das plantas
acompanharem as mudancas climaticas (Fricke et al., 2022; Reifigiigoa et al., 2022).
Além disso, & medida que o bioma se torna mais seco e quente, alteracdes no numero e na
composicdo de espécies promovem mudancasonasnidades, e enterds pode auxiliar no
planejamento de conservacao (Sales et al., 2020; Almazroui et al., 2021).

Diante deste contexto, no primeiro capitulo apresentamos uma visado global de como
diferentes caracteristicas morfolégicas, ecolégicasogrgéicas afetam as respostas das aves
em escala global as mudancas climéticas, esperando uma maior perda de area adequada para
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aves com menor distribuicdo e tamanho, espécies florestais, especialistas e insulares. A partir
do segundo capitulo, focamos @orredor Central da Mata Atlantica, uma regido prioritaria

para a conservacdo que ainda retém grande biodiversidade e cobertura florestal. No capitulo
dois, avaliamos mudancas na diversidade taxondmica, funcional e filogenética de aves
florestais, bem com@ sobreposicdo de areas altamente diversas com areas protegidas,
esperando uma perda de diversidade e a manutencdo de uma maior diversidade dentro de areas
protegidas. No terceiro capitulo, identificamos as caracteristicas dessas aves com potencial para
aumentar sua vulnerabilidade as mudancas climaticas e onde estdo concentradas, esperando
maior perda de area adequada para aves com menor capacidade de dispersdo, altamente
especializadas e dependentes de florestas, além de maior concentracdo dessasegi@ssna

norte e sul. No capitulo quatro, exploramos como as mudancas climaticas afetam os padrbes
de diversidade alfa e beta de aves frugivoras, esperando uma diminuicdo da diversidade alfa e
aumento da diversidade beta na porcao oeste. Por fim, no @ipitulo, apresentamos uma

ferramenta para facilitar o calculo de métricas de diversidade a partir de dados espacializados.
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Amount of bird suitable areas under climatechange is modulated by morphological,

ecological and geographical traits
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Abstract

Biodiversity is already experiencing the effects of climate change through range expansion,
retraction, or relocation, pentializing negative effects of other threats. Future projections
already indicate richness reduction and composition modifications of bird communities due to
global warming, which may disrupt the provision of key ecological services to ecosystem
maintenace. Here, we systematically review the effect of morphological, ecological, and
geographical traits on the amount of future suitable area for birds worldwide. Specifically, we
tested whether body mass, diet, habitat type, movement pattern, range siiegaadraphic
realm affect birdsdé suitable area. Our sear
climate change on 1991 bird species. Our analyses included 1661 species belonging to 128
families, representing 83% of the total, for which we vadyie to acquire all the six traits. The
proportion of birdsé suitable area was affe
biogeographic realm, while diet and movement pattern showed lower relative importance and
were notincluded inourfinalmoe | . Contrary to expectations,
area was negatively related to range size, which may be explained by higher climatic stability
predicted in certain areas that harbor species with restricted distribution. In contrast, we
observed that birds presenting higher body mass will show an increase of the proportion of
suitable area in the future. This is expected due to the high exposure of smaller birds to
environmental changes and their difficulty to keep thermoregulation. Oultsralso indicated

a low proportion of suitable area to forelgpendent birds, which is in accordance with their
higher vulnerability due to specific requirements for reproduction and feeding. Finally, the

19



proportion of suitable area was low for birdsifr@®@ceania, which is expected since the region
encompasses small islands isolated from continents, preventing their species from reaching
new suitable areas. Our study highlights that different traits should be considered when
assessing extinction risk opeacies based on future projections, helping to improve bird

conservation, especially the most vulnerable to climate change.

Keywords: climate change, ecological niche models, bird traits, species distribution,

suitability, systematic review

1.1. Introduction

As a result of alterations in temperature and precipitation, species distributions may
shift (i.e., expansion, retraction, or relocation) to seek better climatic conditions (Bellard et al.,
2012; Lenoir and Svenning, 2015). Even when a species idineatly affected by climate
change, it can suffer indirectly due to its interaction with species that will lose or relocate their
habitat (Thomas, 2010). In this context, several studies discuss the potential impacts of climate
change on biodiversity (e,g°Pearman et al., 2011; Newbold, 2018; Hiddsio et al., 2019).
Several studies have reported that our planet will become warmer and drier in the next decades
(e.g., Drobinski et al., 2020; Almazroui et al., 2021), which will cause an increase ietiessp
extinction risk (Bateman et al.,, 2020). For instance, the number of mammal species are
predicted to decrease under future scenarios, including in highly diverse regions-{itdasi
et al., 2019). A similar pattern is observed for anuran and birddssevspecies richness are
expected to be lower in future climatic scenarios (Mené@ilezrrero et al., 2020; Prieto
Torres et al., 2020). Additionally, climate change may lead to savannization of tropical forests
(Franchito et al., 2012) and consequently impoverishment of communities due to species
replacement (i.e., extinction of specialists and expansion of generalists), as predicted for
mammals (HidasNet o et al ., 2019; Sales et al ., 202
suitable areas, divatg patterns (i.e., species richness and community composition) are
expected to change with global warming (Mota et al., 2022), what may disrupt key ecological
functions, including those provided by birds (Sekercioglu, 2006).

Avian species are among thesb&nown organisms, they are globally distributed and
sensitive to environmental modifications, making them a potential study group to evaluate
climate change impacts on biodiversity (kek
Additionally, birds cotribute to several key ecological services, including seed dispersal,
pollination, and insect control, thus providing the maintenance of natural and artificial
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environments (Sekercioglu, 2006; Morakiého and Faria, 2017; Blount et al., 2021).
However, hose services may be at ri sk due to th
resulting from climate change (e.g., Nowak et al., 2019). For instance, large seeds depend on
large dispersers to carry them away from the parent tree, thus, the loss\arésigiuch as
toucans and guans may exert evolutionary pressure towards smaller seeds (Galetti et al., 2013;
Sales et al., 2021). Climatiiven extinctions and few colonization are also predicted to occur

in planthummingbird networks from North Americadlowland South America communities
(Sonne et al., 2022). Furthermore, high temperature and low rainfall in future climatic scenarios
are expected to decrease taxonomic, phylogenetic, and functional diversity of bird species,
leading to a restructuring species assemblages around the world (Pflietoes et al., 2021,
Stewart et al., 2022).

Although several manuscripts have detected the pervasive effects of climate change on
birds, it is still poorly understood how morphological, ecological and geogaphaits can
modulate this impact. For instance, birds presenting a low body mass may have high metabolic
costs to keep thermoregulation, while larger ones may use metabolically more efficient
mechanisms of evaporative heat loss (Smith et al., 201&gidition, frugivorous birds from a
Brazilian tropical forest are predicted to experience higher suitable area contractions compared
to other trophic guilds under climate change (Miranda et al., 2019). Birds presenting restricted
distributions are also preded to be more vulnerable to global warming experiencing large
suitable area contractions, while widespread species may be unaffected given that good
capacity of dispersion, colonization, and maintenance of populations over large areas (Kunin
and Gaston]997; Estrada et al., 2016; Cohen et al., 2020). Although recent studies attempt to
evaluate the traits mediating birds' response to climate change, there is still no consensus. For
instance, Pacifici et al. (2017) observed negative responses of bmdkifyb altitudes, while
Ortega et al. (2019) found the opposite pattern. In addition, both studies tested the effect of
body mass on birds' response to climate change, but no significant relationship was found.
Therefore, further investigations are neettefiilly understand the impact of different traits on
birds under global warming to help improve future projections and the conservation of this key
species group to ecosystem functioning.

Here, we used morphological, ecological, and geographical tratpileal by Tobias
et al . (2022) to evaluate whether these feat
the future. Specifically, we tested whether body mass, diet, habitat type, movement pattern,
range size, and biogeographic realm affect theuarhof suitable area for birds registered in
the |l iterature. We expect t hat t he amount o]
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positively related to range size and body mass, with species presenting restricted distributions
and lower body madssing more suitable area due to their already limited habitat and higher
exposure to environmental variations, respectively. Additionally, we expect that forest
dependent species, with specialized diet (e.qg., frugivorous), and those from Oceanidewill suf
more contractions of suitable area compared to their counterparts due to specific requirements

and lower habitat availability within isolated regions, respectively.

1.2. Material and Methods

We conducted a global literature search in the Web 8tience
(www.webofknowledge.com) and SCOPUS (www.scopus.com) on the first of March 2022,
using the terms (in the study title, abstrac
AND o6éclimatic chang*6 OR Ocl i mat evacmarmg *OR O
6changing climated AND o6distribut*é OR Osui
6range shift*é. After combining the pools of
title and abstracts from the remaining articles, removing argteattiat did not mention future
climatic scenarios and birdsdé range si ze.

individually changes in suitability area of species (Figure 1).

[ 5,172 records from Web of Science and Scopus ]

1,930 duplicates
removed

A 4

[ 3,242 records screened ]

3,023 removed as not
relevant based on title

and/or abstract
v

[ 219 records assessed for eligibility ]

144 records excluded
due to missing
information

[ 75 records included ]

[ Included ][ Eligibility ][ Screening J[Identiﬂcation}
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FIGURE 1 Flow diagram for the selection of articles used in our study.

Our literature search resulted in a final sample of 75 eligible studies which were
reviewed. For each study, we documented the following information: bird species name,
climatic suitable area in baseline scenario, and the percentage of suitable areaarhang
climatic suitable area in future scenarios regardless of the modeling approach used (e.g.,
algorithm, year, and emission scenario). Because few studies evaluate dispersion capacity, we
registered only the suitable area in full dispersion scenariahwiare available in all eligible
studies, thus maximizing the observation number. Using the literature, we obtained the
following information for each bird species: body mass, habitat type, movement pattern, diet,
range size, and biogeographic realm (@lsbal., 2001; Tobias et al., 2022). Traits description
are given in Supplementary Table 1. We choose these traits because they have already been
used in other studies and are important in predicting bird extinction risk under climate change
(e.g., Simmoan et al., 2004; Machado and Loyola, 2013; Ortega et al., 2019; Pacifici et al.,
2017). We used the range size of the known distribution of the species when the study did not
provide the climatic suitable area in the baseline scenario. Finally, we staedaatli area
measures to square kilometers, given that few studies reported the suitable area of species as
number of pixels.

We calculated the proportion of birdsod st
study, dividing the total amount of suitakarea in the future scenario by the total area in the
baseline scenario. Then, we applied square root transformation to this proportion in order to
normalize our response variable. Since none of the predictor variables showed correlation
higher than 0.3@hat could justify its removal, we proceed to model building with all the six
traits. We performed generalized linear mixed models usingltte TMBpackage (Brooks et
al., 2017) to model the proportion of suitable area of all bird species as a furfdtiabitat
type, movement pattern, body mass, range size, diet, and biogeographic realm. We used species
as a random factor to control for those that appear in multiple studies. Afterward, we calculated
all possible models, from the null to the globalmedelu si ng t he o6dMeMinge 6 f u
package (Barton, 2022), and selected the best model based on the lowest Akaike information
criterion corrected for small samples (AICc). Then, we used the best model to estimate
marginal means of the traits usirtge packageemmeans(Lenth, 2022) andygeffects
(Ludecke, 2018) to generate the graphics of isolated effects of each variable.

All analyses were conducted in R software (R Core Team, 2022).
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1.3. Results

The 75 studies selected here modeled the futstahiition of 1991 birds belonging to
129 families, with Tyrannidae as the most representative (n = 122). Most of the studies were
conducted in Asia (31%) and Europe (28%), while less studies were carried out in Oceania
(8%) and Africa (14%; Figure 2). Wediminated 330 species from our analysis because we
could not obtain the traits for them, resulting in a final dataset with 1661 species (83% of the

total).

. [ Countries
Birds' richness
[ - m

1 645
FIGURE2Map of birdsoé richness based on the di

analysisamong the eligible studies (n = 75).

We built a total of 64 models with AICc ranging from 8232 to 8179 and the best one
included four predictor variables with relative importance higher than 0.5 (Supplementary
Table 1): realm (w = 1), range size (w =Hapitat type (w = 0.89), and body mass (w = 0.54).
These variables showed significant effect on

We found a negative relationship between
future and the batine range size with suitable area loss increasing as the range size increases
( b -0827, p =<0.000; Figure 3A). The opposite pattern was observed for body mass, with
the proportion of suitable area | a100he= futur
< 0.009; Figure 3B).
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We found that the propot i on of birdso suitable area ¢
mostly by forest species, which present the lower average proportion of suitable area (0.73 £
0.03), and species of woodland (0.95 + 0.06) and shrubland (0.92 + 0.05). Birds associated with
riverine habitats showed a small gain of suitable area, indicated by values above 1, although
the variation was one of the highest (1.02 + 0.15; Figure 4A).

We found that the pr ogferamongbiogengrapicirealths 6 s u
driven mostly by species from Oceania, which present the lower average proportion of suitable
area (0.47 £ 0.08), and species from Neartic, which present a small increase in the proportion
of suitable area (1.18 + 0.05)h&@ Neotropical realm showed intermediate values, with a small

reduction in the average proportion of suitable area (0.87 + 0.04; Figure 4B).
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FIGURE4Rel ati onship between the average (bl actk
and (A) habitat type,ra (B) biogeographic realm. Values below 1 iaxis represent suitable
area loss. Different letters above the standard error of the mean indicate significant difference

between two or more factors.

1.4. Discussion

Here, we evaluate for the first tinthe effect of morphological, ecological, and
geographical traits on the amount of future suitable area for birds worldwide. The most
i mportant mediators of speciesd response to
type, and geographic realmvhile diet and movement pattern showed lower predictive power
and were not included in our final model.

Unexpectedly, the proportion of birdso su
range size, indicating that species with restricted distribsitioay lose less suitable area
compared to widely distributed species. At first glance, it may seem contradictory given that
climate conditions could completely change within a small area (Clark, 1985; Wilbanks and
Kates, 1999), however, large distributiara potentially lose more area. The lower impact of
climate change on restricted distributed birds suggests that these species may be located in
regions with more stable climate (Borges and Loyola, 2020). In fact, we observed a positive
relationship betwen range size and climate stability, measured by the difference in the annual
mean temperature of future and baseline scenarios, supporting our result. For istnce,
blumenbachiihad an average distribution of 18,420km2 located where the annual mean
temperature in the future will increase only 1°C and is still predicted to lose 55% of its suitable
area. OtherwiseMyiothlypis mesoleugaanother forest resident species, presented a larger
average distribution (508,800km?2) and suitable area loss (74%g¢Mer, the region where this
species is located will experience a temperature increase of 2.36°C. Additionally, a strong effect
of stable climate was observed on endemic birds from China, resulting in higher species
richness (Feng et al., 2020). Stablémelte is also related to endemism hotspots that
corresponds to areas with small paleoclimatic fluctuations (Harrison and Noss, 2017).

According to expectations, the proportion
to body mass with smaller spec@®dicted to suffer higher contractions in their suitable area
compared to large species. This can be explained by high metabolic costs to keep
thermoregulation in smaller species, while larger ones may use metabolically more efficient
mechanisms of evapative heat loss (Smith et al., 2017). For instance, the body m&sayof

fasciolataand Euphonia violaceare 2,600g and 15g, respectively, both have similar range

26



size and are forest frugivorous, but the smaller species are predicted to lose almdishéisre

more suitable area than the larger one. It is corroborated by studies with birds fraonasd

that shows negative impact on fitness of smaller species and high tolerance to heat stress in
larger species (du Plessis et al., 2012; Whitfield e2all5). Similar to our results, Mason et

al. (2019) found a positive relationship between climate suitability trend and body mass for
birds from the United States, which may be attributed to the presence of large bodied species.

Contr act i o mablearen ardpredictes fior speaies associated with all habitat
types, except for riverine, but higher losses are expected to forest species, corroborating our
hypothesis. Forestependent birds require specific conditions such as several large frugivores
that need of tree holes and fledinyited trees for reproduction and feeding (Malanotte et al.,
2019; VYatsiuk and Wesogowski , -f@edt3pediesallowsi | e
species to obtain a wider range of resources in different ofpebitats, including in disturbed
environments (VazqueReyes et al.,, 2022). For instance, large suitable area losses are
predicted for forest dependent birds from Amazonia compared to species associated with open
lands in future climate scenarios (Mitenet al., 2019). In fact, at least 29 forest birds are
predicted to lose all suitable areas currently available in the next decades (Miranda et al., 2019).
Similarly, forest birds in Madagascar are also expected to experience contractions in their total
range areas and species sucbaslia bernierimay not find suitable areas in future scenarios
(Andriamasimanana and Cameron, 2013). Furthermore, it should be mentioned that even
species predicted to expand their distributions are not safe, and thisrgnees may be limited
by deforestation (MorantEilho et al., 2021), suggesting that climate and-asel change can
act synergistically and contribute to the impoverishment of birds communities (Northrup et al.,
2019). For instance, although the endaaddorest birdPolyplectron katsumatase predicted
to gain suitable area (11.8%), it has been facing habitat loss and hunting since the 1950s (IUCN,
2022).

Our findings support a larger reduction in the proportion of birds' suitable area from
Oceania comared to other biogeographic realms. Oceania encompasses several small islands
isolated from other continents, in addition to its particular conditions that prevent species from
pursuing new suitable areas outside this region. For instance, we observiuidghdtom
Oceania are predicted to lose an average of 80% of their suitable area, including species that
will not find suitable area in the future such@®omystis bairdandLoxops caeruleirostris
both forestdependent species (Fortini et al., 20R&xton et al., 2016). Birds from other islands
also suffer with drastic contractions in their suitable areas and common species may become

rare with warming temperatures (Ko et al., 2012). In fact, the high vulnerability within islands
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is known due to thepecific species interactions, isolation, and low habitat availability besides
holding critically endangered species already threatened by other causes not related to climate
(Whittaker and Fernandd2alacios, 2007; Kumar and Tehrany, 2017).

In our study ve evidenced that the effect of climate change on the suitable areas for
birds is modulated by ecological traits, especially range size, body mass, habitat type, and
geographic realm. Although many studied species will experience contractions in their
distributions, other birds are predicted to gain suitable area in the future, such as species from
the Neartic realm and those associated with riverine habitat. However, our findings possibly
underestimate range shifts since we did not include dispersion tyapacpecies (e.g.,
intermediate dispersion) and lande change in our analysis, which we highly recommend in
future studies as species may not be able to reach climatic suitable areas further apart or because
these areas may become unsuitable due tdabdbss (see Ramirétillegas et al., 2014;
Newbold, 2018; Prietdorres et al., 2020). Moreover, almost half of birds worldwide are
already experiencing population decline due to other causes that may be worsened by climate
change (Northrup et al., 2019UCN, 2022), and taking into account morphological,
ecological, and geographical traits should help to assess species risk of extinction based on
future projections (Pacifici et al., 2017). Finally, by knowing which traits make the species
more vulneral# to climate change (i.e., high suitable area loss), we can maximize conservation

efforts and better direct resources to prevent the impoverishment of bird communities.
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Abstract

Rapid shifts in temperature and precipitation challenges species to either relocate or disappear.
Despite climate change impacts on taxonomic diversity (TD) beingkmweivn, knowledge

gaps persist regarding its effects on functional (FD) and phylogenetic diversity (PD).
Additionally, the ability of protected areas, primarily created to preserve species richness, to
maintain FD and PD in the future remains unclear. Using eilcalagiche models, we assessed
changes in the forest bird community in the Central Corridor of the Atlantic Forest (CCAF) in
Brazil, considering multiple dimensions of diversity and the amount of overlap between highly
diverse areas and protected areaseuwdifferent climate scenarios (baseline and future). Our
findings show that most species are projected to undergo contractions in their distributions,
resulting in a reduction in TD, FD, and PD, with loliversity areas in the western CCAF
prone to greatelosses compared to the coastal area that exhibits fewer or no losses. Distinct
patterns emerge for FD and PD, with a replacement of functional roles shared by species in the
northwesternmost portion of the CCAF and differences in phylogenetic relapersttared by
species in the mideast. With climate change, the northeast protected areas will potentially
harbor higher diversity dimensions, whereas the southern portion remains underrepresented.
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The entire eastern portion should retain suitability fortrapscies, which could greatly benefit
from reforestation and conservation efforts. Therefore, considering multiple dimensions of
diversity may help better direct limited resources toward the preservation of forest species,
their ecological roles, and ewtionary heritage.

Keywords Macroecology; Species distribution; Multiple dimensions; Conservation; Beta

diversity; Tropical Forest

2.1. Introduction

Climate change is advancing rapidly, surpassing historical records and drawing greater
concern asigh greenhouse gas emissions persist (Trisos et al., 2020). Severe impacts on
biodiversity are expected, as species are unlikely to keep pace with the rapid changes in
temperature and precipitation patterns (RofRatacios and Wiens, 2020; Wormworth and
kekerciojlu, 2011). The resulting shifts in
risk of extinction, impacting multiple dimensions of diversity (Andrew et al., 2021; Olsen et
al., 2022; Zhu et al., 2021). While taxonomic diversity (ijgecges diversity) remains the most
used metric to assess climate change impacts on biological communities (e.g., Mota et al.,
2022a), other crucial dimensions, such as functional and phylogenetic diversity, are often
overlooked (Cadotte et al., 2011). Mover, variations in responses to climate change among
species and regions are likely to occur and may result in divergent patterns when comparing
taxonomic, functional and phylogenetic diversity (Miranda et al., 2019; Prmtes et al.,
2021). This impks that functional and phylogenetic diversity could either remain more stable
or undergo disproportionate changes compared to taxonomic diversity, with potentially low
spatial congruence across sites (Monnet et al., 2014). Such divergences acrossfaudgtple
of diversity would have profound implications for conservation planning, including the
establishment of protected areas (MaRiegalado et al., 2022; Montaf@entellas et al.,
2023).

The creation and expansion of protected areas to safeguandogitgi are the ultimate
goal of conservationists engaged in biodiversity assessments (C@staitero et al., 2022;
Vale et al., 2018). In particular, the number of species is often the sole biological criterion
considered in defining new protected ar@ag., Zhu et al., 2021), raising uncertainties about
whether they harbor communities with high functional and phylogenetic diversity both
currently and in the future. However, regions with high taxonomic, functional, and

phylogenetic diversity have higpriority in conservation planning due to their potential to
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maintain functional redundancy and evolutionary history (Brum et al., 2017; MRetalado

et al., 2022). Such features are pivotal because they can enhance the resilience of natural
systems to idturbances and support species adaptation under climate change (Biggs et al.,
2020; Brum et al., 2017). Furthermore, protected areas can play a critical role by acting as
refuges for wildlife in highly degraded landscapes, reducing deforestation ancimamt
relatively stable temperature and precipitation over time (Gonc&8loasa et al., 2021; Zhu et

al., 2021). However, the predicted changes in species distributions could make currently
protected areas unsuitable, while climatic conditions may ingprowther unprotected areas
(Littlefield et al., 2019).

Progress beyond identifying areas with a higher number of species to understanding the
processes underlying community changes can significantly improve conservation strategies
(Bergamin et al., 2037 While the number of species (i.e., alpha diversity) is useful for
comparing communities in space and time that are diverse, a focus on species composition
allows us to detect dissimilarities (i.e., beta diversity) between communities (e.g., Mota et al.,
2022a). Furthermore, current and future communities may either become more distinct (i.e.,
divergent) due to changes in species richness (gain or loss) or by the replacement of one species
by another, or they may remain the same (i.e., homogenous)HelagsiNeto et al., 2019.
Additionally, changes in the distribution of other dimensions of diversity can be even more
worrisome. For instance, a decrease in functional diversity in the future indicates the loss of
species that play different ecological @s| threatening ecosystem function and resilience
(Stewart et al., 2022). Similarly, a decrease in phylogenetic diversity is expected when entire
clades or distantly related species are lost, potentially limiting the capacity of communities to
adapt or pesist in regions with new climatic conditions (Voskamp et al., 2022). Therefore,
understanding spatiotemporal changes in communities between different climate scenarios is
of utmost importance to ensure the maintenance of all three dimensions of di\rRrisitiy (

Torres et al., 2021).

Even though tropical forests harbor the
scientific research on animal biodiversity, including avian climate impacts, is conducted in
temperate regions (Harris et al., 2011, Titleylet2017). The impacts of climate change on
diversity patterns may be even more severe in deforested and fragmented regions, such as the
Brazilian Atlantic Forest, with a high risk of extinction predicted for some species (Vale et al.,
2018). Despite beinglobally known as a priority area for conservation due to its high levels
of degradation, biodiversity, and endemism, this global biodiversity hotspot is still threatened
by human activities (de Lima et al., 2020). Furthermore, projections already éentheathe
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Atlantic Forest will become warmer and drier in the next decades (Almazroui et al., 2021),
which could trigger a process of biodiversity impoverishment through the replacement of forest
species by those characteristics of open vegetation, apegcithe ecotonal zones (Sales et

al., 2020). Additionally, changes in the distribution of species from the Atlantic Forest are
expected to reduce taxonomic and functional diversity and may even increase phylogenetic
diversity in case of the loss of dutionarily similar species (Stewart et al., 2022; Voskamp et

al., 2022). Yet, studies considering these three dimensions simultaneously are still scarce.

The responsiveness of birds to environmental changes makes them a valuable group to
investigate thempacts of climate change on multiple facets of diversity (Bregman et al., 2014;
kekerciojl u, 2012) . Changes in taxonomic di
already expected in future scenarios due to spatiotemporal variation in climaticgdllyle
areas for most species (Mota et al., 2022a). For instance, a species sucRiaadpsitta
pileatamay lose most of its current distribution in the future, while a small range expansion is
projected for thePteroglossus baillonichanging the teonomic diversity of birds in the
Atlantic Forest (Mota et al., 2022a). Projections also indicate a decrease in functional diversity
and phylogenetic diversity of birds in most of the Atlantic Forest region (B&tassin and
Jetz, 2015; Voskamp et al., 2%). This raises concerns considering how crucial birds are to
ecosystem functioning. In fact, most bird species act as seed dispersers and pollinators,
promoting the natural regeneration of forests, fruit production, and gene flow (Martinez and
Garcia,207; Sahl ey, 2001; kekerciojlu, 2006; Wen
contribute to reducing leaf damage in plants by preying on herbivores and preventing disease
outbreaks through the removal of carcasses, as well as controlling othersp&ci popul at i c
such as rodents that may host potential pathogens (Mantyla et al., 2011; Ogada et al., 2012;
Paz Luna et al ., 2020; kekerciojlu et al .,
multiple facets of diversity under climate changéursdamental to the lontgrm persistence
of species and their ecological roles, not only within the degraded Atlantic Forest but also in
other environments.

Here, we used ecological niche models to assess future changes in forest bird
communities from theAtlantic Forest, and consequences for taxonomic, functional, and
phylogenetic diversity, with the aim of providing a robust ecological evidence base for future
conservation planning. We also assessed the extent of overlap between areas with high
taxonomic, functional, and phylogenetic diversity and the existing protected areas under
different climate scenarios. Specifically, our study aimed: 1) to assess the changes in species
and community composition of forest birds across taxonomic, functional, andgphghic
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diversity between baseline and future climate scenarios, anticipating a reduction in all
dimensions due to the contraction of most species distributions, with a predominance of the
loss pattern over replacement (Mota et al., 2022a); and 2) torexaémei representativeness of

high taxonomic, functional, and phylogenetic diversity within protected areas under different
climate scenarios, foreseeing a high overlap of highly diverse areas considering all dimensions
as the largest protected areas areated near the coast where most forested areas are
concentrated (MapBiomas, 2023; MMA, 2023). Therefore, we can better understand where
and how forest bird communities may change in the future, allowing us to improve

conservation efforts and prevent bioelisity loss.

