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RESUMO

A predacdo de ninhos representa a principal ameaga ao sucesso reprodutivo das aves em
todo 0 mundo, especialmente em ambientes antropogénicos. Embora alguns tipos de usos
da terra, como as agroflorestas de cacau, sejam considerados mais amigaveis as aves,
ainda ha uma escassez de informagdes sobre o impacto da predacdo de ninhos nesses
ambientes. Diante disso, a dissertagdo foi dividida em dois capitulos. No primeiro
avaliamos (i) como a predagdo de ninhos artificiais de aves pode ser influenciada pela
localizagé@o do ninho no ambiente amostrado e pelo modelo de ovo utilizado, enquanto no
segundo buscamos (ii) compreender como as caracteristicas da paisagem e a estrutura
local afetam o nimero de ninhos predados de aves em agroflorestas de cacau inseridas
em trés regibes com padrdes contrastantes de uso do solo. Especificamente, foram
instalados ninhos artificiais no solo e no sub-bosque de 30 agroflorestas de cacau
localizadas na Mata Atlantica do sul do estado da Bahia, no nordeste do Brasil. Um total
de 1200 ninhos (40 por agrofloresta) foram instalados, cada um contendo dois ovos de
codorna ou sintéticos. Nosso estudo revelou que a predacéo foi significativamente maior
em ninhos no solo em comparacdo com o0s do sub-bosque, e que ninhos compostos por
ovos sintéticos foram mais predados do que os contendo ovos de codorna. Além disso, a
regido composta principalmente por sistemas agroflorestais de cacau e cobertura florestal
moderada apresentou um elevado numero de ninhos predados. Nosso estudo também
destacou que a predacdo de ninhos sofre um aumento em agroflorestas compostas por
alto niamero de plantas no sub-bosque e cacaueiros, especialmente quando localizadas em
paisagens mais desmatadas. Também observamos que a predacdo de ninhos aumenta em
agroflorestas constituidas por alto nimero de cacaueiros e arvores sombreadoras, quando
inseridas em paisagens com um reduzido numero de fragmentos florestais. Acreditamos
que a maior predacdo em ninhos sintéticos, sobretudo no solo, revela que as espécies que
predam ninhos neste estrato apresentam ampla capacidade de consumir ovos com
diferentes texturas. Particularmente, a alta densidade da vegetacdo das agroflorestas de
cacau pode ser um importante atrativo para os predadores de ninhos, sobretudo quando
inseridos em paisagens mais desmatadas. Enquanto que o adensamento de cacaueiros e
arvores sombreadoras em paisagens mais continuas devem favorecer o deslocamento dos
predadores pela paisagem, portanto, contribuindo com o aumento da predacéo. Baseado
nesses achados, sugerimos a restauracdo de paisagens altamente desmatadas, seja

aumentando o tamanho de remanescentes florestais existentes ou criando novos



fragmentos florestais distribuidos na paisagem. Outra medida que pode reduzir o nUmero
de ninhos predados esta associada a praticas de rogagem, adotadas por muitos produtores,
com o objetivo de reduzir o adensamento de plantas no sub-bosque das agroflorestas e,
assim, facilitar o manejo do cacau. Por fim, recomendamos que futuros estudos busquem
compreender quais predadores sdo mais associados com a predacao de ninhos de aves e

como as mudangas ambientais podem afetar a estruturagéo das suas populagdes.

Palavras-chave: Mata Atlantica; Avifauna; Agroecossistemas; Experimentos; Ninhos

artificiais; Perda de Habitat; Fragmentacdo.



ABSTRACT

Nest predation represents the primary threat to the reproductive success of birds
worldwide, especially in anthropogenic environments. Although some land uses, such as
cocoa agroforests, are considered more bird-friendly, there is still a scarcity of
information on the impact of nest predation in these environments. Therefore, the
dissertation was divided into two chapters. In the first, we evaluated (i) how the predation
of artificial bird nests can be influenced by nest location in the sampled environment and
the type of egg model used, while in the second, we sought (ii) to understand how
landscape characteristics and local structure affect the number of predated bird nests in
cocoa agroforests located in three regions with contrasting land use patterns. Specifically,
artificial nests were installed on the ground and in the understory of 30 cocoa agroforests
located in the southern Atlantic Forest of Bahia state, northeastern Brazil. A total of 1200
nests (40 per agroforest) were installed, each containing two quail or synthetic eggs. Our
study revealed that predation was significantly higher in ground nests compared to those
in the understory, and that nests composed of synthetic eggs were more predated than
those containing quail eggs. Additionally, the region mainly composed of cocoa
agroforestry systems and moderate forest cover showed a high number of predated nests.
Our study also highlighted that nest predation increases in agroforests with a high number
of understory plants and cocoa trees, especially when located in more deforested
landscapes. We also observed that nest predation increases in agroforests composed of a
high number of cocoa trees and shade trees when inserted in landscapes with a reduced
number of forest fragments. We believe that increased predation on synthetic nests,
especially on the ground, indicates that nest-predating species in this stratum have a wide
ability to consume eggs with different textures. Particularly, the high vegetation density
of cocoa agroforests may be an important attractant for nest predators, especially when
inserted in more deforested landscapes. While the clustering of cocoa trees and shade
trees in more continuous landscapes should favor the movement of predators across the
landscape, thus contributing to increased predation. Based on these findings, we suggest
the restoration of highly deforested landscapes, either by increasing the size of existing
forest remnants or by creating new forest fragments distributed in the landscape. Another
measure that may reduce the number of predated nests is associated with clearing
practices, adopted by many producers, aimed at reducing plant density in the understory

of agroforests and thus facilitating cocoa management. Finally, we recommend that future



studies seek to understand which predators are most associated with bird nest predation

and how environmental changes may affect the structuring of their populations.

Keywords Atlantic Forest; Avifauna; Agrosystems; Experiments; Artificial nests;
Habitat loss; Fragmentation.
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INTRODUGCAO GERAL

As interagdes ecoldgicas desempenham um papel fundamental na manutencéo da
biodiversidade (Mougi e Kondoh 2012). A maneira como as especies em uma
comunidade se inter-relacionam molda a diversidade e composicdo de espécies, e
consequentemente a dinamica dos ecossistemas (Strauss e Irwin 2004; Thompson 1997).
De fato, as interacGes ecoldgicas sdo tdo importantes que também podem impulsionar a
adaptacéo e a especiacgdo local (Haloin e Strauss 2008). Existe uma grande variedade de
interacdes na natureza, incluindo predacdo, competicdo, mutualismo, parasitismo,
comensalismo entre outras (Mougi e Kondoh 2012). Contudo, ainda ndo conseguimos
documentar completamente todas as formas de interacfes entre as espécies (Jordano
2016), mesmo em ecossistemas mais simplificados, como os sistemas agricolas
(Rodrigues et al. 2022).

Uma das mais importantes e bem estudadas relacdes ecoldgicas € a predacédo
(Starzomski et al. 2010). A predacdo é uma relacdo antagonista, onde um organismo é
beneficiado (predador) e o outro é prejudicado (presa) (Denno e Lewis 2009).
Particularmente, os predadores podem influenciar a distribuicdo e abundancia de suas
presas (Paine 1966; Jones et al. 1994). O famoso experimento conduzido por Paine (1966)
em recifes de corais evidenciou que a diversidade de espécies em um dado local esta
diretamente relacionada ao numero de predadores no sistema e a eficiéncia deles em
impedir que determinadas espécies monopolizem recursos essenciais e limitantes as
demais espécies. Desse modo, é esperado que comunidades ricas em espécies ocorra em
sistemas onde os predadores conseguem manter as populacGes de presas abaixo dos
limites de recursos (Glasser 1979; Teramoto et al. 1979).

Sédo comumente definidos dois niveis de predadores nas comunidades bioldgicas:
os predadores de topo e os mesopredadores (Ricklefs e Relyea 2016). Os predadores de
topo desempenham um papel fundamental, uma vez que controlam a abundéancia de
herbivoros e mesocarnivoros e indiretamente os niveis troficos abaixo (Ripple et al.
2014). No entanto, nos ultimos anos, temos testemunhado um declinio dos grandes
predadores devido as atividades humanas, como caga, perda e fragmentacdo de habitats
(Ripple et al. 2014; Magioli et al. 2021). Como consequéncia direta, tem-se observado
um aumento significativo na abundéancia e na expansdo geografica dos mesopredadores,
como gambas, quatis, saguis e teils, em paisagens perturbadas pelo homem (Bogoni et

al. 2016; Lobo-Aradjo et al. 2024) - um fendémeno denominado liberacdo de
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mesopredadores (Terborgh 1974; Terborgh e Winter 1980; Soulé et al. 1988; Sieving
1992). Contudo, o declinio dos grandes predadores, como as oncgas e as aves de rapina
(Galetti et al. 2013; Magioli et al. 2021), pode ocasionar um colapso ecoldgico nos
ecossistemas (Terborgh et al. 2001; Estes et al. 2011).