2.2. Methods
Study area

The study area, known as the Central Corridor of the Atlantic Forest (CCAF), is in
centraleastern Brazil, comprising the states of Espi@tmto and southern Bahia, with an
approximate area of 11.7 million hectares (Figure 1). The CCAF is one of the most important
regions of the Atlantic Forest hotspot, harboring high biodiversity and a considerable number
of endemic species, including 1,5@lnts (28%), 105 birds (51%), and 13 primates (68%)
(Cordeiro, 2003; Culot et al., 2019; Werneck et al., 2011). Although the majority of the CCAF
is composed of pasture and cropland agriculture (59.6%), it still contains a significant amount
of forest coer (31.4%) (MapBiomas, 2023), most of which is located inside large protected
areas, such as the Reserva Bioldgica de Sooretama in Espirito Santo state and the Parque
Nacional do Pau Brasil in southern Bahia state (MMA, 2023).
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Figure 1. Location of theCentral Corridor of the Atlantic Forest (CCAF) in Brazil. Grey and
dark green colors indicate the boundaries of the original Atlantic Forest and remaining forest

cover, respectively.

Bird data

To define the species list for data collection on occurreecerds, we classified all
bird species from the Brazilian Atlantic Forest (Hasui et al., 2018) according to their habitat,
selecting only the resident forest species (Tobias et al., 2022) occurring within the study area.
We then obtained occurrence recficbm the Global Biodiversity Information Facility (GBIF;
www.gbif.org), which compiles data from different sources and is widely used to predict
species distributions (Heberling et al., 2021), and subjected them to a quality control process
to eliminateinaccurate records, such as those presenting incomplete coordinates or matching
municipalities centroids (Zizka et al., 2019). Additionally, we removed occurrences that were
|l ess than 10 km apart from their n@ilioest ne
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Lammens et al.,, 2015). These procedures combined reduce potential geographical bias
associated with GBIF data and are in line with the best practices for modeling species niche
(Beck et al., 2014; Sillero et al., 2021). Our final dataset cono$®22P species of forest birds
(Table S1) recorded in the CCAF region.

Climate data

We obtained 19 bioclimatic variables, known to be important factors influencing
biodiversity, acquired from the WorldClim platform (Fick and Hijmans, 2017) at a resolution
of 2.5 arcminutes (Table 1). These variables are derived from precipitation and temperature
measurements for the period of 18Z000 (hereafter known as baseline) and are commonly
used in the literature (e.g., Oliveifalva et al., 2022; Prietdorres efal., 2020). We obtained
the equivalent temperature and precipitation variables for the 2050 and 2070 periods,
considering three Global Climate Models (GCMs): IRSU6A-LR, MIROC6, and MM
ESM1-2-HR, and two Shared Soegconomic Pathways (SSPs): 245 aB8.5The selection
of these GCMs was based on their better performance with respect to frequency and persistence
errors in the South America region (Cannon, 2020), while the SSPs represent optimistic and
pessimistic greenhouse gas concentration scenaecs,ppect i vely ( O6 Nei | |
avoid collinearity, we perform Pearson correlation analysis on all bioclimatic variables for each
species and select those below the cutoff value of 0.7 (Dormann et al., 2013), using the
OENMwi zar ddé R ptalg 2029y (€able $2 mi n g

Ecological Niche Models (ENMs)

We used the MaxEnt algorithm to model the niches of 292 forest birds in the CCAF,
which requires only occurrence data and bioclimatic variables (Phillips et al., 2006), and its
better performance ompared to other algorithms was demonstrated previously (Mota et al.,
2022) . We used the OENMwi zardd R package to
(Heming et al., 2019) considering the total occurrences before the geographical bias procedure
(above), and projected the models onto the study area only. We optimized MaxEnt parameters
using the 6ENMeval 8 R package (Muscarella et
by combining ten regularization multipliers (RMs; 0.5 to 5 with interval9.6) and the
combinations of three feature classes (FCs; Linear, Quadratic, and Product). These two
parameters are important in defining the complexity of MaxEnt models, as RMs control for
model overfitting, and FCs are transformations of the originaklioiatic variables
(Muscarella et al., 2014). To improve temporal and spatial transferability, we validated the
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models using the block method (Roberts et al., 2017). We selected the top 10% of models based

on the lowest omission rate (OR) and the highesa ander the curve (AUC) (Boria et al.,

2017) and projected them onto future climate scenarios (GCMs and SSPs). Then, we averaged
these models to generate a single consensus model for each species and scenario. Finally, we
considered the 10 percentile itiag presence (10ptp) threshold calculated by MaxEnt to
binarize the final models (Ahmadi et al ., 20

arcminutes resolution (i.e., cell size).

Taxonomic, functional and phylogenetic metrics

We used a common trdmsed approach to estimate multiple dimensions of diversity
of forest birds from the CCAF, enabling full comparability among taxonomic, functional, and
phylogenetic diversity (Cardoso et al., 2014). To estimate taxonomic diversitginvpdy
counted the number of species by overlaying the ENM binary maps. To estimate functional
diversity, we selected the categorical traits: (1) trophic niche (i.e., associated with the main
food source), and (2) primary lifestyle (where the speciesdsp@ost of its time; e.g., aerial,
terrestrial, generalist), and the least correlated continuous traits (Pearson correlation < 0.7) as
follows: (3) beak length and (4) beak depth, (5) wing length and (6 \wangdindex, (7) range
size, and (8) body massom the AVONET trait database (Tobias et al., 2022). Given the
association between trophic niche and beak morphology with ecological functions (Pigot et al.,
2020, 2016), primary lifestyle and wing morphology with dispersion capacity (Sheard et al.,
2020),and range size and body mass with variations in climate suitable areas (Mota et al.,
2022hb), we consider these traits important for ecosystem functioning and for enabling birds to
reach new climatically suitable areas. To estimate phylogenetic divevsitacquired 1000
phylogenetic trees based on Ericson All Species backbone (Jetz et al., 2012) from Vertlife
platform (www.vertlife.org; former BirdTree)
Schliep, 2019) to build a consensus tree and calcukatetal branch lengths. The species
Icterus pyrrhopterusvas the only one not present in the phylogenetic trees, and its distribution

models were removed from subsequent phylogenetic analysis.

Data analysis

To assess changes in taxonomic, functional,pmydiogenetic diversity of forest birds
we used the oO0divrasterd R package (Mota et
diversity. Given the positive relationship among taxonomic, functional, and phylogenetic
diversity, we focus on exclusive patns of each dimension. We employed multilayer binary
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rasters for different climate scenarios, where each raster layer represented a species, and the
stacked raster layers define the community present in each 2.5 arcminute grid cell. We
calculated the peentage change in alpha diversity between scenarios by subtracting alpha in
the baseline scenario from alpha in the future scenario, then dividing by alpha in the baseline
scenario, multiplied by one hundred. For functional and phylogenetic diversitaltuations

are similar, but derive from a functional dendrogram of species traits and a dated phylogenetic
tree, respectively. Hence, the sum of the branch lengths connecting the species within a
community represents their functional and phylogenetatiogiships (Faith, 1992; Petchey

and Gaston, 2002). We calculated temporal beta diversity (Rtotal) using the Jaccard
dissimilarity index and partitioned it into replacement (RBrepl) and richness difference ([3rich)
components (see Cardoso et al., 2014). &ta Hiversity and its components can be expressed

as O0Ctot al = Crepl + Crichdéd (Cardoso et al
expressed by the ratio 6Crepl [/ Ctotal 6. I n
the predominance ofeplacement and richness difference components, respectively (see
HidasiNeto et al., 2019). All temporal beta diversity calculations (i.e., 3total and Rratio for all
three dimensions) range from O to 1.

To access the representativeness of high taxondomctional, and phylogenetic
diversity within protected areas of the Central Corridor of the Atlantic Forest we overlaid
polygon boundaries from the World Database on Protected Areas (www.protectedplanet.net)
and the National Registry of Conservation UmtdMinistry of Environment (MMA, 2023)
with the alpha maps for each dimension in each climate scenario. We considered diversity to
be high when the alpha value for each dimension was equal to or greater than the third quantile
(75%).

All analyses and grdgng were conducted in R (v4.2.3; R Core Team, 2023) and QGIS
(v3.28.11; QGIS, 2023).

2.3. Results

The average ecological niche models of forest bird species from the Central Corridor
of the Atlantic Forest showed an intermediate to good fit. Most p€3366) presented models
with Area Under the Curve (AUC) values ranging from 0.70 to 0.97, while only 17% exhibited
AUC values of 0.54 to 0.69. The average Omission Rate (OR) value was 0.15, ranging from
0.02 to 0.44.

We found high values of taxonomic afpHiversity of forest birds in the northern and
southeast portions of the CCAF for the baseline scenario. While most of these areas are
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predicted to maintain their diversity in the future, a small increase can also be observed.
However, this pattern is almst absent in the 2070 pessimistic scenario, where the losses are
more consistent across the CCAF (Figure 2). In contrast, the areas with low species diversity
located in the west, mostly in the midwest portion of the CCAF, are expected to lose taxonomic
diversity in the future, which is particularly evident in the 2070 pessimistic scenario where the
reduction may reach 50% (Figure 2e). We observed similar patterns for alpha functional and
phylogenetic diversity, with current high values expected to betana@d or increase slightly

in the northern and southeast portions, while current low values and high reductions are
predicted in the midwest in the future (Figure 2). However, the decline in alpha functional and
phylogenetic diversity was lower and contated in a smaller area compared to alpha
taxonomic diversity, reaching a maximum of 40.8% and 27.5%, respectively, in the midwest
portion of the 2070 pessimistic scenario (Figure 2j, 0). Moreover, the alpha functional diversity
was the only dimension whea small increase is projected in the northeast portion of the 2070
pessimistic scenario (Figure 2j). Different from alpha taxonomic and functional diversity,
which showed a consistent gradient of loss westwards, alpha phylogenetic diversity showed a
steep decrease in the northern portion of the CCAF (Figum.2|
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Figure 2. Taxonomic (TD), functional (FD), and phylogenetic (PD) alpha diversity of forest

birds in the Central Corridor of the Atlantic Forest, and the percentage of change in alpha

diversity of each dimension between the baseline and future scenarios. Dark red color in the

baseline scenarios indicates high diversity, while dark blue color indicates low diversity for all

dimensions (TD, FD, and PD). Red, dark green, and white colors irttine §genarios indicate

an increase, a decrease, and no change in diversity, respectively, for all dimensions (TD, FD,
and PD). Optimistic: SSP245. Pessimistic: SSP585.
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The concordance among dimensions was lower for temporal beta results compared to
alpha results. The highest values of temporal beta diversity of forest birds within the CCAF are
predicted to be in the western portion across all dimensions and climate scenarios (Figure 3).
For taxonomic diversity, high dissimilarity in the future commuciy be attributed to either
the predominance of richness differences (red areas) or species replacement (blue areas) in the
optimistic scenarios. However, in the pessimistic scenarios, the richness difference component
dominates in the northwest portionhie the replacement component dominates in the
southwest portion. For functional diversity, high dissimilarity due to the replacement of
functional relationships between species in the future community is expected in the northwest
portion, a pattern notaserved in the other dimensions. The phylogenetic diversity also exhibits
distinctive patterns, with a narrow band from north to south of high diversity due to the
replacement of phylogenetic relationships shared by species in the future community (blue
areas). This band is situated between areas with no change in phylogenetic diversity in the
south portion. However, the band is located between differences in phylogenetic relationships
shared by species (red areas) in the north portion of the CCAF. Thrspattern can also be
observed in the mideast portion (Figurd)3iConversely, the lowest values of temporal beta
diversity are predicted for the northern, southern, and eastern portions of the CCAF, a pattern
that repeats regardless of the diversitpehsion and future climate scenario (white and gray
areas; Figure 3).
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Figure 3. Temporal beta diversity of taxonomic, functional, and phylogenetic dimensions
recorded within the Central Corridor of the Atlantic Forest. Red and blue colors represent high
dissimilarity between future and baseline communities with the predominance of richness
difference and replacement, respectively, while white and gray colors represent low
dissimilarity. Optimistic: SSP245. Pessimistic: SSP585.

Our findings indicate thiaprotected areas expected to simultaneously retain high
taxonomic, functional, and phylogenetic diversity of forest birds within the CCAF are larger

compared to the areas expected to retain only one or two dimensions. The high diversity of all
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dimensiongepresented within protected areas may increase from 48.4% t6'A85%, while

high taxonomic diversity decreases from 36% to -3246% from baseline to future scenarios
(Figure 4). A larger overlap between high taxonomic and high phylogenetic diveanitye
observed in all scenarios (4858%), except for the baseline where the overlapping area is
larger between high taxonomic and high functional diversity (6.2%). Additionally, there are no
protected areas expected to harbor only high functional dogéyetic diversity, nor the

overlap of these two in any scenario (Figure 4).
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Figure 4.High multidimensional alpha diversity of forest birds observed in baseline and future
scenarios within the Central Corridor of the Atlantic Forest. The red linesitedi¢che current
protected areas (PAs), and the legend shows the number of overlaying dimensions that score
above the third quantile (75%). The Venn diagram at the bottom illustrates the percentage of
dimensions within PAs for each scenario. For examplly, ©.2% of the high taxonomic and
functional dimensions are simultaneously under protection in the baseline scenario. Optimistic:
SSP245. Pessimistic: SSP585.

2.4. Discussion
Our projections indicate that climate change will cause severe modificatios i
diversity dimensions of forest birds across the Central Corridor of the Atlantic Forest. In fact,

we observed that a decrease in alpha taxonomic, functional, and phylogenetic diversity, driven
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by both replacement and richness differences, is assdeidth a shift in species distributions.

In addition, our findings revealed that existing protected areas within the CCAF harbored high
taxonomic, functional, and phylogenetic diversity of birds, and the overlay of all three
dimensions increased from bhase to future scenarios, highlighting the importance of these
Brazilian conservation units in safeguarding biodiversity.

The strong positive relationship between alpha taxonomic, functional, and phylogenetic
diversity was already expected, as reported in other studies (e.g., Ben Saadi et al., 2022;
Chapman et al., 2018; Masviken et al., 2023). The decrease in these theesialis in future
scenarios is in agreement with previous studies that have reported losses in multiple facets of
bird, mammal, and amphibian diversity facing climate change (Ca§aifidero et al., 2022;
HidasiNeto et al., 2019; Prietdorres et al., 201). However, low congruence among the
dimensions was also observed in our study in the northern portion of the CCAF, especially for
the 2070 pessimistic scenario. Although alpha taxonomic diversity showed a small decline, for
functional diversity, a smaihcrease is projected in the northeastern side, suggesting that the
species that will potentially disappear from this area are functionally more similar compared to
the persistent ones. Despite this increase in functional diversity, the loss of redumdancy
ecological roles performed by forest species is alarming, as ecosystem functioning could be
compromised through the higher risk of losing a key ecological service (Zhang and Zang,
2021). In fact, most forest birds feed on invertebrates, and we obdbatedt least two
representatives of this grou@d¢nopophaga lineatand Phylloscartes beckerwill not find
suitable climate conditions in the northeast CCAF. This contrasting pattern between taxonomic
and functional diversity has been reported for fgawhere the functional group is maintained
despite the depletion of its species (Thuiller et al., 2006). For phylogenetic diversity, a
reduction is expected in the extreme northwest, even though taxonomic and functional diversity
may remain the same dnange little. This result indicates that a potential increase or stability
in species richness does not necessarily compensate for the losses in phylogenetic diversity
(Sobral et al., 2016), especially when the species being lost are ancienfdeigsirdus,
which contribute the most to the phylogenetic diversity calculation (Faith, 1992). Additionally,
the loss of phylogenetic diversity in this region matchesfooested areas, thus supporting the
importance of natural vegetation in buffering tempewrarises (Frey et al., 2016).

We observed an increase in the dissimilarity of forest bird communities between
baseline and future scenarios in the western portion of the CCAF, where low diversity and high
losses are expected across all dimensions anasos. This pattern can be associated with the
reductions in alpha diversity and are in line with other studies showing high community
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divergence due to species loss (Mota et al., 2022a; Vasconcelos et al., 2018). On the other hand,
the prevalence of theeplacement component observed in the southwestern portion suggests
that the projected species loss should occur at a higher rate than the arrival of new species to
this region (HidasNeto et al., 2019; Sobral et al., 2016). Indeed, in the southwestgionpo

our projections indicate climatically suitable area for 17 species Kegpelma aurifronand
Heliothryx auritug in the baseline that will be lost in future scenarios, while the opposite is
expected for 5 species (e.geniliornis maculifronsand Attila spadiceuy In the northwestern
portion, the high dissimilarity in functional diversity is likely to result from the replacement of
species with different traits between baseline and future scenarios, séatalzecerthia
lichtensteinj a smalleinsectivorous bird with suitable area in the baseline but not in the future,
and Crax blumenbachijia larger frugivorous bird predicted to expand its distribution in the
future. This result is supported by studies with other taxa, where the substitusipacees
increases the dissimilarity between communities (Ga¥ehas et al., 2020; Priefborres et

al., 2021). Additionally, the narrow band of replacement observed in beta results for
phylogenetic diversity is likely to reflect the substitution ofselly related species by different
ones. For instance, tiigrotogeris tiricais projected to lose climate suitable area in this band,
and theMyrmotherula urostictas projected to gain area in the same location. These species
belong to different families that are phylogenetically distant by ca. 30 million years, indicating
a potential loss of evolutionary history, Bstirica is much older thaM. urosticta(Schmit

and Edwards, 2022). This replacement pattern in phylogenetic diversity is also observed for
birds from riparian Amazonian habitats (Naka et al., 2020).

Notably, the highly diverse areas in the northern and southern portions of the CCAF are
connected by avhite band, indicating no change in the forest bird community between the
baseline and future scenarios. This means that the climate conditions for all species occurring
in this region are expected to be maintained, thus representing great potengatdation
and conservation purposes. Forest dependent species sucBalsatoe fuliginosusprojected
to lose suitable area in the central portion of the CCAF in the future, could benefit from the
expansion of forested and protected areas in thismggicreasing connectivity between the
climate stable areas in the north and south (Littlefield et al., 2017). Given the positive effect of
reforestation on biodiversity (Wang et al., 2022), this strategy may contribute to climate change
mitigation and cosequently reduce the loss of forest bird species in the CCAF (Han et al.,
2024; Kemppinen et al., 2020).

The high taxonomic, functional, and phylogenetic diversity of forest birds within
protected areas will increase in the future, as we anticipatede Hngidly diverse areas are
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projected to concentrate in the northeastern portion of the CCAF, where the largest protected
areas and highest forest cover are located, such as the Caminhos Ecolégicos da Boa Esperanca
(-13.5433-39.3691; 2 302 ki) and the Lgoa Encantada e Rio Almadd4.6395-39.3506;

1 577 kn?) (MapBiomas, 2023; MMA, 2023). In fact, the importance of these large forest
remnants near the coast to bird diversity was recently acknowledged (Tonetti et al., 2023),
suggesting that these currgmbtected areas may potentially act as refuges for species in the
future. The effectiveness of protected areas in conserving bird species under climate change is
supported by other studies that observed higher losses of climatically suitable areas outside
than inside protected areas (Regos et al., 2019; Veladijoata et al., 2013). However, the
concentration of high diversity across multiple dimensions within protected areas in the
northern portion could limit the conservation potential of the CCAFtdubke restriction of
species to this region with nowhere else to go (Parks et al., 2023). Indeed, in terms of number
and size of protected areas, those located in the southern portion projected to retain high
diversity in all dimensions correspond to oob. 760 kmz2, reinforcing the need to expand the
protected area network. This would also favor other species, as the region is predicted to retain
high diversity of anurans and mammals in the future (Anunciacéo et al., 2023; de Oliveira et
al., 2024).

Our study represents the first comprehensive assessment of how climate change can
affect multiple dimensions of forest bird diversity in a region of extreme conservation
importance in the threatened Atlantic Forest. We observed a reduction in taxonomic,
functional, and phylogenetic diversity, with greater losses anticipated under the pessimistic
climate scenario projected for 2070. Although most alpha patterns for functional and
phylogenetic diversity can be explained by taxonomic diversity, this should dedreith
caution, especially due to distinctive patterns observed for these two dimensions in highly
diverse areas in the northern region. Furthermore, changes in community composition showed
much more variation among dimensions, as evidenced by teniygteadliversity results. We
identified regions expected to maintain high diversity and show high dissimilarities in
communities between baseline and future scenarios, evidencing either the replacement of
similar species by different ones or the loss of uaigpecies. More importantly, the climate
stability in the eastern portion of the CCAF connects the highly diverse areas located in the
northern and southern regions, thereby presenting a great reforestation potential to increase
species persistence unddimate change. Moreover, expanding the protected areas in the
southern portion, which are currently underrepresented, may contribute to this goal. Therefore,
we emphasize the importance of incorporating diversity patterns of multiple dimensions in
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climatechange studies for informing robust conservation planning in threatened environments,
mitigating the risk of species loss, and safeguarding ecological services and evolutionary

heritage in the future.
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Abstract

Climate change is expected to promote shifts in the distribution of sgwéanies. Understanding

the traits that might influence their responses can contribute to their conservation. Using
ecological niche models and ten functional traits of 292 forest bird species from the Central
Corridor of the Atlantic Forest (CCAF) in Braaive investigate: (i) which traits correlate with
larger contractions in species' current distributions, and (ii) where suitable climate conditions
are projected to persist under different climate scenarios. We found that baseline suitable area,
mean eleation, and forest dependency are key predictors of relative changes in suitable areas
for forest birds. Species expected to experience greater losses may concentrate in the northwest
and southwest portions of the CCAF. The decline in suitable area isfowaptly higher for

range restricted species, while highland birds face the challenge of having limited alternative
habitats. Additionally, species dependent on deep forest resources are unlikely to disperse from

their current locations. Importantly, vrable forest birds in the northern and southern
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portions of the CCAF could benefit from expanding existing forested and protected areas in
the region, potentially enhancing their chances to cope with climate change. Our findings
provide insights into hovorest bird species might respond elsewhere and the specific traits
influencing these responses. Finally, we emphasize the importance of integrating species traits
into climate change studies, in addition to identifying areas expected to retain suitabte cl
conditions for species that could be selected for future conservation planning and resource

allocation.

Keywords Global warming, Neotropics, Conservation, Species distribution, Maxent,

Macroecology, Ornithology

3.1. Introduction

Climate change isapidly becoming one of the main threats to biodiversity, forcing
species to shift their distributions or face extinction (Trisos et al., 2020; Mota et al., 2022b).
Warmer and drier climate conditions are expected in the next decades in some parts of the
world, including the north and northeast parts of South America (Almazroui et al., 2021). As a
consequence, projections indicate reductions in the climatically suitable area of numerous
species, thereby causing a decline in species richness across vagions rgorldwide
(VelasqueZTibata et al., 2013; Miranda et al., 2019). For example, more than half of bird
species from tropical forests are expected to experience contractions in their current
distributions, potentially leading to local extinctions iftabie climate conditions are not found
in the future (Wor mwor tTorreaetal., 2020;Metaetal.,@j22ay, 20
Furthermore, the loss of species that play key roles in ecosystem functioning, such as
pollination and seed dispersahbges a significant threat unde
2006; Sales et al., 2021; Zamdpaitierrez et al., 2021). Therefore, it is crucial to consider
potential spatiotemporal changes in species distributions to avoid biodiversity loss.

Birds are a god model to evaluate the impacts of environmental changes on
bi odiversity (Kat.i and kekerciojl u, 2006 ; P
many bird species will lose suitable climatic areas, and drastic contractions are expected to
occurin the current distribution of different ecological groups, such as frugivorous birds. For
example, recent studies in the Atlantic Forest indicated that the ranges of many frugivores,
including Redtailed Parrots Amazona brasiliensjs and the Diademed Tagers
(Stephanophorus diademajuare expected to contract by radntury (Vale et al., 2018; Mota
et al., 2022b). In particular, the loss of these species in some regions may have severe
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consequences for ecosystem functioning, as they primarily feeduda &nd therefore
potentially act as crucial seed dispersers (
2017). Birds also contribute to insect control, as the presence of some species is associated with

a decrease in leaf damage that mamp@mmise the survival of plant species (Barnes et al.,

2020), and to pollination, which is important for maintaining genetic variability in plant
populations (Wessinger, 2021).

Birdsd response to climate changspeciesay di f
more likely to suffer contractions in their distributions (Mota et al., 2022a). Characteristics
such as range size, primary habitat, primary diet, and body mass may be important predictors
of species vulnerability (Fortini et al., 2015; Smith et aD17; Miranda et al., 2019). For
example, species with restricted distribution are expected to experience either more contraction
in their ranges on a regional scale or less contraction on a global scale compared to widely
distributed species (Fortint al., 2015; Mota et al., 2022b). Additionally, forest frugivorous
birds are also more prone to losing climate suitable areas compared to those species associated
with open areas that feed mainly on other resources (Miranda et al., 2019). Body mass is also
an important factor influencing birdsd vul ne
struggle to maintain thermoregulation compared to the more efficient mechanism of
evaporative heat loss in larger species (Smith et al., 2017).

Other functionalt r ai t s t hat serve as reliable in
disturbances may also play a significant role in determining their response to climate change.
For example, species with broad habitat and dietary breauiitating the number of hahiis
used and the variety of food types consumed, respectivalg more likely to persist in
degraded environments than are more specialdi
2019; Kittelberger et al., 2021, 2023; Ne@aliegg et al., 2023). Trefore, such ecological
traits may also mitigate the negative impacts of climate change. In addition, birds with lower
handwing index (HWI), which is associated with dispersal ability, may be unable to reach new
suitable areas (Sheard et al., 2020). éujdarger contractions in range size are expected for
species when assuming adigpersal scenario compared to an unlimited scenario (de Moraes
et al., 2020). Moreover, assessing the si mul
to climatechange can offer valuable insights into the future of avian communities and aid in
conservation efforts (Kittelberger et al., 2021; Mota et al., 2022b; N&atg et al., 2023).

The Brazilian Atlantic Forest is home for 832 bird species, of which ~26&ndimic
and ~8% are globally threatened (Hasui et al., 2018; Vale et al., 2018). Despite its ecological
significance, much of its original vegetative cover has already been lost, leaving only 22.9%
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of natural vegetation remaining, with the majority (97@6hcentrated in fragments smaller

than 50 hectares (de Lima et al., 2020; Vanc
this biome may be even higher, as changes in temperature and precipitation patterns could lead

to the replacement of forespecies for those more associated with warmer and drier
environments (Sales et al., 2020). Moreover, previous studies on climate change and avian
species have already projected reductions in range sizes, potentially leading to impoverished
bird communitiean the future (Vale et al., 2018; Mota et al., 2022b; Tonetti et al., 2022).
However, the functional traits mediating these changes remain to be elucidated, which could
contribute to supporting conservation efforts, especially considering that respoolesite

change may vary among species (Mota et al., 2022a).

In this study, we assessed how functional traits modulate the responses of Atlantic
Forest birds to climate change and identified areas predicted to harbor the most vulnerable
species in the fure. Specifically, our aims were (i) to identify the functional traits of forest
birds associated with higher contractions i1
areas with suitable climatic conditions for the most vulnerable species. dietgdethat the
most vulnerable forest birds would exhibit specific ecological traits, such as smaller body size
(Mota et al., 2022a), high specialization (Kk
dispersal ability (Sheard et al., 2020). Alae anticipate that such species will have restricted
distributions (Mota et al., 2022b), primarily inhabiting high elevations (Sales et al., 2021) and
showing a high dependency on forested habitats (Mc#flite et al., 2021). In addition, we
expected tgher concentrations of vulnerable birds to be maintained in the northern and
southern areas compared to lower concentrations in thevestlareas (Mota et al., 2022b).

By providing the potential distribution of forest birds under different climate sosnahnis
study may assist in the conservation planning of bird communities in the region, especially for
the most vulnerable species, and indicate potential trends regarding the impacts of climate

change on other forest species elsewhere.