Diversos estudos tém pontuado que o0 aumento da abundancia de mesopredadores
em paisagens antrépicas é um dos principais fatores associados a altas taxas de predacéo
de ninhos de aves em todo o mundo (Caro et al. 1998; Soderstrom 1999; Stantial et al.
2021; Lobo-Araljo et al. 2024). Nesse contexto, a predacao de ninhos se configura como
uma das principais ameacas para as aves (Ricklefs 2003; Roper et al. 2010), pois exerce
forte pressdo seletiva sobre os individuos, moldando diversas caracteristicas ligadas a
reproducdo, como a escolha de locais de nidificacdo, o tipo de ninho construido, além do
tamanho e coloracdo dos ovos, entre outros aspectos (Martin 1995; Marini 1997,
Mezquida 2004). Na regido Neotropical as taxas de predacdo de ninhos sdao ainda mais
elevadas quando comparadas as regides temperadas (Mezquida 2004; Dias e Macedo
2011; Menezes e Marini 2017), chegando a 80-90% (Stutchbury e Morton 2001). Dentre
0s principais predadores naturais de ninhos de aves nessa regido, destacam-se mamiferos,
tais como Didelphis aurita, Nasua nasua, Eira barbara e primatas do género Callithrix e
Leontopithecus; aves, como Ramphastos toco e Cyanocorax cristatellus; e répteis,
incluindo Boa constrictor, Drymarchon corais e Salvator merianae (Menezes e Marini
2017). A maioria dessas espécies de predadores apresentam ampla capacidade de se
adaptarem a habitats perturbados (Werneck e Colli 2006; Alvarez e Galetti 2007; Cassano
et al. 2014; Ferreira et al. 2020), e portanto, a pressao de predacao pode ser mais elevada
nestes ambientes quando comparada a ambientes naturais (Borges e Marini 2010; Lobo-
Aradujo et al. 2024). Além disso, em habitats perturbados, as aves enfrentam varios outros
estresses, como reducdo na disponibilidade de alimentos, pressdo de caca e competicdo
com animais exoticos (Stanton et al. 2018), o que torna o impacto dos predadores de
ninhos nas suas populac¢des ainda mais danoso.

Desse modo, além dos mesopredadores, as perturbacGes ambientais atuando em
distintas escalas espaciais também podem afetar o sucesso reprodutivo das aves
(Thompson et al. 2002; Djomo Nana et al. 2015). Por exemplo, na escala local, alguns
estudos observaram uma associagao entre a estrutura da vegetacéo e a predacédo de ninhos
de aves (Seibold et al. 2013; de Aguiar et al. 2022). No geral, habitats com vegetacdo
menos densa e com um dossel mais aberto tem apresentado maiores taxas de predagéo de
ninhos (Martin e Joron 2003; Djomo Nana et al. 2015; de Aguiar et al. 2022). Essas
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caracteristicas estruturais determinam a qualidade do habitat para os predadores (Seibold
et al. 2013), além de afetar a visibilidade dos ninhos (Tirpak et al. 2006). Por exemplo,
estudos prévios demonstraram que ambientes estruturalmente mais densos podem
experimentar taxas de predacdo mais baixas, uma vez que dificulta 0 movimento de
alguns predadores e a detec¢éo visual dos ninhos (Baines et al. 2004; Tirpak et al. 2006).
Por outro lado, ambientes com maior densidade de &rvores pode favorecer o deslocamento
e fornecer esconderijos para algumas espécies de répteis, como cobras e lagartos (Koenig
et al. 2007; Wanger et al. 2009), o que pode gerar um aumento da predacéo de ninhos de
aves.

Na escala de paisagem, inimeros estudos tém demonstrado que fatores como a
perda e fragmentacdo de habitats afetam negativamente o sucesso reprodutivo das aves
(Johnson e Temple 1990; Hoover et al. 1995; Robinson et al. 1995; Borges e Marini
2010). Especificamente, foi observado um aumento nas taxas de predacdo em pequenas
manchas de habitats (Marzluff e Restani 1999; Thompson et al. 2002; Stephens et al.
2004), assim como em paisagens com reduzida quantidade de cobertura florestal
(Robinson et al. 1995; Hartley e Hunter 1998; Vander Haegen 2007). Além da reducao
de areas disponiveis para a nidificacdo, paisagens altamente perturbadas podem propiciar
0 aumento na concentracao de predadores generalistas que se alimentam de ovos de aves
(Andren et al. 1985; Andren 1992; Marzluff e Restani 1999; Borges e Marini 2010).
Nessas paisagens também é observado um aumento na abundéncia de predadores
exoticos, como cées e gatos, que exploram ambientes antropogénicos e, portanto, exercem
maior pressao de predacdo sobre as espécies nativas, como as aves (Wilcove 1985; Nahid
et al. 2020; Ballarini et al. 2021).

Essas modificacdes nos ambientes naturais geradas pela perda e fragmentacédo de
habitats, tem ocorrido principalmente pela crescente urbanizacdo e expansdo agricola
(Vancini et al. 2024). Esses fendmenos destacam-se como importantes mecanismos
responsaveis por elevar o insucesso reprodutivo das aves (Hobson e Bayne 2000; Phillips
et al. 2005; Borges e Marini 2010; Galvéo et al. 2018). Em particular, a expansao agricola
tem causado graves danos sobre as florestas tropicais (Hansen et al. 2020; Fischer et al.
2021), em especial a Mata Atlantica. Embora este bioma seja um dos mais biodiversos do
mundo, sua extensao original foi drasticamente reduzida (Vancini et al. 2024). Um estudo
recente indicou que apenas 23% da cobertura florestal original da Mata Atlantica ainda
persiste, sendo que 97% dos fragmentos remanescentes séo menores do que 50 hectares

(Vancini et al. 2024). Particularmente, a por¢éo norte da Mata Atlantica, especialmente a
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regido sul da Bahia, é considerada um hot-point de biodiversidade devido ao alto numero
de espécies, inclusive com muitas delas sendo endémicas (Martini et al. 2007; Dias et al.
2014). Desse modo, esta regido é de fundamental importancia para esforcos
conservacionistas. O cendrio torna-se ainda mais preocupante, dado que o estado da Bahia
estd entre as regides que mais desmatam anualmente, sendo a expansdo agricola o
principal responsavel pela reducdo da quantidade de floresta (Fundagdo SOS Mata
Atlantica 2022).

No sul da Bahia, as agroflorestas de cacau (localmente conhecidas como cabrucas)
tém ajudado a frear o desmatamento, além de aliar a produc¢éo agricola com a conservacao
da biodiversidade em paisagens antrdpicas (Cassano et al. 2012). No sistema cacau-
cabruca, é realizado o raleamento do sub-bosque da floresta para o plantio do cacau,
enguanto arvores de grande porte sdo mantidas para auxiliarem no sombreamento da
cultura (Figura 1) (Piasentin e Saito 2014). De fato, por serem mais semelhantes as
florestas nativas, as cabrucas séo consideradas sistemas eficazes para a conservagao da
biodiversidade, especialmente quando comparadas a monoculturas (Rice e Greenberg
2000; Schroth et al. 2011). Originaria da Amazodnia, o cacaueiro é naturalmente adaptado
a sombra (Piasentin e Saito 2014), o que torna o cultivo do cacau uma alternativa mais
amigavel a biodiversidade (Schroth et al. 2011). Diversos grupos, como aves, mamiferos,
répteis e anfibios, podem utilizar as agroflorestas de cacau como um habitat suplementar
(Clough et al. 2009; Tscharntke et al. 2011; de Almeida-Rocha et al. 2020; Jarrett et al.
2021; Cervantes-LoOpez et al. 2022). Esses grupos se beneficiam dos recursos alimentares
disponiveis nesse sistema agricola, além de encontrarem locais para nidificacdo em um
ambiente climaticamente similar ao dos fragmentos florestais nativos (Estrada et al. 1994;
Cervantes-Ldpez et al. 2022). Outro ponto relevante é que as agroflorestas podem facilitar
a dispersdo das espécies nativas pela paisagem para procura de habitats e recursos
adequados para sua sobrevivéncia (Estrada et al. 1994; Faria et al. 2007; Ferreira et al.
2020). As cabrucas também desempenham um papel fundamental no armazenamento de
carbono na paisagem e na mitigagdo do impacto das mudancas climaticas (Schroth et al.
2015; Heming et al. 2022). No sul da Bahia, por exemplo, grande parte do carbono

estocado é encontrado nas agroflorestas de cacau (Schroth et al. 2015).
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Figura 1. Cabruca situada no municipio de Ilhéus - BA, com destaque para as arvores de
cacau localizadas no sub-bosque e &rvores de grande porte utilizadas para o
sombreamento da cultura. Foto: Elimardo Cavalcante Bandeira.