3.2. Methods
Sudy area

The study area encompasses the state of Espirito Santo and the southern region of
Bahia, Brazil, known as the Central Corridor of the Atlantic Forest (CCAF). It is located
between the cd21A18a3@6S 1BNAOLGEHLADDEE 2@MNd Cc o
approximate area of 11.7 million hectares (Figure 1). The CCAF is one of the most important

regions of the Atlantic Forest hotspot, harboring rich biodiversity and a significant proportion
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of species endemic to this biome, including plants, birdd, grimates (Cordeiro, 2003;
Werneck et al., 2011; Culot et al., 2019). Despite the prevalence of agriculture, which accounts
for 59.6% of the area, the CCAF still retains a substantial forest cover of 31.4% (MapBiomas,
2023).
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Figure 1.Location of the Central Corridor of the Atlantic Forest (CCAF) in Brazil. On the left,

it shows the Atlantic Forest limits in gray and the forest cover in dark green, and on the right,
it shows the protected areas and an elevational gradient.

Bird data

We selected the forest bird species that occur within the CCAF based on the literature
(Hasui et al., 2018; Tobias et al., 2022). Then, we obtained occurrence records from the Global
Biodiversity Information Facility (GBIF; www.gbif.org), which compiles @dtom different
sources and is widely used to predict species distributions (Heberling et al., 2021). We
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subjected the occurrences to a quality control process to eliminate inaccurate records, such as
those presenting incomplete coordinates or matchingiaimalities centroids (Zizka et al.,
2019). Additionally, to minimize geographical bias, we usedspithinR pac kage ( Ai e
Lammens et al., 2015) to remove occurrences that were less than 10 km apart from their nearest
neighbors while retaining the higst number of records per species. Our final dataset included
292 species of forest birds registered in the CCAF region (Table S1).

For each bird species, we used several ecological traits associated with vulnerability to
environmental disturbances. In paunlar, we obtained four measurements of bill morphology
(two measures of length, width, and depth), hauty index (HWI), and body mass data from
the AVONET database (Tobias et al., 2022). We also used information on primary diet, forest
dependency, elational range, clutch size, habitat breadth, and dietary breadth from the
BirdBase database (kekerciojlu et al ., 20014,
2022). Additionally, we acquired the generation length of each species from Bir(RéL8).
We used habitat and dietary breadth to calculate an ecological specialization index (ESI; log
[ 100/ (number of habitats wused I number of f«
the baseline suitable area calculated from ecological niduelmesults (see next sections),
which represents the current suitable climatic conditions for the species, instead of the range
size, which is strictly a geographical trait. We conducted a Principal Component Analysis
(PCA) to summarize the four bill mearements and checked the correlation between the first
two axes and all traits. We removed the first axis of the PCA and the generation length due to
their high correlation with body mass (Pearson correlation > 0.6). The second axis then
represents billlsape, a spectrum associated with foraging specializations that ranges from long,
thin, pointy bills (e.g., Blaclbilled Scythebill;Campylorhamphus falculariyigo short, thick
bills (e.g., Bluewinged MacawpPrimolius maracanga

Avian taxonomic classifid®ons were based primarily on Bird Life International and its
|l ist of the worldbs bird species, whi ch are
Wor king Group (BirdLife International, 2024)
2004, 2019Kittelberger et al., 2021; Billerman et al., 2022). We were able to obtain traits for
all species after reconciling discrepancies between sources. For instance, the species Golden
chevroned Tanager is identified Basngara ornataby Bird Life Internationhand asThraupis
ornataby the IOC World Bird List v13.2. Our final dataset therefore consisted of nine traits
for 292 species: baseline suitable area, mean elevation, body mass, mean clutch size, HWI, bill
shape, ESI, forest dependency (low, medium, high), and primary diet (fruit, seed,
invertebrate, vertebrate, and nectar) (Table S3).
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Climate data

We acquired 19 bioclimatic variables from the WorldClim platform
(www.worldclim.com) at a resolution of 2.5 arcminutes for the baseline and futureiesenar
(2050 and 2070) (Fick and Hijmans, 2017). These variables are derived from precipitation and
temperature measurements and are commonly used in the literature TBrie®et al., 2020;
Oliveira-Silva et al., 2022). For each species, we use&Midwizard R package (Heming et
al., 2019) to perform a Pearson correlation analysis considering all bioclimatic variables and
selected those below the cutoff value of 0.7 to avoid collinearity (Dormann et al., 2013) (Table
S2). For the future climate scenarioge considered three Global Climate Models (GCMs):
IPSL-CM6A-LR, MIROCG6, and MPEESM1-2-HR and two Shared Soceconomic Pathways
(SSPs): 245 and 585. The selection of these GCMs was based on their improved performance
in reducing bias when simulating blmaatic variables in the latest phase of the Coupled Model
Intercomparison Project compared to the previous one (Cannon, 2020), while the SSPs
represent optimistic and pessimistic greenhouse gas concentration scenarios, respectively
( O6Nei Il et al ., 2014).

Ecological Niche Models (ENMs)

We modeled the niches of 292 avian forest species using the MaxEnt algorithm (Phillips
et al., 2006) whose better performance has been previously demonstrated (Mota et al., 2022b).
We considered all occurrences of each &3eloefore the geographical bias procedure (above)
to define the calibration area and projected the models onto the study area only. We used the
ENMevalR package (Muscarella et al., 2014) to optimize MaxEnt parameters by combining
ten regularization mulpliers (0.5 to 5 with intervals of 0.5) and seven combinations of three
feature classes (Linear, Quadratic, and Product), totaling 70 models per species. We validated
the models using the block method (Roberts et al., 2017) and ranked them based oasthe low
omission rate (OR) and the highest area under the curve (AUC) (Boria et al., 2017). Then, we
projected the top 10% models onto the future climate scenarios (GCMs and SSPs) and averaged
them to generate a single consensus model for each species artbg&aria et al., 2017).
Finally, we transformed the final model s
Aunsuitabl ed c | i nperteatile @raineh@ Eresance ithreghold cahleulatédeoyn
MaxEnt (Ahmadi et al., 2020).
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Statistical Analysis

We built linear mixeee f f ect s model s (LMMs) ulme4Rg t he
package (Bates et al., 2015) to test the relationship between the relative change in suitable area
(i.e., [(future suitable area baseline suitable ea)/baseline suitable area]; our response
variable) and our ten functional traits (predictor variables). Positive and negative values in our
response variable indicate expansion and contraction of the suitable area from the baseline to
the future scenariaespectively, while zero indicates no change. We accounted for avian
phylogeny by including species and genus nested within taxonomic family as random effects.
Additionally, we included the future scenarios as a random effect to account for
pseudoreplicadn. We logtransformed body mass and the baseline suitable area. Then, we
scaled and centered all our numerical traits to have a mean of 0 and a standard deviation of 1.
We also checked for variance inflation factors (VIFs) for our predictor variabtas ibMM
using the fvichrd pdckagedRox andh Wetslberg,t2018), and all had values
below 3 (Zuur et al., 2010).

From our global model comprising all nine traits, we computed every possible model
by removing one trait at a time untinonew e | eft (nul | model ) wusin
oftheMuMInR package (Bart oG, 2023) . This result e
information criterion corrected for small samples (AICc) values ranging-#8&to-541. We
selected the model vitthe lowest AICc as our top model, with no competing models having
a @AI Cc | ower than two (Burnham and Ander son
model, for any categorical variables with more than two categories (primary diet and forest
depenéncy), we used a likelihood ratio test to determine significance and calculated the
relative change in suitable area for each category.

We considered the most vulnerable species to climate change as those expected to lose
at least half of their baselineigable area. We generated richness maps for each scenario and
calculated the percentage change in richness between baseline and future scenarios using the
divrasterR package (Mota et al., 2023). The changes in climate suitable areas between the
baseline ad the 2050 pessimistic scenario for all species are shown in Figure S1.

All statistical analyses and graphing were conducted in R (v4.2.3; R Core Team, 2024),
and the maps were made in QGIS (v3.34.6; QGIS, 2024).

3.3. Results
The 292 forest birds in th€ CAF comprise 39 families, with Furnariidae and
Thamnophilidae being the most representative with 28 and 26 species, respectively, while the
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families Cathartidae, Galbulidae, Grallariidae, Odontophoridae, Polioptilidae, and Rallidae
each presented a singlpecies. The species expected to lose the most clguiidble area in
the future is the Ochsbreasted Foliaggleaner Anabacerthia lichtensteint99%), whereas
the Spotted BamboowrenPgilorhamphus guttatys and Yelloweared Woodpecker
(Veniliornis naculifrong are expected to expand their areas by more than twice (Table S4).

The top model revealed three functional traits significantly affecting the relative change
in suitable area: baseline suitable area, mean elevation, and forest dependenaye Baseli
suitable area was positively associated with the relative change in suitable area (Figure 2a;
0.117 £0.012 se, t =9.392, p < 0.001), with species that have small baseline suitable area being
more vulnerable than widely distributed species. Conversadan elevation was negatively
associated with the relative change in suitable area (Figur8.266 = 0.012 se, t 5.509, p
< 0.001), with species from higher altitudes being more vulnerable than those that occur in
lowlands. Finally, forest dependgnwas significantly associated with the relative change in
suitable area (Figure 2c; c2 = 5.066, p =

dependency are more vulnerable than species with lower forest dependency.
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Figure 2. Relationship betweethe relative change in suitable area and the baseline suitable
area (a), mean elevation (b), and forest dependency (c) for forest birds in the Central Corridor
of the Atlantic Forest of Brazil. Positive and negative values indicate expansion and cantractio
of climatesuitable areas between baseline and future scenarios, respectively. Vertical bars
indicate the standard error of the mean, with significant differences represented by different

letters above them.

Our findings indcated that 19 forest bird species are likely to be more vulnerable to

climate change within the CCAF for all scenarios evaluated: Cmieasted Foliaggleaner
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(Anabacerthia lichtensteipi Blackbilled Scythebill Campylorhamphus falcularijis Blue
Manakn (Chiroxiphia caudat® Blue-naped ChlorophoniaChlorophonia cyanega Brazilian

Ruby Clytolaema rubricaudg Highland ElaeniaElaenia obscurg Drabbreasted Bambeo
tyrant Hemitriccus diopys Largetailed Antshrike ackenziaena leachii White-bibbed
Antbird (Myrmoderus loricatus Spotwinged Woodquail (Odontophorus capueijaGrey
capped TyrannulePhyllomyias griseocapilla Greenish TyrannulePfyllomyias virescens

Bahia Tyrannulet Rhylloscartes beckeri Pileated Parrot Rijonopsitta pileat® Saffron
Toucanet Rteroglossus baillonj Redbreasted ToucarR@mphastos dicolorjisSpotbilled
Toucanet $elenidera maculirostr)s Rustybarred Owl Strix hylophild, Gilt-edged Tanager
(Tangara cyanoventr)s(Figure 3). A higheconcentration of these species is located in the
northwest, southwest, and littoral portions of the CCAF, where suitable climate conditions for
them are expected to be retained. Conversely, in theeast] we observed no to low species

in the baseline soario, coinciding with the locations expected to lose suitable area (Figure
3a). This pattern is consistent across all climate scenarios, except for the differences in the
number of vulnerable species: 32 for the 2070 optimistic scenario, 41 for theeX¥ndigtic

scenario, and 78 for the 2070 pessimistic scenario (Figudd.3b

a) 2050 optimistic b) 2070 optimistic ¢) 2050 pessimistic d) 2070 pessimistic

b |

Baseline richness Percentage change
0 39 78 0 -50 -100
| B - |

Figure 3. Baseline richness and percentage of change in richness between the baseline and
future climate scenarios for the most vulnerable forest bird species in the CentigdiCalr

the Atlantic Forest of Brazil. Optimistic scenario: SSP245. Pessimistic scenario: SSP585.
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3.4. Discussion

Alterations in the distributions of bird species due to climate change have been reported
worldwide, and their traits may reveal the speciese likely to suffer contractions in their
baseline suitable areas, allowing us to better direct limited resources to the preservation of at
risk species. Our projections for the Central Corridor of the Atlantic Forest of Brazil indicate
that avian spees with restricted distributions, high dependence on forest habitats, and
inhabiting regions with high elevations are expected to lose more climatically suitable areas in
the future compared to their counterparts. Moreover, we identified that the nortovdest
southwest portions of the CCAF may concentrate most of the forest birds expected to lose more
than half of their current distributions, which should be considered in conservation planning to
ensure their longerm persistence in this threatened region

According to expectations, birds currently presenting smaller distributions are predicted
to lose more climate suitable area in the future, corroborating a previous study in the same
region (Mota et al., 2022b). Reductions in the baseline suitable afghsse species is
proportionally greater compared to the widely distributed species, as observed for-Rufous
tailed Antbird Drymophila gengi and Hangnest Todyyrant (Hemitriccus nidipendulys
Both are expected to lose approximately 56% of their céreaitable area on average, but the
former has a baseline suitable area 2.9 times smaller than the latter, thus likely to be more
threatened by climate change (Tables S3 and S4). The opposite is also true, as the greatest
expansion in climatsuitable are&3.4 times) is expected for the species Spotted Bamboowren
(Psilorhamphus guttatyiswith a baseline suitable area of 284 kmz, only in the 2070 optimistic
scenario. In particular, the geographic range size is one of the main predictors of extinction
risk, not only for climate related threats but also for habitat loss (Staude et al., 2020; Bladon et
al., 2021; Manes et al., 2021). However, a recent review contradicts our result, indicating that
widely distributed birds should be more vulnerable to climainge- a divergence likely
resulting from the scale at which birds worldwide are considered (Mota et al., 2022a).

Similarly, birds inhabiting highlands are anticipated to be more vulnerable to climate
change, experiencing a greater risk of extinctiontdu@e contractions in their distributions,
as corroborated by the disappearance oftbimd of tropical birds from mountaintops (e.g.,
Freeman et al., 2018). In our study, species expected to gain suitable habitat in the future exhibit
a mean elevatioaf 454 m, whereas those likely to suffer greater losses show a mean elevation
of 877 m (Tables S3 and S4). Likewise, endemic birds inhabiting eastern Brazilian
mountaintops within the Atlantic Forest may face potential loss of up to 94% of their current
distributions (Hoffmann et al., 2020). Besides the constraints posed by the limited area at high
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elevations, these species might encounter further challenges due to the upslope shifts in the
distribution of their close relatives, leading to potential corntipatfor essential resources such
as food and nesting sites (Liu et al., 2023).

Greater losses of climatically suitable areas are expected for high forest dependent
species in the future, corroborating our hypothesis. Forest specialist birds are lixelthto
first to disappear from disturbed areas, as observed in the case -bie&bztl Manakin
(Ceratopipra rubrocapilly, which requires more than 60% landscape forest cover to persist in
forest fragments (Morant€ilho et al., 2021). This is also suppartey greater losses of climate
suitable areas expected for forest birds compared to species associated with other habitat types
(Mota et al., 2022a). The higher vulnerability of these species may be related with their limited
dispersal capacity and the@liance on specific resources, such as fruits and holes for feeding
and breeding found deep within forests, making it unlikely for them to cross open fields and
reach new suitable areas (e.g., Spowtged WoodQuail [Odontophorus capueitaCarroll and
Kirwan, 2020). For example, we found that Sd¢hteated Hermit Phaethornis eurynone
may lose 75% of its current distribution, while Rufdusasted HermitGlaucis hirsutupwill
lose only 4%. Despite belonging to the same family (i.e., Trochilidaeptimer can be found
only in forest habitat, while the latter has a higher habitat breadth including woodland,
shrubland, grassland, and plantations (Hinkelmann et al., 2020b, 2020a).

We identified that the most vulnerable forest birds are concentratée morthwest
and southwest portions of the CCAF in all climate scenarios. Species such as thebRwious
Solitaire Cichlopsis leucogenysand the Forkailed Todytyrant (Hemitriccus furcatusare
expected to lose most of their baseline suitable artfeicentral portion of the CCAF by 2070
in the pessimistic scenario. Currently, there are large protected areas in the northern portion but
smaller ones in the southern portion (UNBREMC and IUCN, 2024), and their expansion
could greatly contribute tdhé persistence of vulnerable forest birds in the future, especially
those located at higher elevations (Velasglibata et al., 2013; Malecha et al., 2023).
Additionally, forest mammals are anticipated to maintain climate suitable areas in the southern
CCAF, indicating that protecting this region would also benefit other taxa (de Oliveira et al.,
2024).

In our study, we reveal the functional traits likely to increase the vulnerability of forest
birds to climate change within the CCAF, a recognized pyiaréa for conservation in Brazil
(Vancine et al., 2024). Species with small baseline suitable areas, high forest dependency, and
inhabiting highlands are predicted to be extirpated from most regions, particularly in the central
portion, whereas the nortlest and southwest portions may retain suitable climate conditions
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for them. Given that climate suitable areas within protected areas may shift in the future and
considering the potential of forested areas in mitigating temperature rises (Frey et al., 2016;
Littlefield et al., 2017), the expansion of conservation areas in the region is a promising
pathway. Furthermore, our findings provide insights into species distributions under different
scenarios that could potentially be applied elsewhere, as largs lofsuitable areas are
expected for avian species from Amazonian, Mexican, and Colombian forests that could
benefit from trait information (Velasqudzbata et al., 2013; Miranda et al., 2019; Sierra
Morales et al., 2021). The predictions we presentlghwip direct limited resources to prevent
species loss and consequently the impoverishment of bird communities not only within the
Atlantic Forest but also in other degraded environments. Finally, it is important to note that
considering a nowlispersakcenario could potentially double the number of vulnerable species,
making our predictions conservative (Pridtorres et al., 2020). Additionally, the inclusion of
birds associated with open areas could provide valuable complementary information on the

impacts of climate change on avifauna (Miranda et al., 2019).
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Abstract

Changes in climatic conditions are predicted to impact species distribution and hence alter their
diversity patterns. Matications in the composition of biological communities are expected as

a result of the loss and replacement of species due to global warming. Forest frugivorous birds
already suffer from habitat loss and may disappear locally due to suitable area icontract

range shifts to novel areas, disrupting seed dispersal and consequently the functioning of
natural ecosystems. Here, we investigate the impacts of different climate scenarios on alpha
and beta diversities of forest frugivorous birds within the @Gétorridor of the Atlantic Forest
(CCAF), Brazil. We used ecological niche models to project species distribution of 68
frugivorous birds for the baseline and future (2050 and 2070) scenarios. We generated binary
maps of suitable areas for each speciesclbyate scenario to calculate alpha and beta
diversities. Most forest frugivorous birds were projected to lose suitable area, as a consequence
of climate change, reducing alpha diversity in future scenarios and increasing temporal beta
diversity, which isdominated by the nestedness component. In addition, species richness
decreased from the east to the west portion of the CCAF, while differentiation of bird
communities increased in the same direction, a pattern consistent across all climate scenarios
evalated. Climate change may exert drastic alterations in the composition of frugivorous bird
communities in the CCAF. As forest frugivorous birds are critical to seed dispersal of forest
plant species, impoverishment of their communities can drasticallst &biest regeneration,
diversity, and structure in the decades to come. Therefore, a better comprehension-of spatio

temporal changes in diversity patterns of frugivorous birds can help us to avoid the disruption



of seed dispersal and its consequences$ asacascading effects that will trigger biodiversity
loss in the CCAF.

Keywords: avian, community structure, conservation strategies, diversity patterns, future

scenarios, maxent, range shift, species distribution model

4.1. Introduction

Climatechange is one of the major threats to biodiversity (Bellard et al., 2012), given
that alterations in temperature and precipitation can force species to seek novel areas with
suitable climatic conditions, consequently changing their distribution rangdar(Bet al.,

2012; Pecl et al., 2017). However, species with restricted distributions and very sensitive to
environmental disturbances might not find suitable habitats in the future, thus having a high
risk of extinction (de Moraes et al., 2020). For ins&® endemic and threatened species are
predicted to lose at about 45% of their original distributions, and areas harbouring high species
richness, such as the Brazilian Atlantic Forest hotspot, will suffer a great reduction in size (de
Souza et al., 2011Iso, between 10% and 30% of vertebrate fauna are projected to be globally
lost in the future (Newbold, 2018), including primates, anurans, and birds (Lima et al., 2019;
PrietoTorres et al., 2020; Vasconcelos et al., 2018). Furthermore, the lossedfrates that

feed on fruits is predicted to decrease loigjance dispersal of seeds by 38.7% affecting
tropical rainforest flora (Mokany et al., 2014). Therefore, global climate changes could
significantly impact biodiversity, leading to modificationssipecies diversity patterns across
space and time (Graham et al., 2016; Nunez et al., 2019; Timoner et al., 2020).

In particular, shifts in species distributions as a consequence of climate change might
impact broaescale patterns of species richness emahposition (Lima et al., 2019). Recent
studies have demonstrated richness reduction (i.e., alpha diversity) in several regions resulting
on contractions in species distribution areas under climate change (e.g., Céamsart al.,

2019; HidasiNeto et al, 2019; Kougioumoutzis et al., 2020). In this case, species composition
(i.e., beta diversity) will change since the future community will become a subset of the
previous one (i.e., nestedness), resulting in high values of beta diversity (Baselga,i@10; L

et al., 2019; Oche®choa et al., 2012; Vasconcelos et al., 2018). Additionally, even if alpha
diversity remains constant, the community composition can still change as a result of the loss
of sensitive species and the concomitant proliferation ottdiadpeneralist species, leading to
species turnover (Baselga, 2010; Hieldsto et al., 2019; Morant€ilho et al., 2015; Spaak et

al., 2017). Despite the potential scenario of species replacement in disturbed habitats, generalist
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species may not fillspecal i st sé ni che, resulting in the
the maintenance of local diversity (Galetti et al., 2013). Furthermore, species diversity patterns
may also differ geographically since future changes in temperature and precipatiaion
heterogeneously distributed (Almazroui et al., 2021; Neilan et al., 2019).

The Brazilian Atlantic Forest is one of the top biodiversity hotspots and despite its high
species endemicity it has already lost more than 80% of its original coverage @lgbrs
2000; Ribeiro et al., 2009). In particular, the Central Corridor of the Atlantic Forest (CCAF)
holds one of the highest botanic diversities globally, in addition to several exclusive species of
plants, primates, and birds (Cordeiro, 2003; Mastinal., 2007; Pinto, 1994; Thomas et al.,
1998; Thomaz & Monteiro, 1997). The Atlantic Forest diversity patterns have already been
modified by forest loss and fragmentation (MorahRii@o et al., 2016, 2021; Puttker et al.,
2020) and can be further impadtey climate change. According to the climate projections, the
region is expected to become warmer and dryer (Almazroui et al., 2021) especially near the
transition with the South American dry diagonal domains (i.e., Cerrado and Caatinga; Rajaud
& Noblet-Ducoudré, 2017). These changes in the regional climate are projected to displace the
species to coastal areas, causing richness declines towards transition regions (e.g., de Souza et
al., 2011; Lima et al., 2019) or reduce species ranges, leading to gmukralhness loss
(Loyola et al., 2014; Lourenede-Moraes et al.,2019). Thus, climate change may bring severe
consequences for many taxa, including ferEgtendent bird communities across the CCAF.

Among taxonomic groups, birds have the potential dicate trends regarding climate
change effects on biodiversity because they are well known, globally distributed, and sensitive
to environmental modifications (Bregman et al., 2014; Sekercioglu et al., 2012). Furthermore,
birds provide fundamental ecologicservices for the functioning of natural ecosystems,
including seed dispersal, pollination, and insect control (Sekercioglu, 2006). In particular,
frugivorous birds disperse seeds from most tropical trees (Levey et al., 2002), performing a key
role in farest regeneration and connection of habitat patches inserted in highly deforested
landscapes (Caves et al., 2013; Mueller et al., 2014). For instance]istaugce dispersal
benefits plants since their seeds may reach new favorable sites away frometitepfzart
where the competition with conspecifics is higher (Terborgh, 2012). Therefore, frugivorous
birds provide an ecosystem service that is crucial for the maintenance of the forest structure
and diversity, mainly in tropical regions, where up to 90R4ree species are dispersed by
animals (Howe & Smallwood, 1982). Thus, understanding the effect of climate change on
frugivorous bird assemblages in tropical fragmented landscapes is urgently needed. This is
even more urgent in the Atlantic Forest, whibiee distributions of endemic birds are projected
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to shrink due to climate change by 52% and some of them can almost be vanished (Vale et al.,
2018). Therefore, the Atlantic Forest has a high risk of losing many of its-fonestler
frugivorous birds, copromising seed dispersal and jeopardizing its maintenance, as for other
tropical forests (Bregman et al., 2016; Miranda et al., 2019; Nowak et al., 2019).

In this context, our study investigated the impacts of different climate scenarios on
alpha and betdiversity of forestdependent frugivorous birds in the CCAF. This region is a
hot-point within the Atlantic Forest hotspot that harbours many endemic species of plants,
primates, and birds (Cordeiro, 2003; Martini et al., 2007; Pinto, 1994; ThomasI&Sa),
Because of the projected contractions of the humid, low seasonal climate characteristic of the
Atlantic Forest biome (Almazroui et al., 2021; Rajaud & NobletDucoudré, 2017), we expect
contractions in most bird distribution areas in future scenaréssilting in lower values of
alpha diversity inwards and higher values of beta diversity in the middle of coastal and interior
areas. In addition, the differentiation of bird communities driven by species loss and range
contractions in future scenariosaynresult in the dominance of the nestedness component in
most of the CCAF.

4.2. Methods
Study area

The Central Corridor of the Atlantic Forest comprises the state of Espirito Santo and
the south of BahiialA1laNja6 Njh&s&adas Nz A NDME BljNjNjr
(Figure 1). The continental area of the CCAF has over 11.7 mi hectares and involves around
168 municipalities. Land use in this region consists mainly of pasture and agriculture that
together represent 57% of the CCAF, while forestnants represent 41% (de Santana et al.,
2020). Also, the area that comprises the southernmost Bahia and the North of Espirito Santo
state has extensive areagtoicaliptussp. plantations (Aguiar et al., 2003). In addition, coffee
production is the maiagricultural activity of Espirito Santo (Sales et al., 2013). The CCAF
presents one of the highest botanic diversities worldwide and several endemic species of the
Atlantic Forest are found in the region including plants, birds, and primates (Cordxi8y, 2
Matrtini et al., 2007; Pinto, 1994; Thomas et al., 1998; Thomaz & Monteiro, 1997).
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FIGURE 1 Location of the Central Corridor of the Atlantic Forest (CCAF), Brazil. Grey and

dark green colors indicate the Atlantic Forest biome and remaining forest cespectively.

Bird data

We obtained distribution maps for all resident native bird species from BirdLife
(www.birdlife.org) and overlap with the CCAF. Then, we classified the birds according to
habitat specialization, as forestpendent and nefiores dependent, based on available
literature (Bregman et al., 2014; Stotz et al., 1996), and our prior knowledge about the species
ecology. Afterwards, we select foretpendent birds with at least 40% of its diet composed
primarily of fruit (Wilman et al.,2014) because of the relevance of a few-abligate
frugivores as seed dispersers in the study area (Aceyadero et al., 2020; Tella et al.,
2019). Therefore, forestependent frugivores were considered those species highly specialized
on forest regurces that feed mostly from fruits, including those inhabiting forest interiors. Our
final species list was composed of 70 forest frugivorous birds that was carefully checked in

addition to a literature review on regional studies (e.g., Cardoso et @4, 2azetta et al.,
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2019; MoranteFilho et al., 2015, 2016; Pizo & Tonetti, 2020; Ribeiro et al., 2009). For each
of them, we obtained occurrence records from Global Biodiversity Information Facility (GBIF;
www.gbif.org), VertNet (www.vertnet.org), and igBio (www.idigbio.org). We then checked

the occurrence records to eliminate inconsistencies, such as duplicates resulting from the

previous three sources, and coordinates outside the known distribution of each species.

Climate data

We downloaded 19 biochatic variables for the baseline and future (2050 and 2070)
scenarios from the WorldClim v2.1 database (Fick & Hijmans, 2017) at a spatial resolution of
2.5 arcmin (Table 1). These variables are derived from the monthly temperature and rainfall
values andare often used in ecological modeling techniques (www.worldclim. org), allowing
comparisons to most of the current literature (Miranda et al., 2019; Olisiuaet al., 2022;
PrietoTorres et al., 2020). For each species, we choose variables witlelatoamrbelow 0.7
through the function fAselect _varso from the

avoid collinearity.

TABLE 1 Bioclimatic variables derived from temperature and precipitation data obtained from

WorldClim1 Global Climate Data (wwwvorldclim.org).

Variables  Description

Biol Annual mean temperature

Bio2 Mean diurnal range (mean of monthly max témm temp)
Bio3 Isothermality (Bio2/Bio7) (x100)

Bio4 Temperature seasonality (standard deviation x100)
Bio5 Max temperature of warmest month

Bio6 Min temperature of coldest month

Bio7 Temperature annual range (BiBt06)

Bio8 Mean temperature of wettest quarter

Bio9 Mean temperature of driest quarter

Biol0 Mean temperature of warmest quarter

Bioll Meantemperature of coldest quarter

Biol2 Annual precipitation

Biol3 Precipitation of wettest month

Biol4 Precipitation of driest month

Biol5 Precipitation seasonality (coefficient of variation)
Biol6 Precipitation of wettest quarter

Biol7 Precipitation of driest quarter

Biol8 Precipitation of warmest quarter

Biol9 Precipitation of coldest quarter
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Ecological niche models

We modeled the ecological niche of each forest frugivorous bird species using MaxEnt
(Phillips et al., 2006), whose performance is comparable with other algorithms and requires
only occurrence data (Elith et al., 2006; Kaky et al., 2020). We also usédBRé¢ Mwi z ar d 0
package to define the calibration area for each species by creating a minimum convex polygon
around all occurrences plus a 1.5° buffer (i.e., ~165 km2). This approach was used to improve
MaxEnt predictive power given that the buffer represantgas potentially accessible for the
species and increases variables heterogeneity, therefore, performing more realistic niche
estimations (Anderson & Raza, 2010; Barve et al., 2011). Then, we filtered the records of each
species to obtain the maximum nuenlof occurrences that were at least 10 km apart using the
AspThi no p alakmegseet al.,, R018).| Thioprocedure reduces sampling bias and
improves model performance (Boria et al., 2014). We modeled all forest frugivorous species
with at least 1@ecords after the previous filtered to ensure good predictions (Wisz et al., 2008).
We excluded the speci€arpornis melanocephalndTouit surdabecause they did not meet
the previous criteria, resulting in 68 forest frugivorous birds for further sisalye optimized
MaxEnt parameters using the AENMeval 0 packag
combinations of 10 regularization multipliers (650 with 0.5 intervals) and three feature
classes (L: linear, Q: quadratic, P: product), resglth 70 models per species. We excluded
two feature classes (Hinge and Threshold) due to their lack of biological meaning (Mertens et
al., 2021). Formodelcrossal i dati on, we wused the fAblocko p
spatial and temporal tramst abi | ity (Hi jmans, 2012; Vel oz,
with less than 15 records (Shcheglovitova & Anderson, 2013).

We built a consensual model for each species from the 109%etbprming MaxEnt
models that were chosen based on the lowessf)om Rate (OR) and highest average Area
Under the Curve (AUC) criteria, in this order (Boria et al., 2017). Then, we selected three
General Circulation Models (GCM: IPSCM6A-LR, MIROC6, and MRIESM20) to
generate the future projections based on thefopeance (lower frequency and persistence of
errors) and geographic region (South America; see details in Cannon, 2020). Afterwards, we
calculated a weighted average to combine the results of the three GCMs and projected the
climate for the years 2050 ar&D70, using two Shared Socioeconomic Pathways (SSPs):
SSP245, considered an optimistic scenario where mitigation measures are taken to reduce
greenhouse gas emissions, and SSP585, considered a pessimistic scenario where current
emissions rates will be m@ained in long term. Finally, we converted the final models into
binary maps of fAsuitabled and Aunsuitabl ed h
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threshold calculated by MaxEnt. This threshold is indicated to presemgedata, and to
minimize uncertainties related with datasets obtained from aggregated sources (i.e., GBIF,
VertNet, iDigBio; Anderson et al., 2016; Raes et al., 2009).

Data analyses

We calculated alpha diversity (species richness) by summing the overlaid binary maps
of speces, then we transformed these maps into matrices of presence and absence of the forest
frugivorous birds to each <climate scenari o.
Abetaparto package (Baselga & Or me, ndéx012) t
bet ween each cell from future and baseline s
we partitioned beta diversity into turnover and nestedness components (Baselga & Orme, 2012)
to represent their proportion by scenario. Values close ¢orepresent the predominance of
species replacement and values close to zero indicate predominance of gain/loss of species (see
HidasiNeto et al., 2019). Because our data were not normally distributed, we applied
Friedman's noiparametric test (see Lima al., 2019). We used alpha and beta diversity as
response variables, considering the cells as blocks, to compare forest frugivorous bird
communities among climate scenarios (independent variable). Finally, we compared the total
suitable areas (responserighle) among scenarios, considering species as blocks. We also
assessed the spatial distribution of the average suitable area to compare changes between future
and baseline scenarios.

All analyses were carried out in R software v4.0.5 (R Core Team, 202[1naps of
alpha and beta diversity were generated in QGIS software v3.16.16 (QGIS Development Team,
2021).

4.3. Results

Most of our ecological niche models showed good fit, presenting high Area Under the
Curve (AUC) values ranging from 0.7 to 0.92. Odly species showed reasonably good fit
models, with AUC values between 0.55 and 0.69. The average AUC value was 0.81, while the
average Omission Rate (OR) value was 0.14 ranging from 0 to 0.40.

Our study detected that forest frugivorous species richnggsa(diversity) is higher
in the extreme north and south portion of the Central Corridor of the Atlantic Forest (CCAF).
We also observed intermediate to high bird richness in the coastline compared to the continent
interior, while the midwest portion oféhCCAF presented the poorest area in terms of species
richness (n = 12; Figure 2a). In addition, we detected distinct species numbers among scenarios
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(maxT = 122.71; yvalue < .001; n = 28,890) with higher values in baseline (46 species * 13)
and lower vales in 2070 pessimistic scenario (37 species = 12). Furthermore, the CCAF is
projected to lose 16 forest frugivorous birds in 2050 optimistic (Figure 2b) and 23 species in
2070 pessimistic scenarios (Figure 2d), mainly in the northwest and southwestoftibe

study area. In contrast, the northeast and midwest of the CCAF may gain a maximum of 4
species in the pessimistic scenarios (Figure)2c

(a) Baseline (b) 2050 (c) 2070 (d) 2050 (e) 2070
Optimistic Optimistic Pessimistic Pessimistic

Richness A Richness
[ | m
12 68 -23-14 -5 0 4

FIGURE2Y2waT 4] j =X3¥W=319=92hbhUc Ut yh)joEfotdst¥=21 =c 2 u
frugivorous birds predicted in base line and future climate

scenarios in the Central Corridor of the Atlantic Forest. Positive

and negative values indicate gain and loss of species from baseline

to future scenarios, respectively. Optimistic scenario: SSP245.

Pessimistic scenario;: SSP585.

The largest changes in the composition of forest frugivorous birds (i.e., high beta
diversity) were associated with the CCAF portions with lower species richness (Figure 3). We
detected distinct pattern in tempde3dT,pbet a
value < .001; n = 23,112), with higher wvalue
optimistic (bt = 0.4) scenarios, both compar

the CCAF concentrates intermediate to high dissintyl (i.e., high beta diversity) of forest
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frugivorous birds in all climate scenarios, especially in the southwest (Figudg, 3vhile the
coastline presented low temporal beta diversity, mostly in the 2050 optimistic scenario. In fact,
areas that showigh values of beta diversity also show high species loss, reflecting the
dominance of the nestedness component (Figuré)3 @onversely, in areas located in the
northern, central, and midwest portions of the CCAF which maintained or gained few species,

the turnover component of beta diversity was predominant (Figug.3 e

(a) 2050
Optimistic

(b) 2070
Optimistic

(c) 2050
Pessimistic

(d) 2070
Pessimistic (

(e)

Ratio
1

0.67
0.33 }
0
FIGURE3Tempor al beta diversity (bt) of forest f

and future climate scenarios in the Central Corridor of the Atlantic Fore$t Paomrtion of

turnover i n-h)iewh&h vialoes closeao obe (blug)eepresent predominance of
turnover, while values close to 0 (red) represent predominance of nestedness. Optimistic

scenario: SSP245. Pessimistic scenario: SSP585.

We also foud a spatial variation in the average suitable area of forest frugivorous birds
within the CCAF. The northeast and southwest portions in the baseline scenario concentrate
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species with restricted distributions, while frugivores from the midwest portionnpresiker

suitable areas (Figure 4a). In future scenarios, species remaining in the northeast portion are
predicted to be even more restricted, decreasing the average suitable area, while the
disappearance of some species (Agazona vinaced angara cyaoventrig restricted to the
southwest portion will lead to an increase in the average suitable area (Figa)réD4ip study

also indicated that the total suitable area is projected to decrease in future scenarios for most of
the forest frugivorous birdéTable S2). In general, the total suitable area in the CCAF is
predicted to decrease an average of 13,125 km2, with the 2070 pessimistic scenario holding
the smallest total suitable area (16,945 km2). In particular, some species, such as
Stephanophorus diiematusand Pionopsitta pileata presented a high risk of disappearing

from the CCAF, while others such Rfpraeidea melanonotare predicted to lose between
43.3% and 81.7% of suitable area, gmazona vinacebetween 68.2% and 86.9%. Only

three specieCrax blumenbachjiAmazona rhodocorythandBaillonius bailloni will gain

suitable areas in all climate scenarios, while four species@otumba speciosa&Cyanerpes
cyaneusPenelope superciliarisandPsarocolius decumanpugpresented little or ngariation

in their suitable areas (Table S2).

(a) Baseline (b) 2050 (c) 2070 (d) 2050 (e) 2070
Optimisti Optimistic

Pessimistic

%

Pessimistic
I‘..'*"

&

Average suitable A average suitable
area (km?) * 10° area (km?) * 10°
B - m - m
76 117 -20 10 0 10 20 30

FIGURE 4 Average suitable area of forest frugivorous birds in the
Central Corridor of the Atlantic Forest (CCAF). Baseline scenario (a)
y3td=62Ud=4de2bbhblUcUtwldj =21 =33Ucysld=zj ec203W64=3c(?>

base line scenarios (b - e). Positive and negative values indicate gain
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and loss of suitable area from baseline to future scenarios,
respectively. Optimistic scenario: SSP245. Pessimistic scenario:

SSP585.

4.4. Discussion

Our study evidenced that climate chang projected to cause drastic alterations in the
richness and composition of forest frugivorous bird communities across the Central Corridor
of the Atlantic Forest, mostly due to species loss. As we expected, most modeled species will
lose suitable climiéc areas in future scenarios compared to the baseline one. It can cause a
decrease in bird richness (lower alpha diversity) and hence an increase in the temporal
dissimilarity (higher temporal beta diversity) among communities in future scenarios.

The reluction in forest frugivorous bird richness reached 34% in the 2070 pessimistic
scenario compared to the baseline, which is in agreement with other studies that reported
species loss varying from 29% to 47% in the worst case scenario depending on taeevalu
habitat (Miranda et al., 2019; Priet@rres et al., 2020). On a global scale, geographic variation
in species richness seems to be pronounced in frugivorous birds compared to other trophic
guilds (Kissling et al., 2012). Within Atlantic Forest, othaxa are also projected to suffer
species richness reduction, including primates and anurans, which can lose roughly 43% and
50% of species, respectively (Lima et al., 2019; Loyola et al., 2014). Our results also indicated
a more severe loss of frugivomgpecies richness westwards corroborating our hypothesis.
The western portion of the CCAF is projected to become warmer compared to the coastal
region, which may explain the lower number of frugivorous species observed in all future
climate scenarios. Filmermore, the western portion of the CCAF has lost more forest cover
than the coastal region (Almazroui et al., 2021; MapBiomas, 2021). Lower forest cover reduces
the probability of occurrence of foredépendent birds in the region (Moraffi#ho et al.,

2021) and is likely to intensify the loss of foretpendent birds due to climate change. Indeed,

it is expected that this worst scenario will not be exclusive for frugivorous birds, thus affecting
the entire bird community along the CCAF, as shown bgrattudies performed in the biome
(e.g., Loiselle et al., 2010; Tonetti et al., 2022; Vale et al., 2018).

In highly degraded landscapes, frugivorous birds are particularly important due to their
contributions to habitat regeneration via seed dispersalamly plant species (Levey et al.,
2002; Mueller et al., 2014). Therefore, it is likely that a synergic effect of climate anddand

change cause even more harm on bird communities through simplification of frugivorous bird
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assemblages, thus, impactingifed-plants, driving ceextinctions of specific groups of plants
and disrupting frugivorous networks (Emer et al., 2020; Northrup et al., 2019). For instance,
the dispersion of large fruits depends on large frugivores, such as toucans and guandr thus, the
disappearance may disrupt the maintenance of certain plants enhancing forest degradation
(Dehling et al., 2021; Galetti et al., 2013). Indeed, large frugivorous birds can link forest
patches in highly fragmented landscapes thus playing a structuri@gnrdhese forests
(Mueller et al., 2014; Trolliet et al., 2017). Also, our study indicates that this impact might be
disproportionately higher in frugivorous networks from the western portion of the CCAF,
where species richness is projected to decredséuire scenarios.

In our study, we observed that the composition of frugivorous bird communities in the
CCAF will suffer differentiation (i.e., high temporal beta diversity) from baseline to future
scenarios, which also corroborates our hypothesis.riicpiar, the patterns of beta diversity
were mainly determined by the nestedness component. Additionally, our findings indicated that
changes in frugivorous bird composition are spatially heterogeneous, given that more distinct
communities are located wesrds where species richness is lower. This pattern is even more
evident in the southwest portion of the 2070 pessimistic scenario, thus, the relationship between
richness reduction and range contraction and/or local extinction may increase the digesnilar
of frugivorous bird communities (Ochdachoa et al., 2012). These findings agree with a
previous study (Vasconcelos et al., 2018) performed in the Atlantic Forest, where it was
observed an increase in nestedness component due to species loss,futaiengnuran
communities a subset of the current ones. Conversely, we observed that the turnover
component was predominant in the midwest and northeast portions of the CCAF, suggesting
that part of frugivorous bird communities found in those regionsbeilleplaced by different
species in future scenarios. In fact, our findings revealed that in the northeast portion,
frugivores with restricted distribution are replaced by other equally restricted, while in the
midwest portion the replacement is most kkdue to the arrival of widely distributed bird
species (PrietoTorres et al., 2020). For instaScéjadematus projected to vanish from the
northeast portion whiléodopleura pipramay expand its suitable area to the same location.
Both species showed suitable areas lower than 20,000 itkknthe baseline scenario.
Additionally, projections from Amazon rainforest showed high suitable area reduction for
forest frugivorous birds but alsfor forest insectivorous birds, while birds from oferas
may expand their suitable areas in the future (Miranda et al., 2019). Therefore, it is reasonable
to assume that a similar pattern may be observed for forest frugivorous birds from othdr tropica
forests.
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According to our predictions, most frugivorous birds showed contraction in their
distribution areas in future scenarios. In particular, our findings indicated a positive relationship
between the percentage of change in birds' suitable argheasditable area in the baseline
scenario. It means that species with restricted distributions tend to be more negatively affected
by climate change compared to widely distributed species. For instance, the endangered
psittacidAmazona vinacewhich presated the smallest suitable area in the baseline (10,528
km?) is projected to contract its range an average of 75.7%, while widely distributed birds
(>80,000 kM) may expand their suitable areas up to 25% in future scenarios. Indeed,
geographic range size a trait often considered in the literature as a good predictor of birds'
range shift (e.g., Avalos & Hernandez, 2015; MacLean & Beissinger, 2017;-Pag&s et
al., 2020; Bladon et al., 2021). However, despite the possibility of those speciesdetsd
potentially suitable in the future, the ongoing conversion of the Atlantic Forest into agricultural
lands (MapBiomas, 2021; Olivei@ilva et al., 2022) is worrisome, mainly for frugivorous
birds presenting certain ecological features such as game (@.g., guans) and species
destined to illegal trade (e.g., parrots and toucans). In particular, habitat loss facilitates human
access to forest fragments, increasing hunting, mostly of large birdSrieblumenbachii
for feeding, and some other specfor trade, likeAmazona rhodocoryth@KlemannJunior et
al., 2008; Silveira et al., 2005). Therefore, it is highly unlikely that those species favored by
climate change (e.g., via range expansion) will prosper due to other threats such as habitat loss.

We highlighted that most forest frugivorous birds will suffer contraction in their
geographical range in future scenarios, including species already threatened by other causes
such as habitat loss. Consequently, the projected changes in species compms#rds
simpler frugivorous bird communities and the dominance of the nestedness component in the
beta diversity patterns may indicate a higher risk of pervasive effects on seed dispersal in future
climate scenarios. This is particularly worrisome sitheeniche overlap between frugivorous
birds and other vertebrate groups that feed on fruits is low, and thus improbable that this
ecological service remains intact (Fleming, 1979; Fleming et al., 1987). Even though the loss
of native frugivores could beompensated by exotic and/or generalist species (Garcia et al.,
2014), it is unlikely that their role would be as effective due to lower trait matching and
dispersal potential (e.g., seed number, dispersal distance; Babweteera & Brown, 2009; Peralta
et al.,2020). In fact, it has already been demonstrated a rapid reduction in seed size of a
threatened Atlantic Forest palm trdeuferpe edulisin the absence of its native largeed
dispersers (toucans, cracids, and large cotingas; Galetti et al., 2013¢rikore, we detected
heterogeneous variation in temporal beta diversity across the CCAF, suggesting that a single
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conservation strategy will not be effective. Given that forest frugivorous birds are highly
dependent on forest cover (Moraifi#ho et al.,2021), it is essential to concentrate efforts to
keep the few forest remnants across the CCAF. As the coastal and inward portions of the CCAF
will possess distinct climates in projected scenarios, it will be of utmost importance to improve
the conservatiostatus of forest remnants across the whole area, including strategies to connect
isolated fragments allowing species to pursue their suitable habitat. Because forest frugivorous
birds are critical to seed dispersal for most tropical trees (Howe & Smaljwi82),
impoverishment of foresdependent bird communities may have cascading effects on seed
dispersal (Galetti et al., 2013), thus limiting plant recruitment and leading to biodiversity

depletion within this hotspot in the future.
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Abstract

Diversity metrics are widely used to better understand biodiversity patterns and help with
speciexonservation. Taxonomic diversity alone may lack valuable information on community
ecology, such as the importance of species to ecosystem functioning and evolutionary history.
By combining taxonomic, functional, and phylogenetic diversity, we can compteoue
knowledge, particularly under climate change, by improving conservation strategies and
helping to maintain biodiversity while reducing costs in the decisiaking process.
However, the main tools used for computing these metrics may demand aigrpfiocessing

power because of their reliance on matrices, ultimately restricting their applicability. Here, we
presentivraster, an R package to calculate diversity metrics directly from species rasters, with
the aim of reducing memory usage and praoggsower, especially when working with large
datasets such as large areas, high resolution, or a high number of species. The main function of
divraster can calculate changes in a given community between distinct temporal scenarios,
such as present and dué climate scenarios, working with taxonomic, functional, and
phylogenetic diversity. It includes the partition of temporal beta diversity, making it
particularly useful in ecological niche models and other macroecology studies. Additionally,
divraster pgorms spatial calculations for both alpha and beta diversity, which are helpful in
studies where time is not an issue. We also conducted a performance comparison with packages
that provide similar functions and demonstrated that the divraster packagefauts them

in most cases regarding memory allocation and processing time.
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5.1. Background

Taxonomic, functional, and phylogenetic diversity metrics are widely tasedck the
changes in biodiversity and support better conservation measures (Faith 1992, Baselga 2010,
Laliberté and Legendre 2010). Currently, climate change is considered one of the main threats
to biodiversity, and many studies that apply diversitytrice have been focused on the
consequences of this threat. For instance, future projections of climate changes often indicate
a reduction in species richness, although some species may benefit from climate change,
situations that could lead to communiggtructuring across multiple taxa, including mammals,
amphibians, and birds (Hidallieto et al. 2019, AlveBerreira et al. 2022, Mota et al. 2022).

Taxonomic diversity is commonly used to describe variations in community structure,
and the simplest way tmeasure it is through species richness, which can be defined as the
number of species in a site (i.e. alpha diversity). It plays a crucial role in the effective
assessment and conservation of biodiversity as monitoring species across different spatial
scdes helps define highly diverse places as priority areas (Scott et al. 1987, Weber et al. 2004,
Jenkins et al. 2013, Zou et al. 2023). Besides alpha diversity, knowing species composition
variation (i.e. beta diversity) is important for protecting regiatigérsity and can directly
assist conservation planning (Socolar et al. 2016) as it represents composition changes over
space and time, commonly referred to as spatial and temporal beta diversity, respectively
(Legendre 2008, Anderson et al. 2011, Legenand Gauthier 2014). Furthermore, beta
diversity can be partitioned in two components representing the substitution of species from
one site to another and the gain and loss of species between sites (Baselga 2010, Carvalho et
al. 2012, Magurran 2021).

Alpha and beta diversity provide valuable information on community structure, and
have been widely used in climate change studies (e.g. Menénhazrero et al. 2020, Mota et
al. 2022). However, taxonomic diversity alone fails to capture relevant aspbdtal and
ecological processes that shape species distributions, making it important to consider variations
in different dimensions of diversity in conservation studies (Devictor et al. 2010, Safi et al.
2011). While the functional dimension of diviygefers to the variety of biological roles and
functions performed by different species within an ecosystem (Petchey and Gaston 2006),
which is related to the species features and how they interact with the environment (Tobias et
al. 2022), the phylogextic dimension takes into account the evolutionary relationships among
species and the amount of time over which those relationships have developed, providing

108



information on the accumulated evolutionary history in a target region (Faith 1992, Moritz and
Fath 1998). Together, taxonomic, functional, and phylogenetic diversity indexes encompass
the most relevant information of communities and are widely used metrics in community
ecology.

There are several tools that can be used to compute diversity metiigdirig
Biodiverse (Laffan et al. 2010), SpadeR (Chao et al. 2015), PDA (Chernomor et al. 2015),
EstimateS (Colwell 2013), and several packages in R (R Code Team 2023). R is a free software
environment for statistical computing and graphics with the ashditiadvantage of allowing
the implementation of new features through external packages. Furthermore, R stands out in
the field of ecology due to its ease of reproducibility of workflows from shared scripts and
codes (Lai et al. 2019). For instance, thpdkagebetapart(Baselga and Orme 2012) uses
matrices to compute alpha and spatial beta diversity for taxonomic (TD), functional (FD), and
phylogenetic (PD) dimensions, besides the additional feature to compute temporal beta
diversity for TD only. The pda@geBAT (Cardoso et al. 2015) can also compute alpha and
spatial beta diversity for the three dimensions from matrices, and it has specific functions to
calculate these metrics using raster objects using the raster package (Hijmans et al. 2023b).
Both pa&ages can also partition beta diversity into turnover/replacement and
nestedness/richness difference components. Similarly, the papkgtmregion calculates
alpha and beta diversity and its components for both TD and PD, and also includes a function
for transforming raster objects into matrices (Daru et al. 2020). Other packages sueh as
(Magneville et al. 2022), amuicante(Kembel et al. 2010) can calculate beta diversity only for
FD and PD, respectively, but they cannot compute replacement anésschifferences
components.

Most methods currently available for computing diversity metrics (taxonomic,
functional, and phylogenetic) rely on matrices, which have prohibitively high RAM memory
usage and processing requirements for large datasets, tppisahtial (i.e. raster) data.
Nevertheless, the use of rasterized data has increased over time, alongside the growing need to
analyze maps of species distributions obtained from ecological niche models (e.g. Alves
Ferreira et al. 2022, Mota et al. 202ZPhus, despite the increasing availability of data in raster
format, most (if not all) packages are limited to handle matrix data, restricting the application
of these metrics for many users. To address this problem, we created an R package to calculate
alpha and beta diversity for taxonomic, functional, and phylogenetic dimensions using rasters
as inputs. Our package can partition spatial and temporal beta diversity into species
replacement and richness differences, accounting for dissimilarities betamenuaities in
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space and time.

5.2. Methods and features

The main feature dodivrasteris its ability to calculate diversity metrics directly from
spatialized data (i.e. raster files) to reduce processing requirements and memory usage, thereby
expanding tk usability of diversity metrics to a wide range of usdirgasteris written in the
R language and environment (R Core Team 2023) and depends on the pickagdsmans
et al. 2023a) an8AT (Cardoso et al. 2015) to apply mathased calculation® tmultilayer
SpatRaster objects.

Although thebetapartpackage is more popular thBAT for partitioning beta diversity,
we dose the latter as a dependency for two main reasons. First, the beta diversity equation
used iNBAT accounts for all richness differences, whildbgtapart richness differences are
due to nestedness (Carvalho et al. 2012). It meanbetagtartconsides richness differences
between communities only when the number of species shared between sites is greater than
zero. Second, most studies that use rasters as a primary source of data are interested in large
scale (i.e. latitudinal/biogeographical) ecataj gradients. However, the beta diversity
equation frombetapart fails to detect species loss on ecological gradients, tending to
underestimate species loss and overestimate replacement (see details at Carvalho et al. 2012).
This happens because the emg@iment component frobetapartmeasures the proportion of
the speciepoorer site that is not included within the specieker site. However, it disregards
the number of species in the richer site, even though both sites should be taken into account
(Tuomisto 2010). Since the richness differences component is obtained by subtracting the
replacement from total beta diversity, it may underestimate the richness differences component
as well. Therefore, despite producing similar results when dealing witlonalbeta diversity
component,betapart appears to struggle in mixed gradients of richness differences and
replacements, especially in the poorest communities, BAIEshows consistency and linear
responses to these gradients (see Cardoso et al. 2008J1® et al. 2012).

Alpha diversity calculations also use a tiesed approach for TD, FD, and PD
(Cardoso et al. 2014). FD can be calculated in several ways, and the most common metrics can
be categorized as richness, divergence, and evenness. Hotlieatter two require species
abundance data, which is often unavailable in macroecological studies. The richness metrics
include Functional Attribute Diversity (FAD) (Walker et al. 1999), Modified Functional
Attribute Diversity (MFAD) (Schmera et al0R9), Functional Dendrogram (FDend) (Petchey
and Gaston 2002), Generalized Functional Dendrogram (GFD) (Mouchet et al. 2008), and
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Functional Richness (FRic) (Cornwell et al. 2006). FDend is among the best performing indices
regarding the capacity to deteetological processes (see Mouchet et al. 2010), is less
computationally expensive, and can handle mixed types of traits (Petchey et al. 2009, Ahmed
et al. 2019). Besides, FDend, the FD metric implemented in BAT and divraster, is also
equivalent to the Tand PD metrics, allowing for a complete comparison among all three
dimensions (TD, FD, and PD) (Cardoso et al. 2014).