A regido cacaueira do sul da Bahia esta localizada entre os Rios de Contas e
Jequitinhonha (Cassano et al. 2009). Os primeiros cultivos de cacau sombreado na Bahia
remontam as primeiras décadas do século XX (Piasentin e Saito 2014), expandindo-se
significativamente nos anos seguintes até atingir o apice nas décadas de 1960 e 1970
(Cassano et al. 2009). As condi¢Ges ambientais propicias, disponibilidade de terras, mao
de obra e precos favoraveis, foram fundamentais para expansao do cultivo de cacau na
regido (Baiardi 1984). No entanto, uma grande crise atingiu a producgéo cacaueira no final
da década de 80, em decorréncia de uma queda nos precos do cacau internacionalmente,
aliado a introducdo de um fungo conhecido como vassoura de bruxa (Moniliophthora
perniciosa) (Cassano et al. 2009; Schroth et al. 2015). Isso acarretou em fortes
transformacdes no uso da terra na regido sul da Bahia. Nesse contexto, muitos agricultores
abandonaram suas propriedades, recorreram a venda ilegal das arvores de grande porte
que sombreavam 0S cacaueiros ou converteram suas terras em plantacdes de café,
eucalipto, seringais ou pastagens (Alger e Caldas 1994; Schroth et al. 2015). Contudo, a
cacauicultura resistiu e ainda ocupa aproximadamente 600.000 kmz2 de terras no sul da
Bahia (Landau et al. 2003), distribuidos em cerca de 90 municipios que compdem a regido

cacaueira do estado.
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A estrutura local das cabrucas pode variar consideravelmente entre as fazendas.
Em alguns casos, 0 cacau € cultivado em sistemas menos sombreados,
predominantemente compostos por espécies exdticas como cajazeiros (Spondias
mombin), arvores do género Erythrina, jaqueiras (Artocarpus heterophyllus) e palmeiras
(Euterpe oleracea) (Ferreira et al. 2020). Por outro lado, cabrucas menos manejadas
podem conter cerca de 200 arvores nativas por hectare (Sambuichi 2006), o que torna
esse ambiente climaticamente mais adequado e amigéavel para os animais nativos. Da
mesma forma, o cenario paisagistico no qual as fazendas de cacau estdo inseridas pode
variar drasticamente ao longo do sul da Bahia. Em particular, é observado sistemas
agroflorestais inseridos em paisagens altamente florestadas até cabrucas localizadas em
paisagens dominadas por pastagem e com pequenos fragmentos florestais isolados
(Araujo-Santos et al. 2021). Portanto, esses diferentes contextos da paisagem podem
interferir no papel das agroflorestas de cacau em reter a biodiversidade.

Compreender como essas variacdes nas caracteristicas locais e da paisagem
moldam a diversidade de espécies e processos ecoldgicos nas cabrucas é fundamental
para entender o real papel desse sistema agricola para a conservacdo da biodiversidade
(Faria et al. 2007). Embora, diversos estudos tenham destacado a importancia das
agroflorestas para manutencéo da diversidade de espécies nativas, incluindo aves (Faria
et al. 2006; Cabral et al. 2021; Jarrett et al. 2021), ainda ndo ha informacGes se 0 sucesso
reprodutivo das aves pode ser comprometido nesse sistema agricola. Portanto, é crucial
entender se as cabrucas podem fornecer locais seguros para nidificacdo das aves ou se
podem representar um fator de risco, aumentando as taxas de predacdo e,
consequentemente, contribuindo para o declinio populacional das aves a longo prazo.

Com base na problematica apresentada, a dissertacdo foi dividida em dois
capitulos. No primeiro capitulo realizamos um estudo metodolégico para avaliar o efeito
do tipo de ovo utilizado (codorna ou sintético) e a localizagdo dos ninhos no ambiente
amostrado (solo e sub-bosque) sobre a predacéo de ninhos artificiais em agroflorestas de
cacau. No segundo capitulo foi avaliado como caracteristicas ambientais atuando em
diferentes escalas espaciais (local e paisagem) podem afetar o numero de ninhos predados
nesses sistemas agricolas. A dissertacéo faz parte de um grande projeto em rede chamado
"Eco-nomia das Cabrucas” (video de apresentacdo aqui), que € desenvolvido por
pesquisadores do Laboratério de Ecologia Aplicada a Conservacdo da Universidade
Estadual de Santa Cruz. O projeto busca compreender a relacdo entre producdo de cacau,

servicos ecossistémicos, e biodiversidade nas agroflorestas de cacau do sul da Bahia. O
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https://www.youtube.com/watch?v=xM-XMik7Nf4

projeto Eco-nomia das Cabrucas é financiado pelo Instituto Nacional de Ciéncia e
Tecnologia em Estudos Interdisciplinares e Transdisciplinares em Ecologia e Evolugdo e
conta com a participacdo de diversos pesquisadores com expertises em diferentes grupos
bioldgicos, incluindo arvores, aves, morcegos, pequenos, médios e grandes mamiferos,

abelhas e vespas, besouros e insetos aquaticos.
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Resumo: A predacdo de ninhos € o principal fator responsével pelo insucesso reprodutivo
das aves. Através de um estudo experimental, investigamos como as decisdes
metodologicas associadas a localidade do ninho e ao modelo de ovo utilizado afetam a
predacdo de ninhos artificiais. O experimento foi conduzido em 30 agroflorestas de cacau,
localizadas no sul do estado da Bahia, nordeste do Brasil. Usamos 40 ninhos artificiais
em cada agrofloresta, distribuidos de forma equitativa no solo e no sub-bosque, sendo 10
compostos por ovos sintéticos e 10 por ovos de codorna em cada estrato. Observamos que
a predacdo foi significativamente maior em ninhos no solo (54,63%) do que no estrato
superior (45,36%=; P<0,001). Também detectamos que ninhos compostos por ovos
sintéticos apresentam 1,5 vezes mais chance (P=0,04) de serem predados do que ninhos
com ovos de codorna. Esses resultados podem estar diretamente associados a capacidade
do predador em acessar os diferentes estratos da vegetacdo e predar ovos com diferentes
texturas. Assim, recomendamos que estudos futuros considerem esses fatores
metodoldgicos em seus delineamentos amostrais para evitar efeitos indesejaveis nos

resultados.

Palavras-chave: agrofloresta; avifauna; ninhos artificiais; predadores de ovos; sucesso

reprodutivo.

A predacdo de ninhos é o principal fator associado ao insucesso reprodutivo das
aves, gerando impactos significativos na estrutura e no funcionamento das comunidades
(Ricklefs 2003). A predacdo atua como um agente seletivo afetando as caracteristicas
ligadas a reproducéo, bem como aquelas relacionadas a historia de vida das aves (Marini
1997). Diante disso, diversos estudos buscam compreender os fatores que modulam a
predacdo de ninhos de aves em todo o mundo (Rivera-Lopez & MacGregor-Fors 2016,
Valentine et al. 2019, Chen et al. 2022). Contudo, devido as dificuldades em encontrar e
monitorar ninhos naturais, experimentos com ninhos artificiais tém sido utilizados como
uma importante ferramenta para avaliar 0s mecanismos responsaveis pela predacao de
ovos (Cocquelet et al. 2019, Okada et al. 2019).

Diversos aspectos associados ao experimento podem afetar a predagdo, como o
tipo, cor e odor dos ovos, além da localizagdo e densidade de ninhos (Major & Kendal

1996). Diante disso, uma grande variedade de tipos de ovos vem sendo utilizada em
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experimentos de predacdo, como ovos naturais de codorna (Coturnix sp.) (Duca et al.
2001), galinha (Gallus gallus domesticus Linnaeus, 1758) (Estrada et al. 2002), pardal
(Passer domesticus Linnaeus, 1758) (Maier & Degraaf 2000), canario-belga (Serinus
canarius Linnaeus, 1748) (Alvarez & Galetti 2007), bem como ovos artificiais
confeccionados geralmente de plasticina (Biagolini-Jr & Perrella 2020, Pretelli et al.
2023). No entanto, ndo hd um consenso sobre qual modelo é o mais apropriado, pois todos
apresentam vantagens e desvantagens. De forma geral, 0s modelos mais utilizados séo
ovos de codorna e ovos sintéticos. Os ovos de codorna sdo amplamente utilizados devido
seu baixo custo e alta disponibilidade (Duca et al. 2001), porém alguns estudos enfatizam
que pequenos animais podem ndo conseguir preda-los, uma vez que sdo um pouco
maiores e apresentam uma casca mais resistente do que os ovos da maioria dos
Passeriformes (Haskell 1995, Marini & Melo 1998). Por outro lado, 0s ovos sintéticos
sdo vantajosos por poderem ser moldados de diferentes formatos e tamanhos, e na cor de
interesse do pesquisador (Oliveira et al. 2013). Além disso, as marcas deixadas em ovos
sintéticos podem auxiliar na identificacdo de predadores (Zanetti 2002). Contudo, a
diferenca na consisténcia entre ovos sintéticos e naturais pode influenciar a probabilidade
de predacdo (Maier & Degraaf 2001).

Outro aspecto importante que pode afetar a taxa de predacéo € a localizacdo dos
ninhos artificiais ao longo do ambiente inventariado. No geral, estudos tém detectado
maior predacdo em ninhos artificiais no solo em comparacdo com ninhos em estratos
superiores (Telleria & Diaz 1995, Alvarez & Galetti 2007). No entanto, esse padrdo pode
diferir de acordo com o ambiente amostrado. Por exemplo, um estudo conduzido no
cerrado brasileiro observou maior predagdo em ninhos no sub-bosque (Leite et al. 2014),
enguanto que um trabalho recente em remanescentes de Mata Atlantica, detectou maior
predacdo em ninhos artificiais no solo (Galvéo et al. 2018). Diante dos diferentes métodos
utilizados nos experimentos de predacéo e nos divergentes resultados observados, nosso
estudo buscou avaliar como a predagéo de ninhos artificiais de aves pode ser influenciada
pela localizag&o do ninho no ambiente amostrado e pelo modelo de ovo utilizado.

O experimento foi realizado em 30 agroflorestas de cacau, distantes entre si por
pelo menos 2 km, e localizadas no sul do estado da Bahia, Brasil (Figura 1). A vegetacao
original é dominada pelo bioma Mata Atlantica, porém atividades antropicas modificaram
0 uso do solo dessa regido que € atualmente composta por fragmentos florestais,
agroflorestas de cacau (Theobroma cacao L.), plantagdes de eucalipto (Eucalyptus sp.) e

seringa (Hevea brasiliensis L.), além de areas de pastagem (Faria et al. 2023). No sul da
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Bahia, as agroflorestas consistem em florestas modificadas que sofreram o raleamento do
sub-bosque para o plantio do cacau, que por sua vez € sombreado por arvores nativas.
Assim, esse sistema mantém parte da diversidade arbérea original, sendo considerado um

habitat suplementar para muitas espécies, incluindo as aves (Cabral et al. 2021).
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Figura 1. Mapa da area de estudo com destaque para as 30 agroflorestas cacau (pontos
pretos) distribuidas ao longo de oito municipios no sul do estado da Bahia (A);
Distribuicdo espacial de 40 ninhos artificiais (pontos vermelhos, (B) dentro de uma
agrofloresta de cacau (C).

Em cada agrofloresta, foram instalados 40 ninhos, distribuidos igualmente entre o
solo e o0 sub-bosque, com um espagamento minimo de 15 m entre eles. Os ninhos do solo
foram construidos por meio da abertura de uma pequena cavidade na qual foi preenchido
com gravetos e folhas presente na serapilheira (Maier & Degraaf 2000), com o intuito de
se assemelhar aos ninhos de aves da regido que nidificam no solo, como as espécies do
género Crypturellus. Enquanto os ninhos do sub-bosque foram construidos com fibra de
coco (Cocquelet et al. 2019) e forrados com folhas secas e gravetos, sendo 0s mesmos
fixados aos cacaueiros (entre 1,5 e 2 metros) por meio de um arame fino. Em cada ninho
foi disposto dois ovos (Biagolini-Jr & Perrella 2020) de codorna ou sintéticos. Os ovos
de codorna apresentam um comprimento de aproximadamente 25 a 30 mm, e 0S 0v0S

sintéticos foram confeccionados de plasticina na cor branca com tamanho similar aos de
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codorna. Portanto, em nosso estudo foram utilizados 2400 ovos (sendo 1200 de codorna
e 1200 sintéticos) alocados em 1200 ninhos artificiais.

O experimento envolveu quatro tratamentos independentes relacionados ao tipo
de ovo e ao estrato, sendo os ninhos distribuidos por meio de uma aleatorizacdo
sistematica a partir do centro de cada agrofloresta. Portanto, ninhos foram distribuidos na
seguinte ordem: codorna/solo, codorna/sub-bosque, sintético/solo e sintético/sub-bosque.
Essa abordagem visou garantir uma ampla distribuicdo dos ninhos dentro das
agroflorestas.

O estudo foi realizado entre fevereiro e maio de 2023, e 0s ninhos ficaram expostos
durante 15 dias em cada agrofloresta, que compreende o periodo médio de incubacéo de
aves Neotropicais (Sick 1997). A escolha dos meses para a realizacdo do experimento foi
devido a questdes logisticas, porém é valido ressaltar que durante o experimento as
condicdes climaticas associadas a temperatura e precipitacdo foram constantes. Além
disso, a regido de estudo ndo apresenta sazonalidade climatica acentuada (Mori et al.
1983), e, portanto, a oferta de recurso é provavelmente constante ao longo do ano para as
aves e predadores. Os ninhos foram considerados predados quando pelo menos um dos
ovos exibia sinais de predacdo, como quebra da casca nos ovos de codorna ou marcas de
predacdo em ovos sintéticos, incluindo evidéncias de garras, bicadas e mordidas
(Biagolini-Jr & Perrella 2020). O efeito da localidade do ninho, tipo de ovo, e a interagédo
entre essas varidveis sobre o nimero de ninhos predados foi analisado por meio de um
modelo de Regressdo Linear Generalizada com distribuicdo Poisson, utilizando o
software R 4.2.3 (R Development Core Team 2023).

Nossos resultados indicam que 637 ninhos apresentaram ovos com sinais de
predacdo, o que representa 53,30% dos ninhos alocados nas 30 agroflorestas de cacau.
Destes, 348 ninhos (54,63%) estavam localizados no solo, enquanto 289 (45,36%) foram
predados no sub-bosque. De fato, observamos uma predacdo significativamente
(P<0,001) maior no solo, com média de 11,6 (+3,46; desvio padréo) ninhos predados por
agrofloresta, enquanto que no sub-bosque foi registrado em média 9,63 (x4,52) ninhos
predados (Figura 2). Em relagéo aos tipos de ovos, 385 ninhos predados foram compostos
de ovos sintéticos (60,43%), um valor significativamente (P=0,04; Figura 2) maior
quando comparado aos 252 ninhos predados compostos por ovos de codorna (39.56%).
Em meédia, foram observados 12,8 (+4,30) ninhos predados de ovos sintéticos por
agrofloresta, enquanto a predacdo média de ninhos de ovos de codorna foi de 8,4 (£3,82).

Também detectamos que a interacao entre tipo de ovo e estrato afetou significativamente
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(P=0,004) a predacdo de ninhos (Figura 3); ou seja, ovos sintéticos foram altamente
predados em ambos os estratos (solo, N=196; sub-bosque, N=192), porém ovos de
codorna foram 1,6 vezes mais predados no solo (N=155) do que no sub-bosque (N=97).
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Figura 2. Efeito da localiza¢do do ninho (A) e tipo de ovo (B) sobre o nimero de ninhos
predados em 30 agroflorestas de cacau localizadas no sul do estado da Bahia.
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Figura 3. Efeito da interacdo entre localidade do ninho e tipo de ovo sobre numero de
ninhos predados. No grafico € evidenciado que ninhos compostos por ovos de codorna
sdo mais predados no solo, enquanto ninhos com ovos sintéticos apresentam predacéo
similar entre as localidades.

Nosso estudo encontrou que ninhos localizados no solo sdo mais susceptiveis a
ataques de predadores do que ninhos no sub-bosque, um resultado similar ao encontrado
por estudos prévios desenvolvidos em diferentes ambientes (Telleria & Diaz 1995,
Alvarez & Galetti 2007, Galetti et al. 2009). Em particular, a alta predacdo em ninhos de
solo pode estar associada a maior acessibilidade aos ovos por uma ampla gama de
predadores terrestres, especialmente mamiferos e répteis (Galetti et al. 2009,
Matysiokova & Remes$ 2023, Pretelli et al. 2023). Além disso, a acentuada predagdo em
ninhos no solo, incluindo aqueles compostos por ovos de codorna, nas agroflorestas de
cacau também pode estar associada a hipdtese da liberacdo de mesopredadores, na qual
mamiferos de médio porte se beneficiam do declinio dos predadores de topo, um
fendmeno amplamente relatado em ambientes perturbados (Terborgh 1974, Soderstrém
1999). Assim, acreditamos que a perda ou reducé@o populacional de grandes predadores
na nossa regido, como onca pintada (Panthera onca Linnaeus, 1758) e parda (Puma
concolor Linnaeus, 1771), pode ter favorecido a proliferacdo de mesopredadores. Entre
esses mesopredadores que podem explorar ninhos no solo (Menezes & Marini 2017) e
sdo encontrados na regido, destacam-se o sarué (Didelphis aurita Wied-Neuwied, 1826),
cachorro-do-mato (Cerdocyon thous Linnaeus, 1766), irara (Eira barbara Linnaeus,
1758) e quati (Nasua nasua Linnaeus, 1766). Alguns desses, como o0 sarué e quati, sdo
oportunistas e podem ocasionalmente predar ninhos aéreos, porém com um menor
impacto do que nos ninhos do solo (Alvarez & Galetti 2007). Além disso, espécies
domésticas, como cées e gatos, podem ter contribuido para a predacao de ninhos no solo,
uma vez que assentamentos humanos proximos as agroflorestas podem facilitar a
presenca desses animais na area de estudo.