In the FD calculation using FDend, a species traits matrix is converted into a distance
matrix and clustered to produce a regional deg@m (i.e. a dendrogram with all species in
the raster stack) from which the total branch length is calculated. When calculating FD for each
community (i.e. raster cell), the regional dendrogram is subsetted into a local dendrogram
containing only the speées present on the local community, and only the branch lengths
connecting them are summed to represent the functional relationships of the species locally
present (Petchey and Gaston 2002, 2006). Similarly, in PD, the sum of branch lengths
connecting spees within a community represents their shared phylogenetic relationships
(Faith 1992). Alpha TD can also be visualized using a tree diagram, where each species is
directly connected to the root by an edge of unit length, reflecting the number of diféew@nt
in the community (i.e. species richness) since all taxa are at the same level (Cardoso et al.
2014). PD and FD metrics include the length of basal branches common to all species,
preventing results that equals zero for sirgpecies communities anaeserving it for
communities without any species (Rodrigues and Gaston 2002). Another version of FDend
based on pairwise distances or recalculation of the dendrogram suggested by Podani and
Schmera (2006) would introduce new issues and potentially cottieseffect of species
removal on tree length, possibly leading to a FD of zero in segeies communities (Petchey
and Gaston 2007). In such cases, the method would assume a greater influence on functional
di versity than t heerebypfavaringghe érigimbappuoach Where anFb or vy
of zero only occurs in empty communities (Petchey and Gaston 2007). For all these reasons we
chose to calculate FD using FDend and to implement the TD, FD, and PDBSIngs a
dependency.

divrasteris the first R package to calculate temporal beta diversity and its components
for taxonomic, functional, and phylogenetic diversity using raster files as inputs. It can be
installed from both CRAN and GitHub repositories (Mota et al. 2023).sUserencouraged
to suggest improvements and report issues at https://github.com/flaviomoc/divraster/issues.

divrasterhas three main functions that require multilayer SpatRaster objectaéfmam
R package) as inputs. These objects should contain nmapg of species distributions. The
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function temp.beta() calculates temporal beta diversity and its components (replacement and
richness differences) between two SpatRaster objects, where each raster cell represents a
community and is compared to its capending cell from a different time (e.g. a different
climate scenario). To calculate taxonomic temporal beta diversity, only two multilayer raster
objects from distinct time periods are needed. To calculate functional beta diversity, a
data.frame objectfespecies traits is required, while phylogenetic calculations require a phylo
object with a dated phylogenetic tree. It is crucial that the species names in all objects match
for the function to workdivrasterhas a similar function called spat.beta() jshtperforms the

same calculations as temp.beta(), but compares communities within the same SpatRaster object
based on the number of neighboring cells that can be defined by the user through the argument
6dé (distance). The plaumdtiendoecaldulate diphaddevessitytfdi e s p ¢
taxonomic, functional, and phylogenetic dimensions. A schematic drawing of these functions

is presented in Figure 1.

112



spat.alpha and spat.beta temp.beta

Taxonomic
w
w O
8 B
w
w O
5 Di-
-
w
w O
$ B
h‘u

traitl trait2: a traitl trait2]
© a 2
5 S i a spl| - - sp43 A spl| - -
2§ Jd sp
& 5 psp3 | |sp2| - - .‘ sp2 ‘ sp2| - -
£ < 2 3 ne PR 3
2 sp sp - - 3 sp - -
spl spd| - = sps2p| ‘ spd| - *
2 E .a
o . spl & spl
o spA & sp3 sp3
Q sp3 sp2 ‘ sp2
The Sp2 ‘ Sp4 spd
-
o spl
spat.alpha temp.beta
g: N v
5 5 !
o o
] ©
o @ -
- k-
= i i v
o L= i i
= O 3
=) = =
O 8 i ‘
o [
[a1] [a1] .
- Richness + =
[ | | g o g r
] = e X
- Dissimilarity + g I ! :
I a W 3 @ Rk
Figurel.A schematic drawing inputs and outputs o

Additionally, thesame inputs required to calculate functional beta diversity can be used
to calculate the average of all numeric traits from the data.frame across the SpatRaster layers
(i.e. species) through the function spat.trait(). It is useful for evaluating spatmtaim
variation in individual traits within species communities (i.e. raster cells) and assessing their
response under different climate scenarios.

divrastercan calculate the standardized effect size (SES) of functional and phylogenetic
alpha diversity usg the packageSESraster(Heming et al. 2023) through the function
spat.rand(). SES is often used in ecological studies (e.g. Ulrich et al. 2018) to measure the

magnitude of difference between observed and randomized patterns generated by null models,
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expressed in standard deviation units (Gotelli and McCabe 2002 -Baltat 2018)SESraster
currently implements six of the most common community randomization methods (SIM1,
SIM2, SIM3, SIM5, SIM7, and SIM9, sensu Gotelli 2000) and has other methods being
implemented. The basic randomization methods are: keeping the richness constant and
randomizing the position of the species within each raster cell (site, SIM3 and SIM5); keeping
range size constant and randomizing the position of species presences (sEp&es, SIM2
and SIM7); and randomizing by both site and species simultaneously (both, SIM1).

divraster functions can automatically save the output if the user provides a path.
Additionally, except for spat.beta(), all functions include the optionmriing calculations in
parallel using a mukcore processor, which can optimize the performance when dealing with

a large number of species, an extensive region, or high raster resolutions.

5.3. Example

We demonstrated the applicability of tdevraster R package by using a modified
binary dataset consisting of 68 frugivorous bird species from Mota et al. (2022), a phylogenetic
tree acquired from the Vertlife platform (formerly known as BirdTree, veulifg, and a trait
dataset from Tobias et al. (2022). The data can be accessed using the load.data() function of
thedivrasterpackage. First, we calculated alpha diversity for the taxonomic dimension using
the spat.alpha() function. As it is usually pogly correlated with alpha diversity in functional
and phylogenetic dimensions, the spat.rand() function sE&sastepackage (Heming et al.
2023) to compute the standardized effect size (SES) for functional and phylogenetic alpha
diversity calculationsWe used a randomization method that shuffled the presences/absences
within raster cells keeping species richness
and ran 10 simulations defined by thoeta)0al eat
to calculate spatial beta diversity for both scenarios. We also used the spat.trait() function to
calculate the average of all numeric traits by climate scenario. Finally, we used the function
temp.beta() to calculate temporal beta diversity betwleemneference and future scenario. All
beta calculations (including replacement and richness differences components) were performed
considering the three dimensions of diversity, taxonomic (TD), functional (FD), and
phylogenetic (PD). All the figures rdsing from this example are available in the

supplementary material.

5.4. Performance comparison

We created two datasets to evaluate the performantigrasterin terms of memory

114



allocation and processing time. To this end, we compared our functidnexigting ones from
theBAT andbetapartpackages using the mark() function of the R packa&geh(Hester et al.
2021). We chose betapart because it can calculate temporal beta diversity for taxonomic
diversity and it is wetknown (e.g. Mota et al. 2022vhile BAT can calculate alpha and spatial
beta diversity from raster objects based onrttster R package (Hijmans et al. 2023b). The
first SpatRaster dataset has 25 layers representing the species, 0.125° resolution, and 2° extent,
totalizing 256 ra#r cells (hereafter known as the loesolution dataset). The second
SpatRaster dataset has the same number of layers and extent, but 0.04° resolution, totalizing
2304 raster cells (hereafter known as the Hggolution dataset). These datasets were ased
inputs fordivrasterfunctions, and transformed into RasterStack and matrix objects to match
the inputs of the functions BAT andbetapartpackages.

In the lowresolution dataset, out of 32 total comparisangasterperformed better in
53% (17), wose in 31% (10), and equally in 16% (5) of them (Table 1). divraster outperformed
betapartin phylogenetic spatial beta calculation, requiring 4.3 times less memory allocation
and 8.5 times less processing time. However, it underperformed in taxonomic beta diversity,
requiring 7.7 times more memory allocation and being 3.5 times slower. Mordoxrager
outperformedB A T éasterized taxonomic alpha calculation with 3.7 times less memory
allocation andB A T i@adterized spatial beta calculation with 4.3 times less processing time.
Conversely,divraster required 62.5 times more memory and was 3.3 tin@ses during
functional alpha calculation comparedBAT nonrasterized function (matrix).

In the highresolution dataset, out of 32 total comparisainasterperformed better
in 59% (19) and worse in 41% (13) of them (Table 1). Notably, in eightettbomparisons,
divraster stood out as the only package capable of producing a result. The calculation of
functional and phylogenetic spatial beta based on matrices B&T and betapart
unfortunately, could not be finished due to memory constraintstiéaally, to the best of our
knowledge, no other existing package has the capability to directly calculate temporal beta
diversity and its components from rasters. We observeddikedster exhibited its best
performance in terms of memory allocatiortamonomic temporal beta calculation with 28.5
times less memory usage compareldtapart while its worst performance was in functional
alpha calculation, where it was 74.2 times slower tBaA T aostrasterized function.
Regarding processing timdiyras t ebesbpgrformance was observed during taxonomic alpha
calculation, where it was 56 times faster comparesl £ T rasterized function. On the other
hand, its worst performance was observed during taxonomic spatial beta calculation, where it

was 279.8imes slower compared tbe t a pfumatidnd s
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Table1.Per f or manc e

compari sons

bet ween

OBATO6 and 6ébetapartd packages. Cell s
and oOf ai kststhatwereé notadmelsted due to memory constraints.

Resolution Dimension Diversity Package Memory (MB) Time (s)
Low Taxonomic Alpha divraster 1.16 0.51
Low Taxonomic Alpha BAT 4.31 0.75
Low Taxonomic Alpha BAT 0.25 0.50
Low Taxonomic Betaspatial divraster 91.87 1.79
Low Taxonomic Beta spatial BAT 42.74 5.54
Low Taxonomic Beta spatial BAT 142.75 1.95
Low Taxonomic Beta spatial betapart 11.99 0.51
Low Taxonomic Beta temporal divraster 3.24 0.57
Low Taxonomic Beta temporal betapart 9.04 0.51
Low Functional Alpha divraster 119.89 1.66
Low Functional Alpha BAT 116.97 5.45
Low Functional Alpha BAT 1.92 0.50
Low Functional Beta spatial divraster 438.54 3.78
Low Functional Beta spatial BAT 879.11 16.11
Low Functional Beta spatial BAT 600.77 3.97
Low Functional Beta spatial betapart 421.98  252.15
Low Functional Beta temporal divraster 124.23 2.93
Low Functional Beta temporal n/a n/a n/a

Low Phylogenetic Alpha divraster 70.27 0.70
Low Phylogenetic Alpha BAT 70.23 0.59
Low Phylogenetic Alpha BAT 1.76 0.51
Low Phylogenetic Beta spatial divraster 396.62 2.53
Low Phylogenetic Beta spatial BAT 539.87 6.37
Low Phylogenetic Beta spatial BAT 610.27 3.59
Low Phylogenetic Beta spatial betapart 1707.73 21.60
Low Phylogenetic Beta temporal divraster 75.17 0.60
Low Phylogenetic Beta temporal n/a n/a n/a

High Taxonomic Alpha divraster 121.48 1.77
High Taxonomic Alpha BAT 67.14 98.86
High Taxonomic Alpha BAT 2.24 1.29
High Taxonomic Beta spatial divraster 682.13  557.68
High Taxonomic Beta spatial BAT 503.92 2119.30
High Taxonomic Beta spatial BAT 11582.44 6546.07
High Taxonomic Beta spatial betapart 944.59 2.00
High Taxonomic Beta temporal divraster 23.06 11.55
High Taxonomic Beta temporal betapart 656.87 2.42
High Functional Alpha divraster 1022.88 10.45
High Functional Alpha BAT 1081.02 12.83
High Functional Alpha BAT 13.79 0.55
High Functional Beta spatial divraster 2606.07 32.95
High Functional Betaspatial BAT 8536.82 1289.13
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High Functional Beta spatial BAT fall fail

High Functional Beta spatial betapart fail fall
High Functional Beta temporal divraster 1064.60 16.75
High Functional Beta temporal n/a n/a n/a
High Phylogenetic Alpha divraster 599.22 2.23
High Phylogenetic Alpha BAT 660.50 5.74
High Phylogenetic Alpha BAT 13.96 0.06
High Phylogenetic Beta spatial divraster 2207.24 13.01
High Phylogenetic Beta spatial BAT 5278.79 85.45
High Phylogenetic Beta spatial BAT fail fall
High Phylogenetic Beta spatial betapart fail fail
High Phylogenetic Beta temporal divraster 641.52 2.96
High Phylogenetic Beta temporal n/a n/a n/a

It is important to notice that, although we rely BAT as a dependency, tlévraster
functions uses SpatRaster class of objects fromtetva package as input, which is faster
compared to RasterStack objects fromrsterpackage (Hijmans et al. 2023aurrently used
in BAT. Regarding théetapartpackage, we have observed that it requires a minimum of six
species per site to calculate beta diversity and does not provide any options to handle nodata
(Baselga and Orme 2012), which limits its applicéiliAlthough calculations based on
matrices showed superior performance in some cases, we were unable to complete the tests for
spatial beta functions using higbsolution datasets for functional and phylogenetic
dimensions because our machine ran olRAI¥ memory. This supports our statement on the
disadvantages of using matrices when dealing with typical large datasets of macroecological
studies (e.g. Alvegerreira et al. 2022, Mota et al. 2022). Furthermore, the beta diversity
partitioning from thebetapart package tends to overestimate replacement and underestimate
richness differences (Carvalho et al. 2012). Therefore, our package not only uses a more
appropriate method to calculate beta diversity, but also demonstrates good computational
performancéi.e. memory allocation and processing time).

To run the tests, we used R version 4.2.2 on a computer with the following setup:
operating system = Windows 11 Pro version 22H2, processe8265U, RAM = 16GB, and
SSD = 256GB.

4.5. Conclusions anduture directions
We proposed an R package to compute diversity metrics based on binary maps of
species distributions, such as those derived from ecological niche models that are becoming

increasingly common under the threat of climate change (e.g.-Réresira et al. 2022, Mota
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et al. 2022)divrasterstands out as the first tool capable of directly calculating temporal beta
diversity and its components frorastersfor all three diversity dimensions (i.e. taxonomic,
functional, and phylogenetic) withouhe need for transformation into matrices. Our
comparisons demonstrated thdivraster outperformed other weknown R packages,
particularly in functional and phylogenetic diversity metrics that required greater processing
power. Additionally,divrastercan compute the standardized effect size (SES) for functional
and phylogenetic alpha diversity, and includes the option of running calculations in parallel
using a multicore processor for most functions, which also helps to optimize the processing of
large datasets. In the next versions ofdheasterpackage, we plan to implement SES for beta
diversity, include other randomization algorithms implemente8E&Srasteradd a function

for calculating defaunation index by scenarios, and eliminate any dapses to avoid
bottlenecks. Finally, we highlight that our package is only made possible because of other
available packages (e BAT) and it is not our purpose to replace any of them, but to facilitate

access to diversity metrics for macroecology redess.
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Supplementary material

Table S1.List of forest bird species recorded in the Central Corridor of the Atlantic Forest, Brazil. Records correspond to thef number

occurrences after geographical bias correction (spatial thinning).

Species English Name Order Family Records
Amazona amazonica Orangewinged Amazon Psittaciformes Psittacidae 3506
Amazona farinosa Southern Mealy Amazon Psittaciformes Psittacidae 3087
Amazona rhodocorytha Redbrowed Amazon Psittaciformes Psittacidae 137
Amazona vinacea Vinaceousbreasted Amazon Psittaciformes Psittacidae 332
Anabacerthia lichtensteini Ochrebreasted Foliaggleaner Passeriformes Furnariidae 364
Aramides saracura Slaty-breasted Woodalil Gruiformes Rallidae 1652
Asio stygius Stygian Owl Strigiformes Strigidae 625
Attila spadiceus Bright-rumped Attila Passeriformes Tyrannidae 2391
Automolus leucophthalmus White-eyedFoliagegleaner Passeriformes Furnariidae 921
Batara cinerea Giant Antshrike Passeriformes Thamnophilidae 619
Brotogeris tirica Plain Parakeet Psittaciformes Psittacidae 785
Buteogallus lacernulatus White-necked Hawk Accipitriformes Accipitridae 200
Cacicus cela Yellow-rumped Cacique Passeriformes Icteridae 3746
Cacicus haemorrhous Redrumped Cacique Passeriformes Icteridae 2366
Campephilus robustus Robust Woodpecker Piciformes Picidae 716
Campylorhamphus falcularius Black-billed Scythebill Passeriformes Furnariidae 373
Campylorhamphus trochilirostris Redbilled Scythebill Passeriformes Furnariidae 1786
Campylorhynchus turdinus Thrushlike Wren Passeriformes Troglodytidae 2214
Cantorchilus longirostris Long-billed Wren Passeriformes Troglodytidae 692
Capsiempis flaveola Yellow Tyrannulet Passeriformes Tyrannidae 2063
Carpornis cucullata Hooded Berryeater Passeriformes Cotingidae 318
Carpornis melanocephala Black-headed Berryeater Passeriformes Cotingidae 104
Celeus flavescens Blond-crested Woodpecker Piciformes Picidae 909
Celeus torquatus Ringed Woodpecker Piciformes Picidae 795
Ceratopipra rubrocapilla Redheaded Manakin Passeriformes Pipridae 682
Chaeturacinereiventris Greyrumped Swift Apodiformes Apodidae 2449
Chamaeza campanisona Shorttailed Antthrush Passeriformes Formicariidae 921
Chamaeza meruloides Cryptic Antthrush Passeriformes Formicariidae 166
Chiroxiphia caudata Blue Manakin Passeriformes Pipridae 1469
Chiroxiphia pareola Blue-backed Manakin Passeriformes Pipridae 815
Chlorestes cyanus White-chinned Sapphire Apodiformes Trochilidae 1138
Chlorestes notata Blue-chinned Emerald Apodiformes Trochilidae 830

123



Chlorophanes spiza
Chlorophonia cyanea
Ciccaba huhula
Ciccaba virgata
Cichlocolaptes leucophrus
Cichlopsis leucogenys
Claravis pretiosa
Clytolaema rubricauda
Colaptes melanochloros
Colonia colonus
Conirostrum speciosum
Conopias trivirgatus
Conopophaga lineata
Conopophaga melanops
Corythopis delalandi
Cotinga maculata
Cranioleuca pallida
Crax blumenbachii
Crotophaga major
Crypturellus noctivagus
Crypturellus obsoletus
Crypturellus soui
Crypturellus variegatus
Cyanerpes cyaneus
Cyanoloxia brissonii
Cyclarhis gujanensis
Cypseloides senex
Dacnis cayana

Dacnis nigripes
Dendrocincla turdina
Dendrocolaptes platyrostris
Dendroplex picus
Diopsittaca nobilis
Discosura langsdorffi
Drymophila ferruginea
Drymophila genei
Drymophila ochropyga
Drymophila squamata
Dysithamnus mentalis

Green Honeycreeper
Blue-naped Chlorophonia
Black-banded Owil

Mottled Owl

Large Palébrowed Treehunter
Rufousbrown Solitaire

Blue Grounddove

Brazilian Ruby
Greenbarred Woodpecker
Long-tailed Tyrant
Chestnutvented Conehbill
Threestriped Flycatcher
Rufous Gnateater
Black-cheekedGnateater
Southern Antpipit

Banded Cotinga

Pallid Spinetail

Redbilled Curassow
Greater Ani

Yellow-legged Tinamou
Brown Tinamou

Little Tinamou

Variegated Tinamou
Redlegged Honeycreeper
Ultramarine Grosbeak
Rufousbrowed Peppershrike
Great Dusky Swift

Blue Dacnis

Black-legged Dacnis
Plainwinged Woodcreeper
Planalto Woodcreeper
Straightbilled Woodcreeper
Northern Reeshouldered Macaw
Black-bellied Thorntall
Ferruginous Antbird
Rufoustailed Antbird
Ochrerumped Antbird
Scaled Antbird

Plain Antvireo

Passeriformes
Passeriformes
Strigiformes
Strigiformes
Passeriformes
Passeriformes
Columbiformes
Apodiformes
Piciformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Galliformes
Cuculiformes
Tinamiformes
Tinamiformes
Tinamiformes
Tinamiformes
Passeriformes
Passeriformes
Passeriformes
Apodiformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Psittaciformes
Apodiformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes

Thraupidae
Fringillidae
Strigidae
Strigidae
Furnariidae
Turdidae
Columbidae
Trochilidae
Picidae
Tyrannidae
Thraupidae
Tyrannidae

Conopophagidae
Conopophagidae

Tyrannidae
Cotingidae
Furnariidae
Cracidae
Cuculidae
Tinamidae
Tinamidae
Tinamidae
Tinamidae
Thraupidae
Cardinalidae
Vireonidae
Apodidae
Thraupidae
Thraupidae
Furnariidae
Furnariidae
Furnariidae
Psittacidae
Trochilidae
Thamnophilidae
Thamnophilidae
Thamnophilidae
Thamnophilidae
Thamnophilidae

1728
1231
55
369
219
62
3662
321
4888
2689
2770
451
1271
345
766
21
470
24
4558
190
1488
3330
930
2025
2568
5518
368
4164
124
510
1388
3384
1574
187
398
75
264
228
2736
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Dysithamnus plumbeus
Dysithamnus stictothorax
Elaenia obscura
Eleoscytalopus indigoticus
Euphonia chlorotica
Euphonia cyanocephala
Euphonia pectoralis
Euphonia violacea
Euphoniaxanthogaster
Falco deiroleucus

Falco rufigularis
Florisuga fusca
Formicarius colma
Formicivora serrana
Forpus xanthopterygius
Furnarius figulus

Galbula ruficauda
Geotrygon montana
Geotrygon violacea
Glaucidium minutissimum
Glaucis dohrnii

Glaucis hirsutus
Glyphorynchus spirurus
Grallaria varia

Habia rubica

Harpagus bidentatus
Harpia harpyja
Heliomaster squamosus
Heliothryx auritus
Hemithraupis flavicollis
Hemithraupis ruficapilla
Hemitriccus diops
Hemitriccus furcatus
Hemitriccus nidipendulus
Hemitriccus striaticollis
Herpetotheres cachinnans

Herpsilochmus rufimarginatus

Hylatomus lineatus
Hylocharissapphirina

Plumbeous Antvireo
Spotbreasted Antvireo
Highland Elaenia
White-breasted Tapaculo
Purplethroated Euphonia
Goldenrumped Euphonia
Chestnutbellied Euphonia
Violaceous Euphonia
Orangebellied Euphonia
Orangebreasted Falcon
Bat Falcon

Black Jacobin
Rufouscapped Antthrush
Serra Antwren
Blue-winged Parrotlet
Wing-banded Hornero
Rufoustailed Jacamar
Ruddy QuaHdove
Violaceous Quaitdove
Least Pygmyowl
Hook-billed Hermit
Rufousbreasted Hermit
Wedgebilled Woodcreeper
Variegated Antpitta
Redcrowned Anttanager
Doubletoothed Kite

Harpy Eagle
Stripebreasted Starthroat
Black-eared Fairy
Yellow-backed Tanager
Rufousheaded Tanager
Drab-breasted Bambetyrant
Fork-tailed Todytyrant
Hangnest Todyyrant
Stripenecked Todytyrant
Laughing Falcon

Southern Rufousvinged Antwren
Lineated Woodpecker
Rufousthroated Hummingbird

Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Falconiformes
Falconiformes
Apodiformes
Passeriformes
Passeriformes
Psittaciformes
Passeriformes
Piciformes
Columbiformes
Columbiformes
Strigiformes
Apodiformes
Apodiformes
Passeriformes
Passeriformes
Passeriformes
Accipitriformes
Accipitriformes
Apodiformes
Apodiformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Falconiformes
Passeriformes
Piciformes
Apodiformes

Thamnophilidae
Thamnophilidae
Tyrannidae
Rhinocryptidae
Fringillidae
Fringillidae
Fringillidae
Fringillidae
Fringillidae
Falconidae
Falconidae
Trochilidae
Formicariidae
Thamnophilidae
Psittacidae
Furnariidae
Galbulidae
Columbidae
Columbidae
Strigidae
Trochilidae
Trochilidae
Furnariidae
Grallariidae
Cardinalidae
Accipitridae
Accipitridae
Trochilidae
Trochilidae
Thraupidae
Thraupidae
Tyrannidae
Tyrannidae
Tyrannidae
Tyrannidae
Falconidae
Thamnophilidae
Picidae
Trochilidae

47
201
319
341
5261
1391
707
1949
1923
124
4692
1126
1042
178
3336
1331
3626
3127
179
243
32
2028
2759
555
2381
2008
623
661
1080
1050
764
390
54
470
610
5721
741
5028
473
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Hylophilus poicilotis
Hylophilus thoracicus
Hypoedaleus guttatus
Icterus pyrrhopterus
Ictinia plumbea
llicura militaris
lodopleura pipra
Laniisoma elegans
Laniocera hypopyrra
Legatus leucophaius

Lepidocolaptes squamatus

Leptodon cayanensis

Leptopogon amaurocephalus

Leptotila rufaxilla
Leucochloris albicollis
Lipaugus lanioides
Lipaugusvociferans
Lurocalis semitorquatus
Machaeropterus regulus
Mackenziaena leachii
Mackenziaena severa
Malacoptila striata
Manacus manacus
Megascops atricapilla
Melanerpes flavifrons
Micrastur mintoni
Micrastur ruficollis
Micrastur semitorquatus
Mionectes oleagineus
Mionectegufiventris
Monasa morphoeus
Myiarchus ferox
Myiarchus tuberculifer
Myiobius atricaudus
Myiobius barbatus
Myiopagis caniceps
Myiornis auricularis
Myiothlypis rivularis
Myrmoderus loricatus

Rufouscrowned Greenlet
Rio de Janeiro Greenlet
Spotbacked Antshrike
Variable Oriole

Plumbeous Kite

Pin-tailed Manakin
Buff-throated Purpletuft
Elegant Mourner

Cinereous Mourner

Piratic Flycatcher

Scaled Woodcreeper
Grey-headed Kite
Sepiacapped Flycatcher
Greyfronted Dove
White-throated Hummingbird
Cinnamonvented Piha
Screaming Piha
Shorttailed Nighthawk
Kinglet Manakin
Largetailed Antshrike
Tufted Antshrike

Greater Crescestthested Puffbird
White-bearded Manakin
Black-capped Screeebwl
Yellow-fronted Woodpecker
Cryptic Forestffalcon

Barred Forestalcon
Collared Forestalcon
Ochrebellied Flycatcher
Grey-hooded Flycatcher
White-fronted Nunbird
Shortcrested Flycatcher
Dusky-cappedrlycatcher
Black-tailed Flycatcher
Whiskered Flycatcher
Atlantic Grey Elaenia

Eared Pygmatyrant
Southern Riverbank Warbler
White-bibbed Antbird

Passeriformes
Passeriformes
Passeriformes
Passeriformes
Accipitriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Accipitriformes
Passeriformes
Columbiformes
Apodiformes
Passeriformes
Passeriformes

Caprimulgiformes

Passeriformes
Passeriformes
Passeriformes
Piciformes
Passeriformes
Strigiformes
Piciformes
Falconiformes
Falconiformes
Falconiformes
Passeriformes
Passeriformes
Piciformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes

Vireonidae
Vireonidae
Thamnophilidae
Icteridae
Accipitridae
Pipridae
Tityridae
Tityridae
Tityridae
Tyrannidae
Furnariidae
Accipitridae
Tyrannidae
Columbidae
Trochilidae
Cotingidae
Cotingidae
Caprimulgidae
Pipridae
Thamnophilidae
Thamnophilidae
Bucconidae
Pipridae
Strigidae
Picidae
Falconidae
Falconidae
Falconidae
Tyrannidae
Tyrannidae
Bucconidae
Tyrannidae
Tyrannidae
Tityridae
Tityridae
Tyrannidae
Tyrannidae
Parulidae
Thamnophilidae

713
591
605
4181
5534
471
79
70
589
3982
381
2951
3281
3829
1248
128
2050
1693
280
613
599
606
2802
246
683
166
2417
3653
3172
742
1320
4896
3138
700
1385
1577
909
588
133
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Myrmotherula axillaris
Myrmotherula luctuosa
Myrmotherula minor
Myrmotherulaurosticta
Nemosia pileata
Neomorphus geoffroyi
Neopelma aurifrons
Notharchus swainsoni
Nyctibius aethereus
Nyctibius grandis
Nyctibius griseus
Nyctiphrynus ocellatus
Nystalus maculatus
Odontophorus capueira
Orchesticus abeillei
Oxyruncus cristatus
Pachyramphus castaneus
Pachyramphus marginatus
Pachyramphus polychopterus
Panyptila cayennensis
Patagioenasayennensis
Patagioenas picazuro
Patagioenas plumbea
Patagioenas speciosa
Penelope obscura
Penelope superciliaris
Phaethornis eurynome
Phaethornis idaliae
Phaethornis ruber
Phaethornis squalidus
Pheugopedius genibarbis
Philydor atricapillus
Philydor rufum
Phyllomyias burmeisteri
Phyllomyias fasciatus
Phyllomyias griseocapilla
Phyllomyias virescens
Phylloscartes beckeri
Phylloscartes oustaleti