Também observamos que ninhos compostos de ovos sintéticos apresentam maior
chance de serem predados do que ninhos com ovos de codorna. Este resultado pode estar
associado a maior incidéncia de marcas deixadas por mamiferos e aves (Pretelli et al.
2023) que apresentam menor capacidade de perfurar ovos naturais (Figura 4). Por
exemplo, em um estudo experimental realizado em cativeiro nos Estados Unidos, foi

constatado que algumas espécies de pequenos mamiferos predam ovos de plasticina, mas
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ndo conseguem quebrar a casca de ovos naturais, mesmo de pequenos Passeriformes,
como pardais (Maier & DeGraaf 2001). Portanto, a predacgéo de ovos de codorna pode ser
subestimada devido a incapacidade de pequenos mamiferos em quebrar a casca desses
ovos (Haskell 1995, Marini & Melo 1998). No entanto, em nossa regido, ndo dispomos
de evidéncias que confirmem a presenca de pequenos mamiferos como predadores de
ninhos, com excec¢do das espécies introduzidas Rattus norvegicus (Berkenhout, 1769) e
R. rattus (Linnaeus, 1758) (Menezes & Marini 2017). Embora essas espécies de roedores
possam ter contribuido para a predacdo dos ovos de codorna, é esperado que seu efeito
seja menos pronunciado nas agroflorestas porque ambas as espécies apresentam uma
maior prevaléncia em areas urbanas. Também é importante ressaltar que ovos sintéticos
podem apresentar uma superestimativa da predacao devido as marcas deixadas por aves,
um grupo que apresenta alta diversidade de espécies nas agroflorestas de cacau da nossa
regido (Cabral et al. 2021). De fato, Maier e DeGraaf (2000) observaram que pequenas
aves apresentam capacidade de perfurar ovos sintéticos, mas que sdo menos eficientes na

predacdo de ovos de Passeriformes (Maier & DeGraaf 2000).
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Figura 4. Evidéncias de predacdo, possivelmente realizadas por aves (A, C) e mamiferos
(B, D), em ovos sintéticos.

Nosso estudo corrobora, em parte, os resultados observados previamente em um
estudo desenvolvido na llha Anchieta, Sdo Paulo (Alvarez & Galetti 2007); uma regido
que apresenta alta densidade de mamiferos, incluindo muitas espécies introduzidas
(Galetti et al. 2009, Bovendorp et al. 2008). Nesse estudo também foi constatado maior
predacdo em ninhos de solo quando comparados aos de sub-bosque, porém uma predagéo
semelhante e baixa em ovos de codorna e sintéticos no sub-bosque. Esse resultado diverge
dos nossos achados que indicaram que ovos sintéticos sdo mais predados do que ovos de
codorna no sub-bosque. Embora nosso estudo e o desenvolvido por Alvarez e Galetti
(2007) tenham sido realizados em ambientes diferentes, que possivelmente abrigam
distintas assembleias de predadores, as semelhancgas nos resultados destacam que aves

que nidificam no solo apresentam maior pressao de predacao.
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A elevada predacdo em ninhos no solo, conforme evidenciada em nosso estudo,
pode sugerir um aumento potencial no insucesso reprodutivo das aves que selecionam
esse estrato para nidificacdo em sistemas agroflorestais, como algumas espécies da
familia Tinamidae e Caprimulgidae. O baixo sucesso reprodutivo pode acarretar impactos
significativos nas populacfes dessas aves, refletindo-se em declinios populacionais e até
mesmo no aumento do risco de extingdo a longo prazo (Martin 1987). Portanto, o
ambiente aparentemente favordvel das agroflorestas, conforme sugerido em outros
estudos (Cabral et al. 2021, Jarrett et al. 2021), pode atuar como uma armadilha ecoldgica
para certas espécies de aves (Donovan & Thompson 2001). Entretanto, informacdes mais
detalhadas obtidas, por exemplo, de um estudo comparativo entre esse sistema agricola e
habitats nativos, sdo necessarios para entendermos o real impacto das agroflorestas na
reproducéo das aves.

Com base nas evidéncias apresentadas, observamos gque experimentos com ninhos
artificiais revelam uma incidéncia mais elevada de predacdo quando esses ninhos séo
posicionados no solo e sdo compostos por ovos sintéticos. Portanto, recomendamos que
futuros estudos realizem uma escolha criteriosa sobre os protocolos utilizados nos
experimentos de predacdo. Essas decisdes metodologicas devem ser fundamentadas na
pergunta da pesquisa, pois as potenciais espécies de predadores de um dado ambiente
podem afetar os resultados do experimento, uma vez que a predacéo pode ser diretamente

afetada pela localizacdo do ninho e tipo de ovo utilizado no experimento.
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Landscape contexts shape the effects of local factors on the predation of artificial

bird nests in cocoa agroforests
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Abstract

Nest predation represents the pivotal threat to bird reproduction in human-modified
environments. Although some agricultural systems, such as cocoa agroforests, are
considered biodiversity-friendly, there is still a lack of information regarding the impact
of nest predation in these environments. In this context, we assessed the effect of
landscape context (native forest cover, total forest cover, and the number of forest
fragments) and local factors (number of cocoa trees, shade trees, understory plants, and
canopy openness) on the number of predated bird nests in cocoa agroforests. Specifically,
artificial nests were placed on the ground and in the understory of 30 agroforests located
in three regions of the Brazilian Atlantic Forest. Using generalized linear mixed models,
we detected that ground nests are more vulnerable to predation than understory nests,
particularly in the region dominated by agroforests. We also observed an increase in the
number of predated nests in agroforests presenting a high number of understory plants
and cocoa trees, particularly when located in deforested landscapes. In addition,
agroforests composed of a high number of cocoa trees and shaded trees also showed a
high number of predated nests when embedded in landscapes with a reduced number of
forest fragments. Based on findings, we recommend restoring highly deforested
landscapes by either increasing the size of existing forest remnants or creating new forest
fragments. However, in deforested landscapes, we suggest pruning plants growing in the
understory of agroforests. This local strategy could reduce the presence of nest predators
and facilitate cocoa tree management for farmers.

Keywords Atlantic Forest - Avifauna - Agrosystems - Habitat loss — Fragmentation -
Nest failure
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Introduction

Predation has always aroused the interest of ecologists, particularly because this
interaction can present a drastic impact on the population dynamics of prey (Lima 1998).
The reduction in the population size of a species due to predation can ultimately lead to
its extinction (Schoener et al. 2001), thus resulting in a decrease in biological diversity
within ecosystems (Katano et al. 2015). Selective pressures exerted by predators have
enabled the development of a range of defensive adaptations by prey (Cain et al. 2017),
with anti-predatory mechanisms playing a crucial role in organism characteristics,
shaping avoidance and escape strategies, as well as affecting species' reproductive
strategies (Langerhans 2007). In this context, nest predation emerges as one of the main
agents of bird species selection (Martin 1987), affecting life history traits, habitat
utilization, as well as population and community dynamics (Slagsvold 1982; Martin
1987). In fact, nest predation is the primary cause of reproductive failure in birds (Ricklefs
1969; Martin 1993; Robinson and Wilcove 1994), especially in the Neotropics (Mezquida
2004; Dias and Macedo 2011; Menezes and Marini 2017). This phenomenon is influenced
by various factors that can shape the predation, including habitat disturbance facing
human activities that alter the type and abundance of predators, and hence may increase
the pressure on birds (Sosa and Lopez de Casenave 2017; Chen et al. 2022).

In particular, human-modified landscapes present a decrease of quality and
quantity of native habitats, which can affect the dynamic of predators and prey (Laurance
et al. 1997; Fischer et al. 2012; Fleming and Bateman 2018). For instance, in highly
disturbed landscapes, predators may become confined to small habitat fragments, leading
to an increase in the predation (Johnson and Temple 1990; Hoover et al. 1995).
Furthermore, in these landscapes, there is an increase in the abundance of exotic
predators, such as domestic cats (Felis catus) and dogs (Canis familiaris), which exploit
native habitats and anthropogenic matrices (Andrén et al. 1985; Wilcove 1985; Nahid et
al. 2020). However, some agricultural matrices, such as agroforestry systems, can
minimize the impacts of anthropogenic degradation, potentially serving as additional
habitat for several native species (Robinson et al. 1995; Ashby et al. 2017). Due to their
composition, where agricultural crops are planted amidst native or exotic trees,
agroforestry systems can provide shelter for various species and increase matrix
permeability, thereby facilitating the maintenance of biodiversity in human-modified

landscapes (Santos et al. 2022). In particular, cocoa agroforests have shown the ability to
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support a wide variety of species from different biological groups (Cassano et al. 2009),
including birds, which can utilize this system to obtain resources (Cassano et al. 2009;
Cabral et al. 2021; Jarrett et al. 2021). However, there is still a lack of information on how
cocoa agroforests can impact bird reproduction, whether by acting as additional breeding
sites in highly degraded landscapes or by reducing reproductive success due to increased
nest predation events.

In the Neotropical region, the main groups of nest predators of birds are mammals,
reptiles, and birds (Menezes and Marini 2017). Several studies have demonstrated that
these groups are influenced by landscape and local characteristics (Garden et al. 2010;
Cassano et al. 2014; Ferreira et al. 2020; Cardoso et al. 2023). Thus, nest predation is
probably affected by environmental characteristics acting at both spatial scales. For
instance, some previous studies have demonstrated higher bird nests predation in small
forest patches (Marzluff and Restani 1999; Thompson et al. 2002; Herkert et al. 2003,
Stephens et al. 2004). Other studies have shown that nest predation increases markedly in
landscapes with reduced forest cover (Robinson et al. 1995; Hartley and Hunter 1998;
Vander Haegen 2007). In particular, the high nest predation in mosaics of agricultural
lands and forest fragments is associated to a high abundance of generalist predators
(Andren et al. 1985; Andren 1992; Marzluff and Restani 1999), coupled with a higher
likelihood of finding nests in small forest patches (Chalfoun et al. 2002).

At the local scale, previous studies have observed an association between bird nest
predation and vegetation structure (Seibold et al. 2013; de Aguiar et al. 2022). In
particular, higher predation rates were found in habitats with lower local vegetation
density and greater canopy openness (Martin and Joron 2003; Djomo Nana et al. 2015;
de Aguiar et al. 2022). These local determinants play a crucial role in shaping the habitat
quality for nest predators (Seibold et al. 2013), influencing conditions and resource
availability (Ferreira et al. 2020). Additionally, local characteristics impact nest visibility
to predators. For instance, some studies have observed that an increase in vegetation
density can reduce the risk of predation due to the predator's difficulty in movement and
ability to locate the nests (Baines et al. 2004; Tirpak et al. 2006). In the context of
agroforestry systems, we do not know how the habitat structure affects bird nest
predation. However, modifications in the structure of the agroforests resulting from more
intensive management practices are likely to contribute to vegetation homogenization and
the creation of more open canopies, thereby increasing the risk of nest predation.

In our study, we assessed the effect of landscape context (native forest cover, total
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forest cover [native forest and agroforests] and number of forest fragments) and local
factors (number of cocoa trees, shaded trees, understory plants, and canopy openness) on
the number of predated bird nests in cocoa agroforests. Specifically, artificial nests were
placed on the ground and in the understory of 30 agroforests located within the domain
of the Atlantic Forest in northeastern Brazil. In addition, the agroforests were embedded
in three regions with contrasting land-use change patterns (i.e. with different percentages
of native forest cover, and different types and amounts of agricultural lands). We
predicted that (i) predation will be higher in ground nests due to the greater variety of
predators that can more easily access the eggs in this stratum (Matysiokova and Remes
2023; Pretelli et al. 2023). We also predicted that (ii) nest predation will be higher in
highly deforested landscapes (i.e., composed of a reduced amount of native forest),
especially in the most degraded region. In particular, forest loss and degradation can
decrease the resource availability, prompting predators, especially generalist species, to
seek food in alternative environments, such as cocoa agroforests (Fehlmann et al. 2021).
In addition, we expected (iii) a higher nest predation in highly managed agroforests,
characterized by a high number of cocoa trees, reduced number of shaded trees and
understory plants, and consequent increase in canopy openness. Such local conditions are
likely to favor predation due to the vegetation simplification and homogenization, which
can facilitate the visibility of nests by predators, and promote a suitable habitat for the
proliferation of generalist predators (Martin and Joron 2003; Seibold et al. 2013; de
Aguiar et al. 2022). Finally, we expected that (iv) landscape context can modulate the
effect of local factors on nest predation. Specifically, predation may be reduced in highly
managed agroforests when they are located within landscapes composed by a high

percentage of forest cover.

Methods
Study area

The study was conducted in 30 cocoa agroforests distributed across southern
Bahia state, Brazil - an area on the domain of Atlantic forest biome (Fig. 1). In particular,
the cocoa agroforests, separated by at least 2 km from each other, were equally distributed
in three regions (Fig. 1) exhibiting different amounts of native forests, as well as distinct
land uses, such as secondary forests, pasture areas, and plantations of eucalyptus

(Eucalyptus sp), and rubber tree (Hevea brasiliensis) (Cabral et al. 2021). The
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northernmost region (hereafter, High Agroforestry Cover (HAC) region; Fig. 1b) is
distinguished by a moderate forest cover of 42%, a substantial cocoa agroforestry cover
of 39%, and a limited expanse of open areas (mainly cattle pastures), constituting merely
8% of the area. The central portion of our study area (hereafter, High Forest Cover (HFC)
region; Fig. 1c) exhibits a significant extent of forest cover, totaling 53%, primarily
concentrated in the Una Biological Reserve and the Una Wildlife Refuge - two federally
protected conservation units spanning a combined area of 34,804 hectares. Its matrix is
dominated by cocoa agroforestry systems (23%) and cattle pastures (12%). In contrast,
the southernmost region (hereafter, Low Forest Cover (LFC) region; Fig. 1d) exhibits
extensive deforestation, featuring a mere 32% forest cover. The landscape of this region
is notably more homogeneous, characterized by the prevalence of pastures (30%),
eucalyptus plantations (6%), and a minimal presence of cocoa agroforestry (17%). The
average annual temperature of the study area is 25 °C, and precipitation varies between
1200-1800 mm (Mori et al. 1983).
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Fig. 1 Map of the study area, a) showing the spatial distribution of the 30 sampled cocoa
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agroforests (black dots). b) Representation of the HAC region, characterized by moderate
forest cover and high amount of cocoa agroforests. ¢) The HFC region is dominated by
native forests and a moderate amount of cocoa agroforests. d) The LFC region is highly
deforested, with low amount of cocoa agroforests and predominance of pasture areas and
eucalyptus plantations

Landscape characteristics

To calculate the landscape metrics, we used the mapping recently developed by
MapBiomas project that estimated the area designated to cocoa agroforests in 83
municipalities in the Bahia state (MapBiomas Cacau 2023). Then, we used Landscape
Ecology Statistics (lecoS) plugin (Jung 2016) in the QGIS software to estimate three
variables related to landscape structure, two of which are linked to landscape composition
(native forest cover and total forest cover, which considers both native forests and cocoa
agroforests), and one related to landscape configuration (number of native forest
fragments). These metrics were selected based on previous studies highlighting their
importance as predictors of bird diversity in human-modified landscapes (Smith et al.
2011; Boesing et al. 2018). Each landscape variable was estimated within different
buffers (400, 500, 600, 700, 800, 900, and 1000 m) from the center of each cocoa
agroforest. We avoid using buffers greater than 1000 m to ensure independence between
landscapes. Furthermore, we avoided buffers smaller than 400 meters because this is the
minimum size required to accommodate all artificial nests within each agroforest. This
approach was adopted since it is not possible to a priori define the spatial scale for
assessing the effect of landscape variables on the response variable (see more details

below in section “Landscape spatial scale effect”).
Local vegetation structure

In each agroforest, we measured four local descriptors (number of cocoa trees,
number of shaded trees, number of understory plants, and canopy openness) related to
management intensification. We chose these variables because they are directly affected
by the management practices of farmers (Cassano et al. 2014). In addition, these variables
can affect the detectability of nests and the habitat quality for predators (Seibold et al.
2013; de Aguiar et al. 2022). In each agroforest we established 3 plots of 50 x 3 m,
separated by at least 20 m from each other, and counted the number of shaded trees with
a minimal diameter at breast height (DBH) > 10 c¢m, including both native and exotic

species. Additionally, we recorded the number of cocoa trees in each plot. We counted
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the number of understory plants (10-100 cm in height) in 3 subplots of 0.5 x 0.5 m
distributed (0, 25, and 50 m) within each plot, including seedlings, herbaceous plants, and
small shrubs. However, creeping plants were not considered in our assessment. In
particular, the number of cocoa trees, shaded trees and understory plants in each
agroforest was considered the sum of the number of stems recorded in the plots. Using a
Motorola E7 smartphone equipped with a hemispherical fisheye lens, we also estimated
the canopy openness of each agroforest using 3 photos per plot, spaced at least 25 m apart
from each other. The photos were taken at a height of 4 meters to capture the canopy
solely of shade trees, thereby excluding the cocoa trees. Then, we used Gap Light
Analyzer (Glama) application (Frazer et al. 1999) to estimate the average canopy
openness of each agroforest.

Artificial nests predation experiment

In each cocoa agroforest, 40 artificial nests were installed, evenly distributed
between the ground and the understory, with a minimum distance of 15 m between them
(as conducted by Willson et al. 2001; Burke et al. 2004). This distance was adopted to
widely distribute the nests in each agroforestry system. In particular, ground nests were
constructed by creating a small cavity filled with twigs and leaves from the litter (Maier
and DeGraaf 2000), aiming to resemble the nests of ground-nesting bird species in the
region, such as those of the Crypturellus genus. In contrast, understory nests were
constructed using coconut fiber (Cocquelet et al. 2019) and lined with dry leaves and
twigs. These nests were affixed to cocoa trees (at a height of 1.5 to 2 meters) using thin
wire. In each nest, we placed two quail or synthetic eggs (Biagolini-Jr and Perrella 2020).
Thus, in our study, 20 nests were allocated on the ground and 20 in the understory of each
agroforest, half of which comprised quail eggs and the remaining with synthetic eggs.
The number of eggs per nest was defined based on the clutch size of tropical passerine
birds (Boyce et al. 2015). The quail eggs had a length of approximately 25 to 30 mm, and
the synthetic eggs were made of non-toxic plasticine (Corfix) in white color, with a size
similar to quail eggs. We chose to use two types of eggs in our study, given the lack of
consensus in the literature regarding the most appropriate model (Major and Kendal 1996;
Maier and Degraaf 2001; Alvarez and Galetti 2007). Thus, we adopted two of the main
models widely used in studies on artificial nest predation (Part and Wretenberg 2002; de
Aguiar et al. 2022). This approach aims to increase the chances of predation and reduce

possible biases derived from the exclusive choice of a single model of egg, as suggested
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by Alvarez and Galetti (2007).

The experiment was conducted between February and May 2023, and the nests
were exposed for 15 days in each agroforestry plot, encompassing the average incubation
period of Neotropical birds (Sick et al. 1997). Nests were considered predated when at
least one of the eggs showed signs of predation, such as shell breakage in quail eggs or
predation marks on synthetic eggs, including evidence of claw marks, bites, and pecking
(Biagolini-Jr and Perrella 2020).