White-flanked Antwren
Silvery-flanked Antwren
Salvadori's Antwren
Bandtailed Antwren
Hooded Tanager
Rufousvented Groundgtuckoo
Wied'sTyrantmanakin
Buff-bellied Puffbird
Long-tailed Potoo

Great Potoo

Common Potoo

Ocellated Poorwill
Spotbacked Puffbird
SpotwingedWood-quail
Brown Tanager

Sharpbill
Chestnuicrowned Becard
Black-capped Becard
White-winged Becard
Lesser Swallowailed Swift
Palevented Pigeon
Picazuro Pigeon
Plumbeous Pigeon
Scaled Pigeon
Dusky-legged Guan
Rustymargined Guan
Scalethroated Hermit
Minute Hermit

Reddish Hermit
Dusky-throated Hermit
Moustached Wren
Black-capped Foliaggleaner
Buff-fronted Foliagegleaner
Roughlegged Tyrannulet
Planalto Tyrannulet
Grey-capped Tyrannulet
Greenish Tyrannulet
Bahia Tyrannulet
Oustalet's Tyrannulet

Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Cuculiformes
Passeriformes
Piciformes
Caprimulgiformes
Caprimulgiformes
Caprimulgiformes
Caprimulgiformes
Piciformes
Galliformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Apodiformes
Columbiformes
Columbiformes
Columbiformes
Columbiformes
Galliformes
Galliformes
Apodiformes
Apodiformes
Apodiformes
Apodiformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes

Thamnophilidae
Thamnophilidae
Thamnophilidae
Thamnophilidae
Thraupidae
Cuculidae
Pipridae
Bucconidae
Nyctibiidae
Nyctibiidae
Nyctibiidae
Caprimulgidae
Bucconidae
Odontophoridae
Thraupidae
Tityridae
Tityridae
Tityridae
Tityridae
Apodidae
Columbidae
Columbidae
Columbidae
Columbidae
Cracidae
Cracidae
Trochilidae
Trochilidae
Trochilidae
Trochilidae
Troglodytidae
Furnariidae
Furnariidae
Tyrannidae
Tyrannidae
Tyrannidae
Tyrannidae
Tyrannidae
Tyrannidae

2247
25
69
52
2848
141
33
178
317
1587
4212
618
1990
524
159
376
1475
867
5433
1751
4096
4922
3128
2704
1540
1253
719
68
2075
202
1928
376
1273
637
1285
288
408
23
143
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Phylloscartes ventralis
Piayacayana

Piculus aurulentus
Piculus flavigula
Picumnus albosquamatus
Picumnus exilis
Pionopsitta pileata
Pionus maximiliani
Piprites chloris
Platyrinchus leucoryphus
Platyrinchus mystaceus
Poecilotriccus fumifrons
Poecilotriccus plumbeiceps
Primolius maracana
Procnias nudicollis
Psarocolius decumanus
Pseudastur polionotus
Pseudopipra pipra
Pseudoseisura cristata
Psilorhamphus guttatus
Psittacara leucophthalmus
Pteroglossus aracari
Pteroglossus bailloni
Pulsatrix koeniswaldiana
Pulsatrix perspicillata
Pyriglena leucoptera
Pyrrhura cruentata
Pyrrhura frontalis
Pyrrhura leucotis
Ramphastos dicolorus
Ramphastos vitellinus
Ramphocaenus melanurus
Ramphodon naevius

Ramphotrigon megacephalum

Rhopias gularis
Rhynchocyclus olivaceus
Rhytipterna simplex
Rupornis magnirostris
Saltator fuliginosus

Mottle-cheeked Tyrannulet
Common Squirretuckoo
Yellow-browed Woodpecker

Yellow-throated Woodpecker

White-wedged Piculet
Goldenspangled Piculet
Pileated Parrot
Scalyheaded Parrot
Wing-barred Piprites
Russetwinged Spadebill

Eastern Whitghroated Spadebill
Smokyfronted Todyflycatcher

Ochrefaced Todyflycatcher
Blue-winged Macaw
Barethroated Bellbird
Crested Oropendola
Mantled Hawk
White-crowned Manakin
Caatinga Cachalote
Spotted Bamboowren
White-eyed Parakeet
Black-necked Aracari
Saffron Toucanet
Tawny-browed Owl
Spectacled Owl
White-shouldered Fireye
Ochremarked Parakeet
Maroonbellied Parakeet
White-eared Parakeet
Redbreasted Toucan
Channelbilled Toucan
Long-billed Gnatwren
Sawbilled Hermit
Largeheaded Flatbill
Starthroated Antwren
Eastern Olivaceous Flatbill
Greyish Mourner
Roadside Hawk
Black-throated Grosbeak

Passeriformes
Cuculiformes
Piciformes
Piciformes
Piciformes
Piciformes
Psittaciformes
Psittaciformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Psittaciformes
Passeriformes
Passeriformes
Accipitriformes
Passeriformes
Passeriformes
Passeriformes
Psittaciformes
Piciformes
Piciformes
Strigiformes
Strigiformes
Passeriformes
Psittaciformes
Psittaciformes
Psittaciformes
Piciformes
Piciformes
Passeriformes
Apodiformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Accipitriformes
Passeriformes

Tyrannidae
Cuculidae
Picidae
Picidae
Picidae
Picidae
Psittacidae
Psittacidae
Tyrannidae
Tyrannidae
Tyrannidae
Tyrannidae
Tyrannidae
Psittacidae
Cotingidae
Icteridae
Accipitridae
Pipridae
Furnariidae
Rhinocryptidae
Psittacidae
Ramphastidae
Ramphastidae
Strigidae
Strigidae
Thamnophilidae
Psittacidae
Psittacidae
Psittacidae
Ramphastidae
Ramphastidae
Polioptilidae
Trochilidae
Tyrannidae
Thamnophilidae
Tyrannidae
Tyrannidae
Accipitridae
Thraupidae

1481
5494
587
1057
1290
457
579
2682
1175
75
1847
274
1476
955
600
3826
230
834
648
226
3524
1204
323
434
1981
1067
75
1589
92
1108
3048
2499
273
421
289
793
1410
7042
404
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Saltator similis
Sarcoramphus papa
Schiffornis turdina
Schiffornis virescens
Sclerurus caudacutus
Sclerurusmexicanus
Sclerurus scansor
Scytalopus speluncae
Selenideranaculirostris
Setophaga pitiayumi
Sirystes sibilator
Sittasomus griseicapillus
Spizaetus melanoleucus
Spizaetus ornatus
Spizaetus tyrannus

Strix hylophila
Synallaxis cinerea
Synallaxis ruficapilla
Syndactyla rufosuperciliata
Tangara brasiliensis
Tangara cayana
Tangaracyanocephala
Tangara cyanoptera
Tangara cyanoventris
Tangara desmaresti
Tangara ornata
Tangara palmarum
Tangara sayaca
Tangara seledon
Taraba major

Terenura maculata
Tersina viridis
Thalurania glaucopis
Thamnomanes caesius
Thamnophilus ambiguus
Thamnophilusaerulescens
Thamnophilus pelzelni
Thlypopsis sordida
Thripophaga macroura

Greenwinged Saltator

King Vulture

Brown-winged Mourner
Greenish Schiffornis
Black-tailed Leaftosser
Tawny-throated Leaftosser
Rufousbreasted Leaftosser
Mousecolored Tapaculo
Spotbilled Toucanet
Tropical Parula

Sibilant Sirystes

Eastern Olivaceou#/oodcreeper
Black-andwhite Hawkeagle
Ornate Hawkeagle

Black Hawkeagle
Rusty-barred Owl

Bahia Spinetalil
Rufouscapped Spinetail
Buff-browed Foliagegleaner
White-bellied Tanager
Burnishedbuff Tanager
Rednecked Tanager
Azure-shouldered Tanager
Gilt-edged Tanager
Brassybreasted Tanager
Goldenchevroned Tanager
Palm Tanager

Sayaca Tanager
Greenheaded Tanager
Great Antshrike
Streakcapped Antwren
Swallow Tanager
Violet-capped Woodnymph
Cinereous Antshrike
Sooretama Slaty Antshrike
Variable Antshrike

Planalto Slaty Antshrike
Orangeheaded Tanager
Striated Softtail

Passeriformes
Cathartiformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Piciformes
Passeriformes
Passeriformes
Passeriformes
Accipitriformes
Accipitriformes
Accipitriformes
Strigiformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Apodiformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes

Thraupidae
Cathartidae
Tityridae
Tityridae
Furnariidae
Furnariidae
Furnariidae
Rhinocryptidae
Ramphastidae
Parulidae
Tyrannidae
Furnariidae
Accipitridae
Accipitridae
Accipitridae
Strigidae
Furnariidae
Furnariidae
Furnariidae
Thraupidae
Thraupidae
Thraupidae
Thraupidae
Thraupidae
Thraupidae
Thraupidae
Thraupidae
Thraupidae
Thraupidae
Thamnophilidae
Thamnophilidae
Thraupidae
Trochilidae
Thamnophilidae
Thamnophilidae
Thamnophilidae
Thamnophilidae
Thraupidae
Furnariidae

3088
4497
1764
947
325
362
598
271
370
4069
1070
3791
1314
1587
2806
316
31
1334
1429
26
159
401
434
448
353
534
142
84
615
6118
308
3902
1311
1024
299
3913
1090
1738
42
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Tinamus solitarius

Tityra cayana

Tityra inquisitor
Todirostrum poliocephalum
Tolmomyias flaviventris
Tolmomyias poliocephalus
Tolmomyias sulphurescens
Touit surdus
Trichothraupis melanops
Triclaria malachitacea
Trogon collaris

Trogon surrucura

Trogon viridis

Turdus albicollis

Turdus flavipes

Turdus fumigatus

Turdus leucomelas
Veniliornis affinis
Veniliornis maculifrons
Veniliornis passerinus
Xenops minutus

Xenops rutilus
Xiphocolaptes albicollis
Xipholena atropurpurea
Xiphorhynchus fuscus
Xiphorhynchus guttatus

Solitary Tinamou

Western Blackailed Tityra
Black-crowned Tityra
Yellow-lored Todyflycatcher
Ochrelored Flatbill
Grey-crowned Flathill
Yellow-olive Flatbill
Goldentailed Parrotlet
Black-goggled Tanager
Blue-bellied Parrot
Collared Trogon

Southern Surucua Trogon
Greenbacked Trogon
White-necked Thrush
Yellow-legged Thrush
Cocoa Thrush
Palebreasted Thrush
Redstained Woodpecker
Yellow-eared Woodpecker
Little Woodpecker
White-throated Xenops
Streaked Xenops
White-throated Woodcreeper
White-winged Cotinga
Lesser Woodcreeper
Buff-throated Woodcreeper

Tinamiformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Psittaciformes
Passeriformes
Psittaciformes
Trogoniformes
Trogoniformes
Trogoniformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Piciformes
Piciformes
Piciformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes
Passeriformes

Tinamidae
Tityridae
Tityridae
Tyrannidae
Tyrannidae
Tyrannidae
Tyrannidae
Psittacidae
Thraupidae
Psittacidae
Trogonidae
Trogonidae
Trogonidae
Turdidae
Turdidae
Turdidae
Turdidae
Picidae
Picidae
Picidae
Furnariidae
Furnariidae
Furnariidae
Cotingidae
Furnariidae
Furnariidae

366
2558
3363
1059
2978
1366
3936
99
1445
179
2185
1909
2806
2667
944
620
3437
1065
268
3203
2967
49
617
55
1102
2577
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Table S2.Selected bioclimatic variabléBearson correlation < 0.7) for each forest bird species within the Central Corridor of the Atlantic

Forest, Brazil, and their corresponding percentage of contribution to the niche models.

Species bio2 bio3 bio4 bio5 bio7 bio8 hio9 biol0 biol2 biol3 biol4 biol5 biol6é biol7 biol8 biol9
Amazona amazonica 46.4 48.4 1.0 0.0 19 0.1 0.1 2.0
Amazona farinosa 18.6 6.2 33.2 3.6 4.5 216 123
Amazona rhodocorytha 30.2 33.8 5.1 30.9

Amazona vinacea 1.5 33.2 28.5 0.8 6.4 280 14
Anabacerthia lichtensteini 8.0 41.2 5.6 30.0 2.9 5.1 1.8 5.4
Aramides saracura 17.7 141 19 100 278 5.2 166 6.5
Asio stygius 23.0 11.0 45.0 3.8 4.3 9.6 3.2
Attila spadiceus 13,5 13.0 7.6 25.8 9.0 17.3 138
Automolus leucophthalmus 185 41.9 250 04 7.2 6.8 0.1
Batara cinerea 64.1 26.9 1.0 7.9
Brotogeris tirica 38.9 36.8 0.9 228 05
Buteogallus lacernulatus 34 5.0 54.8 36.9
Cacicus cela 395 54 13.1 0.7 33.0 4.2 4.0
Cacicus haemorrhous 15.2 33.0 20.4 2.9 19.1 8.9 0.6
Campephilus robustus 14.4 7.1 429 0.0 1.2 332 1.2
Campylorhamphus falcularius 15.9 1.2 21 555 134 0.6 6.3 51

Campylorhamphus trochilirostris  19.9 20.9 21.6 54 4.5 135 143
Campylorhynchus turdinus 05 8.7 9.1 0.1 64.8 148 1.9
Cantorchilus longirostris 37.0 6.9 2.0 14.0 25.8 14.3
Capsiempis flaveola 60.3 16.4 16.4 6.7 0.1 0.0 0.0
Carpornis cucullata 44.9 43 3.0 40.1 2.2 0.9 4.5
Carpornis melanocephala 45.7 44,1 9.4 0.8 0.0
Celeus flavescens 11.8 31.2 4.2 18.4 203 141
Celeus torquatus 34.4 19.2 10.0 5.9 23.6 14 55
Ceratopipra rubrocapilla 23.9 227 4.1 8.0 14.4 7.9 19.0
Chaetura cinereiventris 346 2.7 23.9 0.7 26.5 103 1.3
Chamaeza campanisona 4.4 347 24.3 0.2 33.1 3.1 0.1
Chamaeza meruloides 12.7 29.1 35.7 9.9 12.5

Chiroxiphia caudata 139 404 20.7 11 6.6 13.7 3.6
Chiroxiphia pareola 70.0 45 0.6 4.0 7.2 4.8 8.9
Chlorestes cyanus 426 38.1 1.9 0.6 7.2 7.0 2.6
Chlorestes notata 55.6 56 10.2 2.9 115 8.2 6.0
Chlorophanes spiza 354 4.7 23.2 5.2 16.8 11.7 31
Chlorophonia cyanea 18.2 6.8 49.6 1.0 17.7 5.3 1.4
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Ciccaba huhula

Ciccaba virgata
Cichlocolaptes leucophrus
Cichlopsis leucogenys
Claravis pretiosa
Clytolaema rubricauda
Colaptes melanochloros
Colonia colonus
Conirostrum speciosum
Conopias trivirgatus
Conopophaga lineata
Conopophaga melanops
Corythopis delalandi
Cotinga maculata
Cranioleucapallida

Crax blumenbachii
Crotophaga major
Crypturellus noctivagus
Crypturellus obsoletus
Crypturellus soui
Crypturellus variegatus
Cyanerpes cyaneus
Cyanoloxia brissonii
Cyclarhis gujanensis
Cypseloides senex
Dacnis cayana

Dacnis nigripes
Dendrocincla turdina
Dendrocolaptes platyrostris
Dendroplex picus
Diopsittaca nobilis
Discosura langsdorffi
Drymophila ferruginea
Drymophila genei
Drymophila ochropyga
Drymophila squamata
Dysithamnus mentalis
Dysithamnus plumbeus
Dysithamnus stictothorax

17.1
2.9
48.6
22.7
14.7
9.8
7.6
9.7
9.6
17.4
9.4
74.2
7.6

65.4
24.3
6.5

33.5
69.5
28.1
7.3

26.1
5.1

31.7
39.9
45.6
23.2
79.0
18.7
3.1

8.4
17.7

8.4

115

82.3
14.1
63.2

5.2
48.9

46.4
19.5

42.3
1.8
4.9

66.5
42.8

14.6

6.2
7.1
13.6

57.3
17.6
35.4

0.5

2.4

24.8

28.2

0.0

11.9

29.6

7.7
8.4

19.2
31.9
0.5
25.7
6.0
14.1

44.2
10.3
1.6
30.9
12.9
2.6
0.9
3.7
10.3

22.4

8.7
1.1
3.6

34.3

4.7

10.4

9.3

29

1.4
3.5

15.1
3.7
4.6
21.9

4.3

5.7
53.4
520 25
0.1
269 3.0
0.0 0.1
35.5 4.7
2.8
21.7
594 26
4.5
349 655 9.1
254 1.2
25.1
88.0
18.1
0.0
7.6
2.4 2.0

0.1
13.6
2.2
0.5
16.5
14

0.1
0.6
1.7

24.2

0.2

0.0
6.8
5.0
44.7
5.6
3.9

3.0

1.6
15.2
0.5
8.7

1.6
0.0
8.6

73.4
33.6

8.5
17.9
5.2
0.5
0.0
3.0
8.5
12.3

14.1

20.3

2.5

10.1
28.3
131
0.7
6.7
5.2
13.2
8.2

27.0
15

24.6
27.6
15.3

23.7

8.3

62.9

35.2
2.7

8.3
2.2

175

0.9

20.4
41.7
8.8

14.8
23.6
7.0

50.4
14.0
27.7
17.1

28.7
12.7
30.2

2.0
35.0
8.8
8.2
0.0
4.7
4.2
7.8
16.5
191

17.8
15

21.8
29.1
35.7

51.3
30.8

0.5
28.4

0.2
12.7
1.8
3.8
5.3
3.4
2.0
0.0
3.7
2.5
2.0
15
4.0
38.3

6.6
0.0

15
8.4
5.0
9.0
6.0
3.9
0.2
1.0
20.5
0.7
1.9
1.4
11.4
22.4

19.2
0.5
0.6

132



Elaenia obscura
Eleoscytalopus indigoticus
Euphonia chlorotica
Euphonia cyanocephala
Euphonia pectoralis
Euphonia violacea
Euphonia xanthogaster
Falco deiroleucus

Falco rufigularis
Florisuga fusca
Formicarius colma
Formicivora serrana
Forpus xanthopterygius
Furnariusfigulus

Galbula ruficauda
Geotrygon montana
Geotrygon violacea
Glaucidiumminutissimum
Glaucis dohrnii

Glaucis hirsutus
Glyphorynchus spirurus
Grallaria varia

Habia rubica

Harpagus bidentatus
Harpia harpyja
Heliomaster squamosus
Heliothryx auritus
Hemithraupis flavicollis
Hemithraupis ruficapilla
Hemitriccus diops
Hemitriccus furcatus
Hemitriccus nidipendulus
Hemitriccus striaticollis
Herpetotheres cachinnans
Herpsilochmus rufimarginatus
Hylatomus lineatus
Hylocharis sapphirina
Hylophilus poicilotis
Hylophilus thoracicus

7.5
7.6
16.4
16.3
5.5
26.0
23.2

45.9
21.8
71.3
2.4

24.4
13.4
17.8
38.1
30.0
18.9
76.2
52.5
33.3
7.2

11.0
354
60.0
15.0
34.8
4.1

22.9
19.4
6.8

32.2
3.2

23.0
17.0
27.1
75.3
2.3

54.2

15

38.7
48.4
11

50.5
40.6
31.6
6.4

2.4

31.2
18.0
46.1
32.0
42.6

3.6

47.7
5.2
1.6
7.3

35.9

1.3
5.3
8.5
6.6
25.1
29.5
29.0

17.4
23.5
58.1
10.2

39.8
9.4

40.4

22.7

44.5

13.4

16.4

3.3

59.6
37.1
2.1

64.0
25.3

27.3
151
7.0
175
0.0

6.9
24.2
0.1
16.8
28.4
13.2
2.3
8.4
8.9
24.5
17.9
6.2
4.0
31.5
8.8
5.0

33.0
4.5
17.2
24.7
4.3

0.6

2.2
6.0

0.9

17.7

31.2

18.4
38.0

26.7
35.0

47.6

0.5

1.2

5.5

0.0

2.7
1.0
0.0
2.0
11

111
5.2
0.5

0.8
1.1
0.0
4.3
3.5
2.0
16.3
0.3
10.3
7.8
6.4
22.1
20.3
2.1
12.3
6.1

24.6
15
8.6
0.3
4.9
2.0

2.5

0.4

37.5

4.8

6.3
13.6
2.1
6.7
54
33.3
8.3
2.0
4.0

3.7
13.3
27.0
12.6
3.3
11.0

30.7
30.3
12.5
4.2
7.5
7.9
20.7
3.9
59.2
9.7

21.5

29.1
19.1
13
14.9
7.8

22.7

20.3

131
16.0
15.7
3.7
16.1
5.0
10.5
2.3
17.6
20.1
6.0

11.9
11
14.4
22.2
4.4
4.2
0.0
3.1
5.7
0.1
21.0
7.7
1.2
17.7
18.0
16.8
10.9
10.0

15.0
21.1
5.9
18.2
5.6
8.8
3.2

13.0

8.3
0.4
0.4
2.0
0.8
5.3
7.6
2.3
0.1

20.4
4.4
0.2
2.3
7.7
3.0
0.1
3.4
4.1
3.4
3.7
7.7
5.4
7.7
13.7
2.2
14

2.4
51
0.9
0.1
0.2
0.1
1.7
0.6
7.3
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Hypoedaleus guttatus
Icterus pyrrhopterus
Ictinia plumbea
llicura militaris
lodopleura pipra
Laniisoma elegans
Laniocera hypopyrra
Legatus leucophaius

Lepidocolaptes squamatus

Leptodon cayanensis

Leptopogon amaurocephalus

Leptotila rufaxilla
Leucochloris albicollis
Lipaugus lanioides
Lipaugus vociferans
Lurocalis semitorquatus
Machaeropterus regulus
Mackenziaena leachii
Mackenziaena severa
Malacoptila striata
Manacus manacus
Megascops atricapilla
Melanerpes flavifrons
Micrastur mintoni
Micrastur ruficollis
Micrastur semitorquatus
Mionectes oleagineus
Mionectes rufiventris
Monasa morphoeus
Myiarchus ferox
Myiarchus tuberculifer
Myiobiusatricaudus
Myiobius barbatus
Myiopagis caniceps
Myiornis auricularis
Myiothlypisrivularis
Myrmoderus loricatus
Myrmotherula axillaris
Myrmotherula luctuosa

8.1
26.2
33.0

18.6
40.7
32.7
27.3
30.3
23.5
33.5
155
37.3
21.5
33.3
47.5
10.1
21.1
19.9
50.4
24.3
1.9

26.9
28.2
34.7
135
3.7

20.2

28.0
33.3
16.0
19.0
29.7

68.5

31.0
52.6
2.6

38.9

27.3
7.8
6.2

194
34.2
135
8.9

15
27.1
4.8

435
4.5

54.6
18.3

14.0

21.5

7.2

26.9

2.5

26.7

8.4

5.6

28.7

41.3

36.6

247 18.3
0.2

0.5

3.2
12.5

22.0
51
14.5

21.6
11.0
11.4
24.3

6.9
11.7

17.0

10.6
6.9
17.2
2.0
115

0.8
1.7
1.3
25.5
3.7
15.8

7.4

0.0
44.2

2.3
15.0
18.7 10.9
3.8

15.3

114
15.3
4.5

5.8
1.9

3.5
0.0

19.6
7.7

17.2

23.2

37.6

32.4

28.5
191

1.4

30.7

32.8

0.7

0.9

1.9

1.8

2.7
2.3

0.6

1.1

1.8

47.5

15
2.3
0.0
0.4

0.1
4.9
7.0
1.1
1.8
3.5
6.3

11.8
4.6
0.0
2.1
14

0.1

4.3
6.4
3.6
6.8
121
0.7
0.6
1.3

1.4
135
0.1
7.9
5.8

3.5

12.8

0.2

34.7
5.6

4.8
39.6
12.0
17.9
7.8
2.3
17.8
22.0
31.6
36.3
6.5
35.8

26.6
4.6
0.1

4.3
32.1
3.1
20.0
28.8

41.7
2.6
40.5
9.9
4.6
4.4

6.7

115

10.1

15.8

3.5

27.9

22.8

18.8
7.9

17.2
40.6

27.0
0.5

17.2
15.5
19.0
24.3
13.0
11.8

1.2
15.9
0.1
9.8
24.6
22.6
15.7
42.4
22.5
7.3
33.5
19.7
4.7
27.0
26.0
47.5
43.8
27.2
14.9
22.1
14.0
9.2
53
5.0

14.4
4.4
0.0

21.4
0.2
15
10.4

0.0
1.1
4.5
4.7

21.0
0.8
0.4
151

1.3
12.2
1.4
1.8
25.5
15
1.7
1.0

24.8
0.0
6.0
2.4
13
0.2
16.7
4.7
9.5
11.3
7.6
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Myrmotherula minor
Myrmotherula urosticta
Nemosia pileata
Neomorphus geoffroyi
Neopelma aurifrons
Notharchus swainsoni
Nyctibius aethereus
Nyctibius grandis
Nyctibius griseus
Nyctiphrynus ocellatus
Nystalus maculatus
Odontophorus capueira
Orchesticus abeillei
Oxyruncus cristatus
Pachyramphus castaneus
Pachyramphus marginatus

Pachyramphus polychopterus

Panyptila cayennensis
Patagioenas cayennensis
Patagioenas picazuro
Patagioenas plumbea
Patagioenas speciosa
Penelope obscura
Penelope superciliaris
Phaethornis eurynome
Phaethornis idaliae
Phaethornis ruber
Phaethornis squalidus
Pheugopedius genibarbis
Philydor atricapillus
Philydor rufum
Phyllomyias burmeisteri
Phyllomyias fasciatus
Phyllomyias griseocapilla
Phyllomyias virescens
Phylloscartes beckeri
Phylloscartes oustaleti
Phylloscartesrentralis
Piaya cayana

34.4
30.7
19.2
26.7
8.3

44.3
28.6
6.7

34.2
28.4
3.6

18.8
7.9

53.2
40.0
43.9
28.5
20.2
20.0
25.2
7.1

7.4

26.4

60.5
8.4

18.4
56.1
6.4

111
16.9

3.9
53.4

12.7
30.9

47.6
7.5
12.0
9.3
13.6
45.2

0.9
9.7
23.0
0.8

73.1
441
31.4
12.5
17.5
8.3

8.0

38.6
6.1

15.5
46.3

38.8
15.6
65.1
59.1

31.4
34.6
43.5
0.0

31.5
4.9

7.5

0.3

25.7

0.0

31.9

1.4
17.2

0.7
10.4
9.1
9.3
11.8

26.6
28.9
1.4

16.0
18.7
24.6
13.8
30.8
23.7
21.6
53.2

14.6
0.8
14.8
2.3

31.0
27.9
47.3
91.9

19.2
16.2

732 2.5

59.4
7.0
4.1

6.5
5.5
0.0

40.8
75 49
8.1

7.9

6.1

17.3

20.1

105 0.4

9.1

7.4

25.5

15

54
1.8
8.1

0.2

1.3

2.4

13.0
23.4
3.2
1.7
0.7
6.9
3.5
1.1

1.3

1.1
0.3
2.5
2.8
11.2
2.4

0.0
19.0
0.8
2.0
7.3
0.6
1.9

0.3
0.4

0.0
1.4

4.7

18.8

8.1

8.7

1.1

30.3

9.5

16.6
1.6

48.3
1.3
17.7
8.7

23.7
3.6
4.4
125
24.5
8.9
4.5
14.9

20.3
9.1
10.3

9.0

9.0
2.1
0.0
6.8
8.6
0.6

46.7 41.0

7.3

5.5

8.5
0.2
15.2
13.2
0.5
59
40.2
12.9
27.6
49.8
3.1
21.1
10.7
4.9
17.4
51
10.7
11.7
19.0
14.3
22.7
6.0
13.6
10.5
24.2