Landscape spatial scale effect

Given that the influence of landscape metrics on biodiversity is scale-dependent
(Fahrig 2013; Jackson and Fahrig 2015), we conducted a multiscale analysis to determine
the optimal spatial scale (i.e., landscape size, see Fahrig 2013) for assessing the effects of
the landscape metrics on our response variable (number of predated nests). Therefore, we
estimated the total percentage of forest (including native forest and cocoa agroforest),
native forest, and the number of native forest fragments within seven circular landscapes
of different sizes, with radius ranging from 400 to 1000 m. Then, we used linear models
to identify the most suitable landscape size to analyze the effect of each landscape metric
on the number of predated nests. In particular, the best effect scale was defined based on
the size of the landscape in which the relationship between each landscape metric and the
response variable is strongest (i.e., highest relationship coefficient - R?) (Fahrig 2013;
Jackson and Fahrig 2015). More details about the analysis, including the results, can be

seen in the Appendix A in the supplementary material.
Statistical analysis

We first tested the correlation between all local and landscape predictors using a
Pearson’s test to avoid collinearity (r-values > 0.60) within the same model (see results
in Appendix B). We also applied a logarithmic transformation to the number of
understory plants to meet the assumptions of the analyses. Then, we used generalized
linear mixed models with a Poisson distribution, using the ‘glmmTMB’ function available
in the 'gImmTMB' package (Brooks et al. 2017), to assess the effect of environmental
variables on the number of predated nests. We constructed all possible combinations of
models containing from one to four non-correlated predictor variables. In particular, our
complete models were composed of four predictor variables, which included two

environmental descriptors (one local and one landscape predictor), as well as study region
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(HAC, HFC and LFC) and nest location (ground and understory) as categorical factors.
Also, we considered the type of egg (quail or synthetic) as a random factor to control a
possible undesirable effect of this variable on our results. We also constructed models
incorporating interactions between variables to examine how landscape variables can
modulate the impact of local variables on the number of predated nets. Furthermore, we

developed a null model to assess whether the models were better than expected at random.

We used the corrected Akaike Information Criterion for small samples (AICc) to
select the best models. Models with AAICc < 2 were considered parsimonious. We also
evaluated the fit of the plausible models using the 'simulateResiduals’ function from the
'DHARMa' package (Hartig 2020). This function provides significance values for tests of
normality (KS test), overdispersion (dispersion test), and outliers (Outlier test) (see
Appendix C and D). Additionally, we examined the spatial autocorrelation in the residuals
of the best models based on Moran's | autocorrelation coefficient (Legendre 1993) (see
results in Appendix E). All analyses were performed in R 4.2.3 software (R Development
Core Team 2023).

Results

We recorded 637 predated artificial nests, which corresponds to 53.3% of all nests
installed (n = 1200) in the 30 cocoa agroforests (mean = 21.23; standard deviation = 6.87).
Of the total, 54.63% of nests (n = 348) were predated in the ground, while 45.36% of
nests (n = 289) were predated in the understory. We also observed a variation in the
number of nests predated between the studied regions, with the highest predation being
recorded in HAC region (242 nests, 38%), followed by LFC (210 nests, 33%) and HFC
(185 nests, 28%) regions.

Our results highlight seven parsimonious models (AAICc < 2) to explain the
influence of local and landscape variables on the number of predated nests. All of these
models showed good fits and met all assumptions (Appendix C and D). In addition, spatial
autocorrelation was not identified in the residuals of the parsimonious models (Appendix
E). We observed that the study region and nest location have a significant effect (P <
0.005) on the number of predated nests in cocoa agroforests (Table 1). In particular, we
recorded a higher number of predated nests on the ground (Fig. 2a), especially in the HAF
region (Fig. 2b).

Table 1. Parameters of the best models (AAIC < 2) used to explain the number of predated
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artificial bird nests in 30 cocoa agroforestry systems located in the Brazilian Atlantic
Forest. The significant variables (P < 0.05) are highlighted in bold.

Model Estimate  Std. Error  z-value P-value
Intercept 0.67403 0.76079 0.886 0.375
Native forest cover 0.04116 0.01837 2.241 0.025
Number of understory plants 0.28093 0.15596 1.801 0.071
LFC -0.17513  0.10353 -1.692 0.091
HFC -0.23676  0.09974 -2.374 0.017
Understory -0.18577  0.07958 -2.334 0.019
Native forest cover : Number of -0.00959  0.00392 -2.447 0.014

understory plants

Model Estimate  Std. Error  z-value P-value
Intercept 0.82423  0.31347 2.629 0.008
Number of forest fragments 0.05511  0.01714 3.214 0.001
Number of cocoa trees 0.01168  0.00391 2.993 0.002
Understory -0.18577  0.07958 -2.334 0.019

Number of forest fragments : Number -0.00072  0.00026 -2.757 0.005
of cocoa trees

Model Estimate  Std. Error  z-value P-value
Intercept -0.02984  0.90044 -0.302 0.973
Total forest cover 0.02323  0.01055 2.202 0.027
Number of cocoa trees 0.03463  0.01265 2.74 0.006
LFC -0.15126  0.10889 -1.389 0.164
HFC -0.24534  0.10397 -2.36 0.018
Understory -0.18577  0.07958 -2.334 0.019

Total forest cover : Number of cocoa -0.00041 0.00015 -2.733 0.006

trees
Model Estimate  Std. Error  z-value P-value
Intercept 1.72553 0.17664 9.768 <0.001
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Number of forest fragments 0.00939  0.00447 2.097 0.035
LFC -0.17004  0.09526 -1.785 0.074
HFC -0.27704  0.09774 -2.834 0.004
Understory -0.18577  0.07958 -2.334 0.019
Model Estimate  Std. Error  z-value P-value
Intercept 1.40337 0.26028 5.392 <0.001
Number of forest fragments 0.03307 0.01225 2.699 0.006
Number of shade trees 0.00986  0.00534 1.845 0.065
LFC -0.11956  0.09947 -1.202 0.229
HFC -0.26221  0.09868 -2.657 0.007
Understory -0.18577  0.07958 -2.334 0.019
Number of forest fragments : Number -0.00094  0.00046 -2.039 0.041
of shade trees

Model Estimate  Std. Error  z-value P-value
Intercept 1.13797 0.35366 3.218 0.001
Number of forest fragments 0.04371 0.01787 2.446 0.014
Number of cocoa trees 0.00838 0.00425 1.973 0.048
LFC -0.11814  0.10334 -1.143 0.252
HFC -0.19814  0.10646 -1.861 0.062
Understory -0.18577  0.07958 -2.334 0.019
Number of forest fragments : Number -0.00054  0.00027 -1.968 0.049
of cocoa trees

Model Estimate  Std. Error  z-value P-value
Intercept 0.33969 0.75858 0.448 0.654
Native forest cover 0.04658 0.01863 2.501 0.012
Number of understory plants 0.32354 0.15672 2.064 0.038
Understory -0.18577  0.07958 -2.334 0.019
Native forest cover : Number of -0.01074  0.00399 -2.692 0.007
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Fig. 2 Effects of nest location (a) and study region (b) on the number of predated bird
nests in 30 cocoa agroforests. The regions are categorized as HAC (High Agroforest
Cover), HFC (High Forest Cover), and LFC (Low Forest Cover), as highlighted in Figure
1. Boxes represent the interquartile range (IQR), with the central bar indicating the
median, and whiskers extending up to 1.5*IQR. Different letters indicate significant
differences (P < 0.05) among groups

Our models revealed that several predictors, both local and landscape scale,
significantly affect the number of predated nests. In addition, the majority of
parsimonious models evidenced that the effect of local variables on predated nests depend
on the landscape context (significant effects of the interaction between local and
landscape variables, see Table 1). In particular, our findings evidenced an increase in the
number of predated nests in cocoa agroforests with a high number of understory plants
and situated in landscapes with low native forest cover, but the opposite pattern occurred
in more forested landscapes (Fig. 3a). We also observed that nest predation increases in
agroforests with a high number of cocoa trees and embedded in landscapes with low total
forest cover, but the opposite pattern occurred in more forested landscapes (Fig. 3b).
Furthermore, we detected that the number of predated nests increases in agroforests with
a high number of cocoa trees, but when situated in landscapes with low fragmentation
level (i.e., with a reduced number of forest fragments). However, this pattern is altered in

highly fragmented landscapes (Fig. 3c). Finally, our results also highlighted that the
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number of predated nests increases in agroforests with a high number of shaded trees,
particularly when situated in landscapes with low number of forest fragments, although

an opposite pattern was observed in highly fragmented landscapes (Fig. 3d).
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Fig. 3 Interactive effects of landscape characteristics (native forest cover, total forest
cover and number of forest fragments, on the x-axis) and local structure (number of cocoa
trees, shaded trees, understory plants, on the y-axis) on the number of predated bird nests
(represented by a color gradient) in cocoa agroforests. Dark shades of blue suggest
scenarios of low predation, while those approaching red indicate scenarios with a higher
number of predated nests
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Discussion

Our study revealed that bird nest predation varies according to the local
characteristics of cocoa agroforests and landscape context. In particular, we observed that
ground nests are more vulnerable to predation than understory nests, especially at sites
located in the region presenting high agroforestry cover. Our findings also indicated that
agroforests composed of a high number of cocoa trees, understory plants and shaded trees
experience higher nest predation when located in landscapes with low forest cover and a
reduced number of forest fragments. As discussed below, these results have severe

impacts on bird survival in human-modified landscapes.