4.6
8.7
9.0
26.1
21.7
25.2
26.3

4.0
33.9

6.3
32.9

0.0
0.0
7.4
4.5
4.1

15
23.3
3.8
14
5.9
4.2
1.0
0.1
1.6
0.7
4.2
1.6
2.7
51
0.1
1.6
0.3
14.8
2.0
12.8
2.2
0.3
9.2

0.5
0.2
9.3
0.1
3.4

3.2

135



Piculus aurulentus

Piculus flavigula
Picumnus albosquamatus
Picumnus exilis
Pionopsitta pileata

Pionus maximiliani
Piprites chloris
Platyrinchus leucoryphus
Platyrinchus mystaceus
Poecilotriccus fumifrons
Poecilotriccus plumbeiceps
Primolius maracana
Procnias nudicollis
Psarocolius decumanus
Pseudastur polionotus
Pseudopipra pipra
Pseudoseisura cristata
Psilorhamphus guttatus
Psittacara leucophthalmus
Pteroglossus aracari
Pteroglossus bailloni
Pulsatrix koeniswaldiana
Pulsatrix perspicillata
Pyriglena leucoptera
Pyrrhura cruentata
Pyrrhura frontalis

Pyrrhura leucotis
Ramphastos dicolorus
Ramphastos vitellinus
Ramphocaenus melanurus
Ramphodon naevius
Ramphotrigon megacephalum
Rhopias gularis
Rhynchocyclus olivaceus
Rhytipterna simplex
Rupornis magnirostris
Saltator fuliginosus
Saltator similis
Sarcoramphus papa

32.9
77.9
115
60.2
4.7

14.0
4.1

48.3
11.3
34.9
29.2
13

12.2
50.2
41.3
48.1
32.2
2.5

8.0

64.8
2.0

17.4

8.7

2.8
2.7
16.0
42.0
73.7

4.3

31.8
62.2
53.4
29.6
24.6
15.3
54.9

11.3
7.3

41.3
1.4

48.1
31.6
314
26.5
55.8
26.5
5.5

0.5
16.1
54.7
35.3
9.4

46.2
44.9
36.3
43.8
39.2
24.0
3.5

5.3

25.7
13.2
8.7

25.1

43.7
0.0

4.1
38.6

1.2

3.7

0.0

16.3

13.6
2.3

38.1
54

21.8
16.0
23.0
17.2
44.4
6.7

17.9
10.4
1.4

36.5
17.1
51

28.7

19.8
29.0
30.2
1.1
2.2

4.4
4.4
0.0
10.9

151
0.0

2.3

1.8

1.1

1.9

6.1 412 100 45

2.0

114

0.2 0.0

20.2

1.7

0.0
6.3 1.0

3.3 0.9

4.1

0.1

2.9

26.3

2.5
1.7
17.3
0.4
2.8
3.5
3.4

0.0

0.0

1.6

0.2
34.9

1.9
6.4
10.1
2.8

0.1

2.9
9.0

12.9
15.3
1.1
0.3

0.7
11.7
2.2
1.2
0.6
28.9

1.5

8.1

3.5

3.9
18.7
1.9
8.6
2.7
88.6

59
0.1
11
154

4.3

41.2
3.6

2.1
3.9
16.5

1.0
0.3
52.4
13.9
18.6

13.8
0.0
39.2
16.9
36.0
17.4
23.4
9.0
7.4

0.9

6.2

8.5

29.3

194

14.3

0.7
3.4
30.2
10.1
30.6
19.1
0.1
1.6
12.9
1.8
21.3
4.9
33.0
20.9

0.7

10.6
17.6
40.5
12.0
17.7
43.3
27.0
14.9
2.3

15.9
1.4

17.0
13.6
0.1

50.0
48.4

18
1.2
18.9
38.9
8.7
151

1.9
131
7.1
3.4
5.8
0.2

0.3

0.1
6.5
2.0
0.5
5.8
2.5
14

1.8
2.1
17.3

12.6
24

0.8

5.2
13.2
3.3
7.6
0.0

0.4
15
4.2
1.6
2.3
0.2
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Schiffornis turdina
Schiffornis virescens
Sclerurus caudacutus
Sclerurus mexicanus
Sclerurus scansor
Scytalopus speluncae
Selenidera maculirostris
Setophaga pitiayumi
Sirystes sibilator
Sittasomus griseicapillus
Spizaetus melanoleucus
Spizaetus ornatus
Spizaetus tyrannus

Strix hylophila
Synallaxis cinerea
Synallaxis ruficapilla
Syndactylaufosuperciliata
Tangara brasiliensis
Tangara cayana
Tangara cyanocephala
Tangara cyanoptera
Tangara cyanoventris
Tangara desmaresti
Tangara ornata
Tangara palmarum
Tangara sayaca
Tangara seledon
Taraba major

Terenura maculata
Tersinaviridis
Thalurania glaucopis
Thamnomanes caesius
Thamnophilus ambiguus
Thamnophilusaerulescens
Thamnophilus pelzelni
Thlypopsis sordida
Thripophaga macroura
Tinamussolitarius

Tityra cayana

34.6
6.2

20.4
9.7

26.5
34.0
11.9
16.9
7.7

19.6
54.9
39.1
39.9
0.5

13.3
25.0

9.9
31.1
18.9

45.9
16.1
36.2
21.1
35.7
27.3
18.4
22.9
39.6
7.0

151
13.6

25.6

14.6
34.5
9.5

23.5

27.7

44.9
6.8
8.7
9.8
3.8

21.8
66.7

38.2

5.8

20.0
43.6
1.9

21

66.9
2.8

32.3
22.2
33.4
18.9

50.5

26.1

24.9
29.6

9.1

10.0

6.6

2.9
24.0

5.7

21.5
151
12.6
8.4

11.6
16.9
35.3

11.4
13.5
5.6

27.7

23.1
32.2
0.6

10.8

24.3
6.7
10.6
7.8
16.7

19.3
0.3

0.9

2.2
11.9

0.1

12.4

6.4
11.0
9.1

3.3

0.4

7.1

4.8

3.2
38.4

6.2
66.6

22.1
14.4

21.5
4.5

12.7

48.5

41.4

33.5

41.1

45.4
38.7

35.6

3.0

1.3

9.2
9.7
4.4

1.7
4.3

0.6

5.0

6.8

17.6

1.4

11.3
13
4.1
29.4

10.5

0.3
0.1
0.5
15.7
4.3

5.9
2.8
0.1
0.4

215

11
2.9

2.1
6.4
1.4
15

1.4
2.3

14

25.9

23.6
19.8

0.2
0.0

49.8

22.9

39.5
4.8
7.3
4.8

11.4
0.1
0.1
55
9.9
9.8

18.8
6.7

22.2
2.0
1.0
3.9
21.6
215
0.3
29.5
2.6
18.1

3.6

23.8
36.8
1.0
12.8
4.3

23.6
50.1

0.7

6.4

9.3
12.6
23.1
5.0
14.6

22.5
19.6
16.4
19.9
22.0
13.0
18.4
6.6

131
8.3

5.5

26.9
10.3
20.6
37.2
43.3
0.0

18.4
19.3
29.6
111
39.4
37.1
5.0

12.7
13.4
31.9

121
2.7

0.6
3.3
0.5
3.6
2.0

5.3
2.9
9.9
2.9
1.9
2.0
1.0

2.3
3.2

26.0
14
3.8
2.2
6.4
7.4
3.4
0.0
7.7
0.3

0.6
9.8
37.4
3.6
0.4
25.5
8.6

3.0
0.0
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Tityra inquisitor

Todirostrum poliocephalum

Tolmomyiadlaviventris

Tolmomyias poliocephalus
Tolmomyias sulphurescens

Touit surdus
Trichothraupis melanops
Triclaria malachitacea
Trogon collaris

Trogon surrucura
Trogon viridis

Turdus albicollis
Turdus flavipes

Turdus fumigatus
Turdusleucomelas
Veniliornis affinis
Veniliornis maculifrons
Veniliornis passerinus
Xenops minutus
Xenops rutilus
Xiphocolaptes albicollis
Xipholena atropurpurea
Xiphorhynchus fuscus
Xiphorhynchus guttatus

23.8
10.7
62.2
25.5
23.9

11.8
18.6
18.4
15.3
60.0
13.7
16.4
67.9
15.4
6.4

11

20.9
39.9
5.0

31.0

5.5
23.6

7.9
27.1
0.9
0.3
19.6
8.7
42.8
4.3
0.9
19.8
15.3
45.3
12.8
14.9

41.7
15.9

33.9

33.0

24.8

6.9
64.3
25.0

6.0
34.3

5.2

4.3
0.0
11.2

22.0
21.9
38.1

15
17.8
59.5

25.5
0.0

2.2
18.7

24.4
8.4

13.6
3.5
10.3 23.0
0.9
125
40.7
6.7 40.1
36.7 2.5

1.8

38.4

4.6

3.8

22.4

12.5
3.5
5.1

0.2
0.8
3.9

1.7
4.0
0.6
0.9
15
6.9
0.4
0.0

0.6
3.0

15
9.5

8.0

8.6

1.4

33.8
11.7
12.0

4.0
10.4

28.1
33.5
0.9
8.3
3.4
71.0
3.4
0.0
7.4
2.0

9.6
1.4
12.2

6.9

6.8

23.1
34.4
15.7
0.0

24.0

13.9
24.2
18.0
25.2
0.1
10.7
53
13.7
8.7
2.9
2.6
23.7
12.2
22.6
15.2
4.5
32.5
5.4

9.0
5.5
3.0
36.8
4.5
37.3
13
5.8
7.0
21.6
7.7
0.5
2.0
14
0.3
0.0
0.8
115
59
4.1
0.2

0.4
7.8

138



Table S3.Functional traits of the forest bird species within the Central Corridor of the Atlantic Forest in Brazil.

. Baseline suitable Mean Forest . . Mean Bill
Species area (km) elevation  dependency Primary diet Body mass  HWI  ESI clutch size  shape
Amazona amazonica 110656 300 Medium Fruit 370.0 28.2 0.7 3.5 -1.8
Amazona farinosa 31861 800 Low Seed 6505 279 11 3.0 -2.1
Amazona rhodocorytha 108823 450 High Fruit 4743 299 15 4.0 -1.9
Amazona vinacea 40648 1100 High Seed 2540 316 1.2 3.0 -1.7
Anabacerthia lichtensteini 21564 400 High Invertebrate 21.0 175 20 2.0 0.1
Aramides saracura 44547 500 Medium Invertebrate 540.0 11.7 11 4.5 0.6
Asio stygius 117996 1500 Medium Vertebrate 587.3 416 1.1 2.5 -0.2
Attila spadiceus 92549 900 Medium Invertebrate 37.7 148 0.7 3.0 0.0
Automolus leucophthalmus 76653 500 High Invertebrate 315 174 1.7 3.5 0.3
Batara cinerea 75308 1300 Medium Invertebrate 1275 66 1.1 25 0.2
Brotogeris tirica 67211 600 Medium Fruit 63.0 351 1.1 4.0 -0.8
Buteogallus lacernulatus 96479 450 High Vertebrate 96.0 296 1.7 1.0 -0.5
Cacicus cela 113707 450 Medium Invertebrate 876 272 06 25 0.3
Cacicus haemorrhous 117996 450 Medium Invertebrate 736 25.0 0.9 25 0.2
Campephilus robustus 19958 1100 High Invertebrate 2620 201 1.7 3.0 1.0
Campylorhamphus falcularius 35648 800 Medium Invertebrate 395 140 14 2.0 3.9
Campylorhamphus trochilirostris 116130 600 Medium Invertebrate 425 151 1.0 2.0 3.3
Campylorhynchus turdinus 115300 550 High Invertebrate 335 129 14 3.5 0.6
Cantorchilus longirostris 99019 450 Medium Invertebrate 205 106 1.2 2.5 0.7
Capsiempis flaveola 117996 750 Low Invertebrate 8.0 129 0.9 2.0 -0.2
Carpornis cucullata 33633 1000 High Fruit 76.2 198 14 1.5 -0.2
Carpornis melanocephala 70283 250 Medium Fruit 642 211 1.2 1.0 -0.2
Celeus flavescens 108865 600 Medium Invertebrate 1375 16.2 0.8 3.0 0.5
Celeus torquatus 67124 300 High Invertebrate 121.0 205 1.1 35 0.8
Ceratopipra rubrocapilla 88512 250 High Fruit 135 197 14 2.0 -0.2
Chaetura cinereiventris 116169 900 Medium Invertebrate 17.0 67.0 2.0 3.0 -0.2
Chamaeza campanisona 116880 1650 High Invertebrate 88.0 142 1.2 3.0 0.1
Chamaeza meruloides 45033 850 Medium Invertebrate 712 133 1.7 25 -0.1
Chiroxiphia caudata 21299 750 High Fruit 256 176 1.2 2.0 -0.1
Chiroxiphia pareola 111468 375 High Fruit 201 122 14 2.0 -0.3
Chlorestes cyanus 117996 725 Medium Nectar 32 621 112 2.0 0.8
Chlorestes notata 94989 250 Low Nectar 3.8 67.0 1.1 2.0 0.8
Chlorophanes spiza 81536 800 Medium Fruit 18.8 247 0.8 25 0.1
Chlorophonia cyanea 71247 1200 Medium Fruit 13.0 26.7 1.2 25 -0.2
Ciccaba huhula 115351 250 Medium Invertebrate 4053 28.0 1.4 15 -0.3
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Ciccaba virgata

Cichlocolaptes leucophrus

Cichlopsis leucogenys
Claravis pretiosa
Clytolaema rubricauda
Colaptes melanochloros
Colonia colonus
Conirostrum speciosum
Conopias trivirgatus
Conopophaga lineata
Conopophaga melanops
Corythopis delalandi
Cotinga maculata
Cranioleuca pallida
Crax blumenbachii
Crotophaga major
Crypturellus noctivagus
Crypturellus obsoletus
Crypturellus soui
Crypturellus variegatus
Cyanerpes cyaneus
Cyanoloxia brissonii
Cyclarhis gujanensis
Cypseloides senex
Dacnis cayana

Dacnis nigripes
Dendrocincla turdina

Dendrocolaptes platyrostris

Dendroplex picus
Diopsittaca nobilis
Discosura langsdorffi
Drymophila ferruginea
Drymophila genei
Drymophila ochropyga
Drymophila squamata
Dysithamnus mentalis
Dysithamnus plumbeus
Dysithamnus stictothorax
Elaenia obscura

22071
38652
104828
100418
26384
117668
117996
117996
117834
37408
86003
14464
96206
32650
60435
109630
117391
117955
103083
92162
117749
117621
117996
83116
117996
50120
86394
117975
105305
113143
115984
68603
18011
24730
89435
117996
117996
103918
60129

1250
750
950
650
750
625
600
650
150

1450
400
400
150

1425
250
250
150

1500
750
700
600
450

1250
500

1000
425
625
650
300
700
200
625

1675

1125
150

1250
300
625

2350

Medium
High
High

Medium

Medium

Medium

Medium
Low
High

Medium

Medium
High
High
High

Medium

Medium

Medium
High

Medium
High

Medium
Low

Medium

Medium

Medium

Medium

Medium

Medium
Low
Low
High
High
High
High

Medium

Medium
High

Medium
High

Invertebrate
Invertebrate
Invertebrate
Seed
Nectar
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate

Fruit
Invertebrate

Fruit
Invertebrate
Seed
Seed

Fruit
Seed

Fruit
Seed
Invertebrate
Invertebrate

Fruit

Fruit
Invertebrate
Invertebrate
Invertebrate
Seed
Nectar
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate

312.0
50.0
51.0
73.8

7.3

115.0

16.5

8.5
21.0
21.5
20.1
16.0
65.0
14.5
3500.0

184.6

562.0

443.4

216.2

378.0
14.7
27.5
28.5
83.0
13.0
13.4
38.0
62.1
38.5

148.5

3.2
10.5
114
10.5
10.8
14.3
20.5
155
21.9

20.8
19.9
27.9
26.7
63.0
13.3
18.9
22.1
191
11.0
134
13.4
26.0
17.0

9.7
23.7
24.1
22.4
254
32.2
26.0
14.8
14.8
61.5
24.7
29.0
19.4
16.8
17.8
45.5
64.1

7.5
11.7

8.8
12.0
111
14.6

8.1
154

1.1
2.0
1.7
11
1.2
1.0
15
11
2.0
0.8
1.7
1.7
1.2
1.7
0.7
0.6
0.9
14
0.7
1.2
0.9
1.2
0.9
15
0.8
0.8
15
0.8
0.9
0.8
1.7
1.4
1.4
1.4
15
1.1
1.7
1.2
1.2

2.0
3.5
3.0
2.0
2.0
4.0
2.5
3.0
2.0
2.5
2.0
2.5
15
2.5
2.0
3.5
3.5
3.5
2.5
1.0
2.5
2.5
2.5
15
2.5
2.5
2.0
3.5
2.5
3.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

-0.5
0.5
0.0
0.2
1.0
0.3

-0.3
0.0

-0.1
0.0

-0.1
0.1

-0.2
0.2

-1.0

-0.3
0.4
0.4
0.3
0.6
0.4

-0.8

-0.4

-0.3
0.0
0.1
0.3
0.7
0.7

-2.3
0.7
0.0
0.1
0.1
0.1
0.0
0.1
0.0
0.0
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Eleoscytalopus indigoticus 16568 650 Medium Invertebrate 14.8 76 15 2.0 0.1

Euphoniachlorotica 117996 600 Low Fruit 112 242 1.2 3.5 -0.3
Euphonia cyanocephala 113931 1250 Medium Fruit 155 289 1.1 25 -0.3
Euphonia pectoralis 50321 775 Medium Fruit 158 218 1.2 3.5 -0.3
Euphonia violacea 117996 550 Medium Fruit 148 276 1.0 4.0 -0.4
Euphonia xanthogaster 73606 1125 Medium Fruit 125 224 1.1 4.0 -0.4
Falco deiroleucus 102612 750 High Vertebrate 500.0 399 14 3.0 -0.9
Falco rufigularis 117655 850 High Vertebrate 169.3 403 1.7 3.0 -0.8
Florisuga fusca 73948 700 Medium Nectar 80 648 14 2.0 1.0
Formicarius colma 116291 250 High Invertebrate 443 190 15 20 0.2
Formicivora serrana 31714 450 Medium Invertebrate 114 9.8 1.3 1.5 0.1
Forpus xanthopterygius 117996 600 Medium Fruit 28,0 278 0.9 55 -1.0
Furnarius figulus 114928 450 Low Invertebrate 280 174 13 2.0 0.3
Galbula ruficauda 116950 450 Medium Invertebrate 23.0 211 1.2 3.0 2.5
Geotrygon montana 117955 750 Medium Seed 1278 271 0.8 2.0 0.2
Geotrygon violacea 117996 825 Medium Seed 1215 333 1.2 2.0 0.3
Glaucidium minutissimum 113871 500 High Invertebrate 485 211 1.7 3.0 -0.6
Glaucis dohrnii 59425 250 High Nectar 6.9 46.3 1.7 2.0 1.3
Glaucis hirsutus 105801 500 Low Nectar 6.8 59.8 0.9 2.0 15
Glyphorynchus spirurus 91829 600 Medium Invertebrate 158 239 1.0 2.0 0.0
Grallaria varia 117934 700 Medium Invertebrate 110.9 84 1.2 2.0 -0.1
Habia rubica 117996 600 High Invertebrate 325 176 1.2 25 -0.4
Harpagus bidentatus 91872 750 Medium Vertebrate 1945 296 1.7 2.0 -0.9
Harpia harpyja 105398 400 High Vertebrate 6350.0 479 20 25 -0.7
Heliomaster squamosus 56028 400 Medium Nectar 58 622 14 2.0 1.6
Heliothryx auritus 111145 200 High Nectar 5.2 66.0 1.7 2.0 0.9
Hemithraupis flavicollis 117996 500 Medium Invertebrate 13.0 210 11 2.5 -0.2
Hemithraupis ruficapilla 47393 750 Medium Invertebrate 120 203 1.1 2.5 0.0
Hemitriccus diops 35180 650 High Invertebrate 115 115 14 2.0 0.0
Hemitriccus furcatus 95633 600 Medium Invertebrate 9.4 10.3 1.3 2.0 -0.2
Hemitriccus nidipendulus 61576 450 Medium Invertebrate 7.6 84 15 2.0 0.0
Hemitriccus striaticollis 116831 350 Medium Invertebrate 94 102 1.4 2.0 0.0
Herpetotheres cachinnans 117996 750 Low Vertebrate 652.3 189 1.1 15 -1.2
Herpsilochmus rufimarginatus 117996 550 Medium Invertebrate 10.5 7.3 14 2.0 0.1
Hylatomus lineatus 117996 1050 Low Invertebrate 200.0 21.7 0.8 3.0 0.6
Hylocharis sapphirina 115951 350 Medium Nectar 42 642 1.2 2.0 0.8
Hylophilus poicilotis 12474 500 Medium Invertebrate 105 126 1.2 25 0.0
Hylophilus thoracicus 115971 350 Medium Invertebrate 125 96 1.0 25 0.0
Hypoedaleus guttatus 14794 450 High Invertebrate 415 76 14 2.0 -0.2
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Icterus pyrrhopterus
Ictinia plumbea
llicura militaris
lodopleura pipra
Laniisoma elegans
Laniocera hypopyrra
Legatus leucophaius

Lepidocolaptes squamatus

Leptodon cayanensis

Leptopogon amaurocephalus

Leptotila rufaxilla
Leucochloris albicollis
Lipaugus lanioides
Lipaugus vociferans
Lurocalis semitorquatus
Machaeropterus regulus
Mackenziaena leachii
Mackenziaena severa
Malacoptila striata
Manacus manacus
Megascops atricapilla
Melanerpes flavifrons
Micrastur mintoni
Micrastur ruficollis
Micrastur semitorquatus
Mionectes oleagineus
Mionectes rufiventris
Monasa morphoeus
Myiarchus ferox
Myiarchus tuberculifer
Myiobius atricaudus
Myiobius barbatus
Myiopagis caniceps
Myiornis auricularis
Myiothlypis rivularis
Myrmoderus loricatus
Myrmotherula axillaris
Myrmotherula luctuosa
Myrmotherula minor

117996
117996
70478
72040
115658
114282
117996
59388
117996
117996
117996
9133
96445
100666
116954
111849
3173
8352
76872
117754
75563
101009
49370
117996
117996
106581
34454
116647
117996
29155
97831
117975
117996
117434
111756
70456
98832
92422
92571

850
750
850
500
650
250
500
800
500
650
275
500
750
250
850
100
1075
700
1050
500
300
900
300
1250
450
600
500
150
250
900
500
300
550
650
500
1000
700
400
250

Low
Medium
High
Medium
High
Medium
Medium
Medium
High
Medium
Medium
Medium
High
High
Medium
High
Medium
Medium
Medium
Medium
Medium
Medium
High
Medium
Medium
Medium
High
Medium
Medium
Medium
Medium
High
High
Medium
Medium
High
High
High
High

Invertebrate
Invertebrate

Fruit

Fruit

Fruit
Invertebrate

Fruit
Invertebrate
Invertebrate
Invertebrate
Seed
Nectar

Fruit

Fruit
Invertebrate

Fruit
Invertebrate
Invertebrate
Invertebrate

Fruit
Invertebrate

Fruit
Vertebrate
Vertebrate
Vertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate

31.9
253.3
14.6
10.0
47.4
47.0
22.5
27.0
506.8
11.7
149.0
5.5
97.5
77.8
82.3
9.5
60.0
66.0
43.0
16.5
140.0
56.5
210.8
2125
681.3
13.0
14.0
82.0
27.9
20.7
10.0
9.5
11.8
5.0
14.0
155
7.8
8.5
6.4

17.3
41.8
22.6
24.1
26.0
23.5
25.5
23.8
18.8
18.7
24.5
62.8
17.0
16.9
56.8
23.7

5.0

9.3
20.6
15.9
25.0
26.6
21.8
21.8
194
171
13.3
21.9
14.2
18.8
13.0
16.8
18.7
10.2
15.3

9.8
14.8
14.6
10.4

0.8
1.4
14
1.2
14
1.2
11
14
1.1
1.2
1.1
1.1
1.7
1.2
13
14
11
1.1
15
1.2
1.1
0.9
2.0
1.2
1.4
1.7
14
0.9
1.0
0.9
1.4
15
1.1
15
15
1.4
15
2.0
1.7

3.5
15
2.5
1.0
3.0
2.0
3.0
3.0
15
2.5
15
2.0
1.0
1.0
1.0
1.0
2.0
2.0
3.0
2.0
2.5
3.0
2.5
4.0
2.5
3.0
3.0
2.5
2.5
3.5
2.0
2.0
2.0
2.5
2.0
2.0
2.0
2.0
2.0

0.1
-0.8
-0.1
-0.3

0.1

0.0
-0.3

1.0
-0.5

0.0

0.3

1.2
-0.1

0.0

0.0
-0.1

0.0

0.0

0.2
-0.2
-0.6

0.4
-0.7
-0.7
-0.8
-0.1

0.0

0.4

0.0

0.0
-0.1
-0.1
-0.1

0.0

0.0

0.2

0.1

0.1

0.0
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Myrmotherula urosticta
Nemosia pileata
Neomorphus geoffroyi
Neopelma aurifrons
Notharchus swainsoni
Nyctibius aethereus
Nyctibius grandis
Nyctibius griseus
Nyctiphrynus ocellatus
Nystalus maculatus
Odontophorus capueira
Orchesticus abeillei
Oxyruncus cristatus
Pachyramphus castaneus
Pachyramphus marginatus

Pachyramphus polychopterus

Panyptila cayennensis
Patagioenas cayennensis
Patagioenas picazuro
Patagioenas plumbea
Patagioenas speciosa
Penelope obscura
Penelope superciliaris
Phaethornis eurynome
Phaethornidgdaliae
Phaethornis ruber
Phaethornis squalidus
Pheugopedius genibarbis
Philydor atricapillus
Philydor rufum
Phyllomyias burmeisteri
Phyllomyiasfasciatus
Phyllomyias griseocapilla
Phyllomyias virescens
Phylloscartes beckeri
Phylloscartes oustaleti
Phylloscartes ventralis
Piaya cayana

Piculus aurulentus

45587
117996
117975
117975

41958
112774

79833
117996
104934

88904

12240

12032
117996
117996
115690
117996
103446
117894
117873
117815
116272

6896
116417

42504
105346
117975

81528
117996

76540
107156
104783
107899

39382

6131

51813

51843

77095
117996

40731

250
300
600
500
450
375
200
900
675
1000
800
1250
750
500
250
950
750
900
550
1050
700
1150
650
1050
150
450
550
750
525
1250
1300
650
1300
500
975
700
1250
1100
1375

High
Low
Medium
High
High
High
Medium
Medium
High
Low
High
Medium
High
Medium
High
Medium
Medium
Medium
Medium
Medium
Medium
Medium
Medium
High
High
Medium
High
Medium
High
High
High
High
Medium
High
High
High
High
Medium
High

Invertebrate

Fruit
Invertebrate

Fruit
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate

Fruit
Invertebrate

Fruit
Invertebrate
Invertebrate
Invertebrate
Invertebrate

Fruit
Seed

Fruit

Fruit

Fruit

Fruit
Nectar
Nectar
Nectar
Nectar
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate

8.4
16.4
352.8
14.0
73.8
363.5
490.0
1735
37.8
35.0
426.5
31.5
42.0
17.3
18.0
20.3
18.0
212.8
402.0
201.5
296.8
1530.0
1050.0
4.9
2.3
2.4
3.0
19.2
22.2
30.5
111
10.5
8.0
11.0
8.3
10.0
9.0
102.0
45.0

10.9
20.2

6.3
21.3
29.6
38.0
44.0
43.8
35.1
17.5
10.5
194
26.3
18.3
21.8
21.8
68.5
35.1
37.6
34.9
36.5

4.9
135
60.6
67.0
70.1
59.8
10.4
18.6
19.8
23.3
175
14.2
19.6
16.8
14.7
14.9
11.0
20.4

2.0
0.6
0.8
11
1.7
1.7
0.9
14
2.0
0.8
15
1.4
1.7
1.1
14
1.0
14
1.0
0.8
1.2
1.2
0.8
0.7
1.7
1.4
1.2
1.7
15
2.0
1.7
1.4
1.2
1.4
2.0
2.0
2.0
1.2
0.7
15

2.0
2.0
15
2.0
2.5
1.0
1.0
1.0
2.0
2.5
7.5
2.0
2.0
3.5
3.5
3.0
2.5
15
15
15
15
3.0
3.0
20
20
2.0
2.0
2.0
2.0
2.5
2.0
2.0
2.0
2.0
2.5
2.5
3.0
2.0
3.0

0.1
-0.1
0.6
-0.1
-0.3
0.2
0.8
0.3
0.1
0.5
-0.7
-0.6
-0.1
-0.3
-0.3
-0.4
-0.2
0.3
0.3
0.3
0.2
-0.3
-0.2
2.1
11
1.2
1.2
0.2
0.1
0.2
-0.1
-0.2
-0.2
-0.1
0.0
0.0
0.0
0.0
0.3
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Piculus flavigula
Picumnus albosquamatus
Picumnus exilis
Pionopsitta pileata

Pionus maximiliani
Piprites chloris
Platyrinchus leucoryphus
Platyrinchus mystaceus
Poecilotriccus fumifrons
Poecilotriccus plumbeiceps
Primolius maracana
Procnias nudicollis
Psarocolius decumanus
Pseudastur polionotus
Pseudopipra pipra
Pseudoseisura cristata
Psilorhamphus guttatus
Psittacara leucophthalmus
Pteroglossus aracari
Pteroglossus bailloni
Pulsatrix koeniswaldiana
Pulsatrix perspicillata
Pyriglena leucoptera
Pyrrhura cruentata
Pyrrhura frontalis

Pyrrhura leucotis
Ramphastos dicolorus
Ramphastos vitellinus
Ramphocaenus melanurus
Ramphodon naevius
Ramphotrigormegacephalum
Rhopias gularis
Rhynchocyclus olivaceus
Rhytipterna simplex
Rupornis magnirostris
Saltator fuliginosus
Saltator similis
Sarcoramphus papa
Schiffornis turdina

114767
86081
55321

9690

117147

116554
67562

117996

117996

108481
89955
83247

117996
55760
95075
95820

284

117996

117835
18350
75284
41116
65579

117935
49246

117996
16069

117128

115891
59380

117996
49012

102691

115890

117996
83617

111334

117735

116773

250
1050
950
1000
750
500
500
1300
200
1750
500
575
500
1000
800
275
650
250
300
500
750
500
625
200
700
300
800
500
750
250
700
750
300
400
1250
600
600
750
750

Medium
Medium
Medium
Medium
Medium
High
High
Medium
Medium
Medium
Medium
High
Medium
High
High
Medium
Medium
Medium
Medium
High
Medium
Medium
Medium
High
Medium
Medium
Medium
High
High
High
Medium
High
High
High
Low
High
Medium
High
High

Invertebrate
Invertebrate
Invertebrate

Fruit
Seed
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate

Fruit

Fruit

Fruit
Vertebrate

Fruit
Invertebrate
Invertebrate

Fruit

Fruit

Fruit
Vertebrate
Vertebrate
Invertebrate
Seed
Seed
Seed

Fruit

Fruit
Invertebrate
Nectar
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Vertebrate
Seed
Invertebrate
Vertebrate
Invertebrate

53.5
10.0
9.3
109.0
263.0
18.0
17.0
9.8
6.6
5.7
256.0
171.5
257.5
703.7
12.8
49.5
11.6
159.0
251.0
149.2
492.0
896.3
29.5
75.9
83.0
75.9
332.5
362.5
8.9
7.2
14.0
11.0
213
35.5
265.8
44.0
45.0
4000.0
30.2

22.4
12.5
13.6
35.8
35.2
25.3
22.4
155
12.4

9.4
35.4
24.0
24.8
31.3
17.3
15.7

9.0
41.5
15.6
14.5
25.6
28.1
10.3
40.2
40.3
41.4
14.0
131

8.1
58.6
14.6
11.0
15.2
16.8
28.0
14.0
151
37.6
15.9

15
15
1.2
1.7
11
14
2.0
13
1.7
15
1.2
2.0
0.7
2.0
1.7
0.5
14
0.6
0.7
1.0
1.4
1.1
1.1
1.7
0.9
15
0.8
0.5
15
1.7
1.7
1.7
1.7
1.7
0.9
1.7
0.8
14
14

3.0
3.0
2.0
2.0
4.0
4.0
2.0
2.0
2.5
2.5
3.0
15
2.0
1.0
2.0
3.5
3.0
3.5
3.0
2.5
20
20
20
3.0
4.0
7.0
3.0
3.0
2.0
2.0
2.0
2.0
2.5
4.0
2.0
3.0
2.5
15
2.0

0.1
0.0
-0.1
-1.0
-1.8
-0.2
-0.4
-0.4
0.0
0.1
-2.3
0.0
0.5
-0.7
-0.2
0.4
0.2
-2.1
1.6
0.6
-0.6
-0.5
0.1
-1.6
-1.3
-1.2
1.8
2.3
0.8
1.7
-0.2
0.1
-0.5
0.0
-0.6
-0.9
-0.6
-0.9
-0.1
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Schiffornis virescens
Sclerurus caudacutus
Sclerurus mexicanus
Sclerurus scansor
Scytalopus speluncae
Selenidera maculirostris
Setophaga pitiayumi
Sirystes sibilator
Sittasomus griseicapillus
Spizaetus melanoleucus
Spizaetus ornatus
Spizaetus tyrannus

Strix hylophila
Synallaxis cinerea
Synallaxis ruficapilla
Syndactylaufosuperciliata
Tangara brasiliensis
Tangara cayana
Tangara cyanocephala
Tangara cyanoptera
Tangara cyanoventris
Tangara desmaresti
Tangara ornata
Tangara palmarum
Tangara sayaca
Tangara seledon
Taraba major

Terenura maculata
Tersina viridis
Thalurania glaucopis
Thamnomanesaesius
Thamnophilus ambiguus
Thamnophilus caerulescens
Thamnophilus pelzelni
Thlypopsis sordida
Thripophaga macroura
Tinamus solitarius
Tityra cayana

Tityra inquisitor

28775
117874
97192
46659
25418
68778
117996
117996
117996
117996
117996
111967
5613
70388
10230
108693
97882
109210
37744
32247
29249
56969
92278
117996
117535
89487
117996
68944
117975
98648
89914
117214
115094
83895
117996
77025
67609
117975
113447

600
250
1000
800
1750
500
1250
700
750
850
900
1000
500
875
700
1900
250
900
500
700
750
1200
875
650
500
450
500
625
800
425
300
350
500
600
400
500
600
350
600

High
High
High
High
High
High
Medium
High
Medium
Low
High
Medium
Medium
Medium
Medium
Medium
Medium
Low
Low
Medium
Medium
Medium
Medium
Medium
Low
Medium
Medium
High
Medium
Medium
High
High
Medium
High
Medium
Medium
High
Medium
Medium

Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate

Fruit
Invertebrate
Invertebrate
Invertebrate
Vertebrate
Vertebrate
Vertebrate
Vertebrate
Invertebrate
Invertebrate
Invertebrate

Fruit

Fruit

Fruit

Fruit

Fruit

Fruit

Fruit

Fruit

Fruit

Fruit
Invertebrate
Invertebrate

Fruit
Nectar
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Seed

Fruit

Fruit

25.2
38.0
25.1
33.0
13.8
165.0
7.3
31.8
12.9
750.0
1019.0
1035.0
315.0
18.5
14.0
27.5
26.0
18.3
18.5
435
18.0
20.3
38.0
37.5
31.0
18.0
63.8
6.5
30.5
4.8
17.0
23.4
19.5
18.0
16.5
27.7
1531.0
69.5
51.9

15.7
17.4
13.0
16.0
10.9
14.8
20.1
19.8
22.0
31.1
17.2
17.9
22.2

7.1
11.6
15.0
23.2
17.5
21.3
25.0
191
20.0
26.2
21.9
23.5
22.4

5.2

8.2
29.1
63.1
12.7

9.7

9.7

9.7
15.8
17.9
13.7
26.1
26.5

1.2
1.7
1.7
1.7
15
11
14
1.2
0.7
1.4
15
1.7
1.4
15
15
14
1.2
0.7
1.1
1.2
1.4
0.9
1.2
1.0
0.7
1.2
0.9
1.7
1.1
1.2
2.0
1.7
0.7
15
0.8
2.0
13
1.0
14

2.0
2.0
2.0
2.5
2.0
3.0
3.5
4.0
2.5
1.0
1.0
2.0
2.5
3.0
2.5
3.0
2.5
2.5
3.0
2.5
3.0
2.5
2.5
20
2.5
3.0
2.5
2.0
3.5
2.0
2.0
2.0
2.5
2.5
2.5
3.0
6.5
2.5
2.5

0.0
0.5
0.7
0.6
0.0
0.0
0.0
-0.1
0.2
-0.7
-0.7
-0.6
-0.7
0.0
0.2
0.2
-0.2
-0.3
-0.2
-0.4
-0.2
-0.2
0.0
-0.3
-0.4
-0.3
-0.1
0.2
-0.4
1.0
0.0
0.0
-0.1
-0.1
-0.1
0.2
0.5
-0.4
-0.4
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Todirostrum poliocephalum

Tolmomyias flaviventris

Tolmomyias poliocephalus
Tolmomyias sulphurescens

Touit surdus
Trichothraupis melanops
Triclaria malachitacea
Trogon collaris

Trogon surrucura
Trogon viridis

Turdus albicollis
Turdus flavipes
Turdusfumigatus
Turdus leucomelas
Veniliornis affinis
Veniliornis maculifrons
Veniliornis passerinus
Xenops minutus
Xenops rutilus
Xiphocolaptes albicollis
Xipholena atropurpurea
Xiphorhynchus fuscus
Xiphorhynchus guttatus

48015
115810
96296
117996
78414
81622
30976
117996
76474
112339
117996
99574
81347
117996
117996
48805
117996
113942
117996
58399
63211
67076
86946

650
400
300
750
450
1350
750
1550
1000
500
750
1000
550
750
700
650
650
500
1495
750
450
600
400

Medium
Low
Medium
Medium
High
Medium
Medium
High
High
Medium
Medium
Medium
Medium
Medium
High
Medium
High
High
High
Medium
High
Medium
Medium

Invertebrate
Invertebrate
Invertebrate
Invertebrate
Fruit
Invertebrate
Seed
Invertebrate
Invertebrate
Fruit
Invertebrate
Fruit
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Fruit
Invertebrate
Invertebrate

5.6
13.3
11.0
14.9
51.0
22.8

1125
57.2
67.2
89.3
62.3
63.5
69.0
62.5
38.0
38.7
30.5
10.6
125

120.0
61.5
20.3
60.5

12.5
16.2
14.8
15.7
40.9
19.2
30.5
38.4
39.2
34.6
21.3
25.9
21.1
22.4
20.7
22.8
151
19.2
23.5
141
21.8
19.6
15.2

13
0.9
2.0
1.0
2.0
11
11
1.2
1.4
0.7
1.2
1.1
1.1
0.8
1.1
14
0.9
1.7
1.7
0.9
1.2
15
1.0

2.5
2.5
2.0
2.5
3.5
3.0
3.0
2.5
3.0
2.5
2.5
2.5
2.5
3.0
3.0
3.0
3.0
2.0
2.5
3.0
1.0
2.5
2.0

0.0
-0.3
-0.2
-0.2
-1.0
-0.2
-1.4
-0.5
-0.7
-0.6

0.1

0.1

0.2

0.2

0.2

0.3

0.2

0.0

0.0

1.4

0.0

0.8

1.2
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Table S4.Percentage change in suitable climate area between baseline and future scenarios for forest bird species within tbei@entfal C

the Atlantic Forest in Brazil.

Species 2050 optimistic 2070optimistic 2050 pessimistic 2070 pessimistic

Amazona amazonica 1% 1% 1% 1%
Amazona farinosa 22% 15% 29% 24%
Amazona rhodocorytha 5% 6% 6% 8%
Amazona vinacea -43% -47% -53% -76%
Anabacerthia lichtensteini -63% -71% -95% -99%
Aramides saracura -35% -41% -43% -62%
Asio stygius -2% -7% -8% -34%
Attila spadiceus 11% 15% 13% 17%
Automolus leucophthalmus -14% -15% -15% -29%
Batara cinerea -16% -20% -18% -42%
Brotogeris tirica -8% -14% -16% -38%
Buteogallus lacernulatus 3% 3% 6% 6%
Cacicus cela -1% -2% -1% -5%
Cacicus haemorrhous 0% 0% 0% -1%
Campephilus robustus -50% -53% -58% -79%
Campylorhamphus falcularius -67% -72% -71% -84%
Campylorhamphus trochilirostris 1% 1% 1% 2%
Campylorhynchus turdinus 2% 2% 2% 2%
Cantorchiluslongirostris 7% 5% 9% 5%
Capsiempis flaveola 0% 0% 0% -3%
Carpornis cucullata -27% -33% -36% -55%
Carpornis melanocephala 0% 3% 4% -2%
Celeus flavescens -1% -3% -5% -15%
Celeus torquatus -3% -2% -13% -16%
Ceratopipra rubrocapilla 1% 0% 0% -3%
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Chaetura cinereiventris
Chamaeza campanisona
Chamaeza meruloides
Chiroxiphia caudata
Chiroxiphia pareola
Chlorestes cyanus
Chlorestes notata
Chlorophanes spiza
Chlorophonia cyanea
Ciccaba huhula
Ciccaba virgata

Cichlocolaptes leucophrus

Cichlopsis leucogenys
Claravis pretiosa
Clytolaema rubricauda
Colaptes melanochloros
Colonia colonus
Conirostrum speciosum
Conopias trivirgatus
Conopophaga lineata
Conopophaga melanops
Corythopis delalandi
Cotinga maculata
Cranioleuca pallida
Crax blumenbachii
Crotophaga major
Crypturellusnoctivagus
Crypturellus obsoletus
Crypturellus soui

-7%
-6%
-45%
-59%
-4%
0%
-2%
-9%
-54%
-1%
-24%
-26%
-31%
10%
-59%
0%
0%
0%
-1%
-45%
-5%
-25%
-3%
-41%
56%
2%
0%
-3%
-3%

-11%
-9%
-57%
-56%
-5%
0%
-2%
-13%
-69%
-1%
-24%
-36%
-47%
11%
-61%
0%
0%
0%
-1%
-52%
-7%
-27%
4%
-61%
70%
2%
-1%
-5%
-6%

-9%
-6%
-55%
-66%
-5%
0%
-1%
-15%
-68%
0%
-36%
-42%
-47%
13%
-70%
0%
0%
0%
0%
-66%
-10%
-30%
7%
-64%
71%
3%
0%
-4%
-5%

-26%
-17%
-74%
-76%
-9%
0%
-5%
-29%
-87%
-1%
-50%
-59%
-67%
15%
-89%
0%
-2%
0%
-2%
-89%
-18%
-55%
4%
-82%
87%
4%
-2%
-17%
-10%
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Crypturellus variegatus
Cyanerpes cyaneus
Cyanoloxia brissonii
Cyclarhis gujanensis
Cypseloides senex
Dacnis cayana

Dacnis nigripes
Dendrocincla turdina
Dendrocolaptes platyrostris
Dendroplex picus
Diopsittaca nobilis
Discosura langsdorffi
Drymophila ferruginea
Drymophila genei
Drymophila ochropyga
Drymophila squamata
Dysithamnus mentalis
Dysithamnus plumbeus
Dysithamnus stictothorax
Elaenia obscura
Eleoscytalopus indigoticus
Euphonia chlorotica
Euphonia cyanocephala
Euphonia pectoralis
Euphonia violacea
Euphonia xanthogaster
Falco deiroleucus

Falco rufigularis
Florisuga fusca

0%
0%
0%
0%
-47%
0%
-40%
-15%
-1%
3%
0%
-5%
-22%
-45%
-32%
-1%
0%
0%
-22%
-56%
-36%
0%
-16%
-22%
0%
-9%
-1%
0%
-11%

0%
-1%
0%
0%
-54%
-1%
-39%
-17%
-3%
3%
-1%
-7%
-33%
-52%
-45%
1%
0%
0%
-35%
-65%
-33%
0%
-24%
-27%
-2%
-16%
-6%
0%
-13%

0%
-3%
0%
0%
-56%
-2%
-46%
-18%
-5%
4%
-2%
-4%
-34%
-54%
-50%
1%
0%
0%
-37%
-67%
-57%
0%
-22%
-28%
-4%
-15%
-4%
0%
-14%

-3%
-9%
0%
0%
-73%
-16%
-69%
-37%
-20%
5%
-17%
-8%
-58%
-72%
-714%
-6%
-3%
0%
-58%
-80%
-88%
0%
-47%
-48%
-20%
-31%
-12%
0%
-39%
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Formicarius colma 0% 0% 0% 0%

Formicivora serrana -22% 5% -5% -2%
Forpus xanthopterygius 0% 0% 0% 0%
Furnarius figulus -9% -10% -12% -23%
Galbula ruficauda 0% -1% 0% 0%
Geotrygon montana -2% -4% -5% -17%
Geotrygon violacea -1% 0% 0% -4%
Glaucidium minutissimum -1% 0% 0% -6%
Glaucis dohrnii -1% -1% 1% -4%
Glaucis hirsutus -1% -2% 0% -4%
Glyphorynchus spirurus -7% -9% -9% -16%
Grallaria varia -2% -9% -8% -25%
Habia rubica 0% 0% 0% -6%
Harpagus bidentatus -12% -18% -23% -40%
Harpia harpyja 1% 1% 2% 0%
Heliomaster squamosus -21% -42% -41% -70%
Heliothryx auritus -17% -22% -24% -40%
Hemithraupis flavicollis 0% 0% 0% -1%
Hemithraupis ruficapilla -21% -21% -21% -44%
Hemitriccus diops -55% -69% -70% -88%
Hemitriccus furcatus -38% -42% -44% -69%
Hemitriccus nidipendulus -45% -51% -57% -70%
Hemitriccus striaticollis 1% 1% 1% 1%
Herpetotheres cachinnans 0% 0% 0% -1%
Herpsilochmus rufimarginatus 0% 0% 0% 0%
Hylatomus lineatus 0% -1% -2% -10%
Hylocharis sapphirina 0% 0% 0% 0%
Hylophilus poicilotis -44% -50% -56% -78%
Hylophilus thoracicus 0% 0% 0% -1%
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Hypoedaleus guttatus
Icterus pyrrhopterus
Ictinia plumbea
llicura militaris
lodopleura pipra
Laniisoma elegans
Laniocera hypopyrra
Legatus leucophaius

Lepidocolaptes squamatus

Leptodon cayanensis

Leptopogon amaurocephalus

Leptotilarufaxilla
Leucochloris albicollis
Lipaugus lanioides
Lipaugus vociferans
Lurocalis semitorquatus
Machaeropterus regulus
Mackenziaena leachii
Mackenziaena severa
Malacoptila striata
Manacus manacus
Megascops atricapilla
Melanerpes flavifrons
Micrastur mintoni
Micrastur ruficollis
Micrastur semitorquatus
Mionectes oleagineus
Mionectes rufiventris
Monasa morphoeus

-17%
0%
0%

-40%

-29%

-3%
0%
-3%

-29%
0%
0%

-1%

-42%

-17%
4%

-4%
-5%
-61%
-30%
-6%
-4%
-1%
-8%
4%
0%
0%
-8%

-43%
0%

-1%
0%
0%

-50%
-33%

-5%
0%

-9%

-34%
0%
0%

-4%

-42%

-19%
6%

-6%

-1%

-71%

-36%

-2%

-6%
0%

-12%
4%

-1%

0%
-10%
-42%

0%

-22%
0%
0%

-52%

-34%

-2%
0%

-10%

-35%
0%
0%

-5%

-46%

-21%
6%

7%
-2%
-82%
-44%
0%
-5%
-1%
-9%
10%
-2%

0%

-10%

-54%
0%

-62%
0%
0%

-73%

-54%

-11%
0%

-42%

-51%
0%

-1%

-23%

-60%

-32%
9%

-16%

-1%

-94%

-58%

-15%

-16%

-11%

-18%
7%

-11%
0%

-18%

-T7%
0%
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Myiarchus ferox 0% 0% 0% 0%

Myiarchus tuberculifer 5% 2% -10% -16%
Myiobius atricaudus -17% -24% -25% -47%
Myiobius barbatus 0% -1% -2% -7%
Myiopagis caniceps 0% 0% 0% 0%
Myiornis auricularis -6% -10% -8% -26%
Myiothlypis rivularis -8% -10% -10% -20%
Myrmoderus loricatus -69% -69% -72% -86%
Myrmotherula axillaris 0% -1% 0% -6%
Myrmotherula luctuosa -4% -2% -5% -12%
Myrmotherula minor -17% -19% -17% -33%
Myrmotherula urosticta 22% 35% 46% 54%
Nemosia pileata 0% 0% 0% 0%
Neomorphus geoffroyi -1% -3% -3% -11%
Neopelma aurifrons -15% -21% -23% -41%
Notharchus swainsoni 17% 29% 37% 27%
Nyctibius aethereus 0% 1% 1% 1%
Nyctibius grandis 17% 21% 20% 28%
Nyctibius griseus 0% 0% 0% 0%
Nyctiphrynus ocellatus 0% -1% -1% -12%
Nystalus maculatus 19% 21% 25% 31%
Odontophorugapueira -51% -55% -64% -81%
Orchesticus abeillei -32% -38% -38% -58%
Oxyruncus cristatus 0% 0% 0% -1%
Pachyramphus castaneus 0% 0% 0% -5%
Pachyramphus marginatus 0% 0% 0% 0%
Pachyramphus polychopterus 0% 0% 0% -1%
Panyptila cayennensis -9% -13% -15% -27%
Patagioenas cayennensis -2% -3% -3% -13%
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Patagioenas picazuro
Patagioenas plumbea
Patagioenas speciosa
Penelope obscura
Penelope superciliaris
Phaethornis eurynome
Phaethornis idaliae
Phaethornis ruber
Phaethornis squalidus
Pheugopedius genibarbis
Philydor atricapillus
Philydor rufum
Phyllomyias burmeisteri
Phyllomyias fasciatus
Phyllomyias griseocapilla
Phyllomyias virescens
Phylloscartes beckeri
Phylloscartes oustaleti
Phylloscartes ventralis
Piaya cayana

Piculus aurulentus
Piculus flavigula
Picumnus albosquamatus
Picumnus exilis
Pionopsitta pileata
Pionus maximiliani
Piprites chloris
Platyrinchus leucoryphus
Platyrinchus mystaceus

0%
-2%
0%
-48%
1%
-32%
11%
0%
-16%
0%
-12%
-14%
-13%
-24%
-53%
-70%
-55%
-38%
-28%
0%
-43%
0%
18%
-17%
-75%
0%
-2%
0%
0%

0%
-5%
0%
-53%
1%
-33%
11%
0%
-17%
0%
-16%
-18%
-16%
-34%
-58%
-72%
-73%
-48%
-33%
0%
-61%
0%
15%
-21%
-73%
0%
-3%
3%
0%

0%
-4%
-1%

-57%
1%
-45%
11%
0%
-16%
0%
-17%
-16%
-15%
-35%
-59%
-79%
-72%
-52%
-32%
0%
-63%

0%
15%

-23%
-86%

0%
-2%

3%

0%

-6%
-18%
-4%
-80%
-1%
-75%
12%
-1%
-33%
0%
-45%
-36%
-32%
-59%
-71%
-94%
-91%
-68%
-57%
-2%
-88%
-2%
-1%
-32%
-96%
-6%
-4%
-2%
-4%
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Poecilotriccus fumifrons
Poecilotriccus plumbeiceps
Primolius maracana
Procnias nudicollis
Psarocolius decumanus
Pseudastur polionotus
Pseudopipra pipra
Pseudoseisura cristata
Psilorhamphus guttatus
Psittacara leucophthalmus
Pteroglossus aracari
Pteroglossus bailloni
Pulsatrix koeniswaldiana
Pulsatrix perspicillata
Pyriglena leucoptera
Pyrrhura cruentata
Pyrrhura frontalis

Pyrrhura leucotis
Ramphastos dicolorus
Ramphastositellinus
Ramphocaenus melanurus
Ramphodon naevius
Ramphotrigon megacephalum
Rhopias gularis
Rhynchocyclus olivaceus
Rhytipterna simplex
Rupornis magnirostris
Saltator fuliginosus
Saltator similis

-10%
-12%
-8%
-20%
0%
-38%
-6%
1%
-36%
0%
-1%
-83%
-22%
-24%
-32%
0%
-10%
0%
-72%
-4%
0%
1%
0%
-36%
-5%
0%
0%
-35%
-8%

-13%
-14%
7%
-23%
0%
-44%
-8%
-6%
345%
0%
-1%
-68%
-33%
-44%
-36%
0%
-14%
0%
-74%
7%
0%
5%
0%
-41%
7%
0%
0%
-47%
-10%

-16%
-13%
-9%
-25%
0%
-46%
-5%
2%
-22%
0%
-1%
-97%
-39%
-43%
-37%
0%
-13%
0%
-81%
-9%
0%
-6%
0%
-45%
-6%
0%
0%
-48%
-10%

-32%
-29%
-22%
-49%
-5%
-64%
-10%
-3%
-58%
0%
-2%
-99%
-61%
-65%
-66%
0%
-42%
0%
-89%
-17%
-3%
-30%
0%
-62%
-14%
-1%
0%
-66%
-28%
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Sarcoramphus papa 0% 0% 0% -2%

Schiffornis turdina -1% 0% 0% -1%
Schiffornis virescens -34% -33% -49% -72%
Sclerurus caudacutus -1% -1% -1% -2%
Sclerurus mexicanus -16% -18% -22% -36%
Sclerurus scansor -39% -49% -56% -81%
Scytalopus speluncae -40% -44% -52% -74%
Selenidera maculirostris -62% -72% -75% -88%
Setophaga pitiayumi 0% 0% 0% 0%
Sirystes sibilator 0% 0% 0% 0%
Sittasomus griseicapillus 0% 0% 0% 0%
Spizaetus melanoleucus 0% 0% 0% 0%
Spizaetus ornatus -1% -3% -3% -11%
Spizaetus tyrannus -1% -10% -13% -29%
Strix hylophila -55% -60% -64% -90%
Synallaxis cinerea -37% -52% -54% -76%
Synallaxisruficapilla -42% -52% -62% -80%
Syndactyla rufosuperciliata -12% -15% -18% -29%
Tangara brasiliensis 2% 8% 11% 9%
Tangara cayana -16% -19% -25% -32%
Tangara cyanocephala -13% -19% -15% -35%
Tangara cyanoptera -25% -26% -34% -69%
Tangaracyanoventris -59% -66% -69% -86%
Tangara desmaresti -36% -47% -52% -74%
Tangara ornata -23% -33% -35% -56%
Tangara palmarum 0% -1% -1% -8%
Tangara sayaca -1% -1% -1% -3%
Tangara seledon -16% -22% -24% -60%
Taraba major 0% 0% 0% 0%
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Figure S1.Change in climate suitable areas for forest birds in the Central Corridor of the Atlantic Forest, Brazil, between thahasleéne
2050 pessimistic (SSP585) scenario. Bhee, gray, and white colors indicate gain, loss, no change, and unsuitability, respectively. Black dots

indicate occurrence records for the species.
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