As predicted, we demonstrated that predation is more intense in ground nests; a
pattern also observed in previous studies conducted in tropical forests (Ricklefs 1969;
Soderstrom 1999; Pangau-Adam et al. 2006; Alvarez and Galetti 2007; Galvéo et al.
2018). Indeed, the broad spectrum of ground nest predators, particularly mammals and
reptiles (Galetti et al. 2009; Galvao et al. 2018; Matysiokova and Remes 2023; Pretelli et
al. 2023), combined with the ease of nest detection in this stratum, has been identified as
the primary factor contributing to elevated rates of predation in ground nests (Chen et al.
2015; Matysiokova and Remes 2023; Pretelli et al. 2023). Previous studies in the Atlantic
Forest highlight tegus (Salvator merianae), opossums (Didelphis aurita), coatis (Nasua
nasua), and agoutis (Dasyprocta spp.) as the main predators of ground nests (Alvarez and
Galetti 2007; Galetti et al. 2009; Gallo and Abessa 2014; Galvdo et al. 2018).
Furthermore, domestic animals such as dogs (Canis lupus) and cats (Felis catus),
acknowledged as significant threats to avifauna (Ferreira and Genaro 2017; Doherty et al.
2017; Malpass et al. 2018; Siqueira et al. 2020), may have contributed to the high
predation observed in ground nests. In particular, these animals were commonly detected
in a work conducted in cocoa agroforests in the same studied area (Cassano et al. 2014;
Ferreira et al. 2020), possibly due to the ease of access of these exotic predators to the
agroforests located near human settlements. These findings may indicate that ground-
nesting birds in cocoa agroforests, such as species from the families Tinamidae and
Caprimulgidae, exhibit more vulnerable populations, hence facing a higher risk of local

extinction.

Contrary to our prediction, we identified that the region with moderate forest
cover and high amount of agroforestry systems (HAC region) exhibited the highest

number of predated bird nests. This result may be associated with the intermediate
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disturbance hypothesis (Connell 1978), given that the HAC region exhibits high
heterogeneity of forested environments, including secondary and primary native forests,
cocoa agroforests and rubber plantations, which could increase the diversity of nest
predators (Benton et al. 2003; Tews et al. 2004; Jeliazkov et al. 2016). Furthermore, this
region hosts two of the most populous cities, Ilhéus and Itabuna, in the Bahia state, which
may facilitate the presence of exotic predators in the agroforests. Therefore, such
characteristics may increase the abundance of predators, thus contributing to high
predation rates on bird nests. In contrast, the reduced number of predated nests in the high
forest cover region may indicate that a high amount of native habitat in this region allows
predators to obtain necessary resources from forest remnants, thus avoiding foraging in
agricultural systems such as cocoa agroforests (Ferreira et al. 2020).

Our findings highlighted an increase in the number of predated nests in cocoa
agroforests presenting a high number of understory plants and cocoa trees, particularly
when located in deforested landscapes. This result contrasts with previous studies that
indicated a reduction in bird nest predation in habitats with denser vegetation (Martin and
Joron 2003; Seibold et al. 2013; Djomo Nana et al. 2015; de Aguiar et al. 2022). In
particular, in highly deforested landscapes, agroforests are expected to serve as
supplementary habitat for various species (Tscharntke et al. 2012; Arroyo-Rodriguez et
al. 2020), including predators, due to the scarcity of resources found in the few and
degraded forest remnants. In addition, agroforests with a dense understory are likely to
provide more suitable climatic conditions (Hawke and Wedderburn 1994), which could
favor foraging activity and thus lead to an increase in nest predation. The increase of local
vegetation density also promotes an enhancement in the leaf litter layer on the ground, a
crucial aspect for reptiles (Wanger et al. 2009), such as snakes and lizards, which play a
pivotal role as nest predators (Menezes and Marini 2017). For instance, Salvator
merianae, a voracious egg predator, is commonly observed in areas with dense vegetation
(Ferreguetti et al. 2018). In addition, sites composed of denser vegetation may provide
numerous pathways for predators, such as snakes, thereby facilitating access to the nests
(Koenig et al. 2007).

We also detected an increase in the number of predated nests in cocoa agroforests
composed by a high number of cocoa trees and shaded trees and located in landscapes
with low fragmentation level (i.e., with a reduced number of forest fragments). In these

agroforests, the presence of large trees can create suitable habitat for various predators
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that feed on eggs, such as some primates and scansorial species, such as the D. aurita and
Eira barbara (Menezes and Marini 2017). These species have been extensively
documented in previous studies conducted in cocoa agroforests (Cassano 2012; Cassano
et al. 2014; Ferreira et al. 2020). In addition, in our region, jackfruit trees are widely used
in the agroforests to shade cocoa trees (Piasentin et al. 2014), with their fruit commonly
appreciated by omnivorous primates such as Callithrix jacchus, C. penicillata, and
Leontopithecus chrysomelas. In particular, these primate species are recognized as
voracious predators of bird nests (Menezes and Marini 2017; Zaluar et al. 2022). Another
hypothesis that could explain this result is associated with cross-habitat spillover (see
Blitzer et al. 2012; Tscharntke et al. 2012). In landscapes with low levels of
fragmentation, the connection between forest remnants may favor the movement of native
species, such as generalist mesopredators, thereby increasing the likelihood of accessing
cocoa agroforests. In fact, spillover from native habitat to agricultural systems has been
documented for a wide range of species, including predatory birds (Bianchi et al. 2006;
Maas et al. 2015; Boesing et al. 2017) and mammals (Estavillo et al. 2013). For instance,
D. aurita exhibits the ability to move from forest patches to matrix, especially in more
forested landscapes (Estavillo et al. 2013). This ability also may be observed in N. nasua,
as evidenced by similar capture rates in both native forests and cocoa agroforests in the
same studied area (Cassano et al. 2012).

Despite the clear results presented in our study, we acknowledge that experiments
involving the use of artificial nests have some limitations compared to natural nests, such
as absence of parental care, characteristics of the nests, and egg texture and size, that may
affect the predation (Major and Kendal 1996). While our study aims to mitigate potential
biases associated with this method (e.g., using eggs with different textures, employing
local materials in nest composition, and replicating the size and shape of nests with those
of medium-sized birds inhabiting the region), we recognize that predation rates in
artificial nests may differ from real-world conditions. However, by standardizing the
same method across all sampled agroforests, we controlled for potential methodological
biases, enabling us to assess the impact of environmental factors on the number of
predated artificial nests. Also, it is important to emphasize that locating and non-
invasively monitoring natural nests is a challenging task. Therefore, the use of artificial
nests continues to be widely employed in ecological studies (Djomo Nana et al. 2015;
Kriger et al. 2018; Cocquelet et al. 2019; Bravo et al. 2022).
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In our study, we limited our sampling to cocoa agroforestry systems, and
therefore, we do not know if the effect of local and landscape variables on nest predation
operates in the same way in native habitats, such as forest remnants. Therefore, we
recommend that future research be dedicated to comparing predation rates between these
environments, enabling a more comprehensive understanding of the role of cocoa
agroforests in bird nest predation. We also suggest that future studies monitor bird nests
(e.g. using camera traps) to identify potential predators and understand how the predator

community is altered in response to environmental changes.
Conservation implications

Our results highlighted several scenarios (see Fig. 3) showing high predation on
artificial nests, which may disadvantage the reproductive success of birds nesting in cocoa
agroforests. This is concerning, considering that high rates of nest predation can drive
population decline and increase the likelihood of species extinction (Martin 1987).
Although this negative effect was evidenced particularly for birds nesting in the
understory and on the ground, such as members of the families Pipridae, Caprimulgidae
and Tinamidae, other species that use canopy stratum may also have their populations
threatened. This is the case of Pink-legged Graveteiro - Acrobatornis fonsecai, an
endemic and endangered bird species that exclusively inhabits cocoa agroforests in
southern Bahia (Cassano et al. 2009).

Our study revealed that landscape context shapes the effects of local factors on
the number of predated nests. In particular, we observed that nest predation is less intense
in agroforests located in more forested landscapes presenting a high number of forest
fragments. Therefore, we recommend restoring highly deforested landscapes. This
conservation strategy can be implemented by increasing the size of existing forest
remnants, as well as by creating new forest fragments in severely degraded landscapes.
Additionally, our study found that agroforests with a moderate to high number of
understory plants, situated in landscapes with intermediate forest cover, exhibit a low
number of predated nests. Thus, we recommend restoring severely deforested landscapes
until they achieve intermediate levels of forest cover, as well as maintaining these levels
in landscapes that already possess such coverage. We believe that implementing this
management strategy is feasible for producers. In addition to landscape-scale measures,
strategies at the local scale can reduce predation and even benefit farmers. For instance,

in highly deforested landscapes, a scenario commonly observed in southern Bahia
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(MapBiomas 2023), another alternative would be trimming undergrowth plants. This
local management strategy may attract fewer predators and facilitate cocoa tree

management for local farmers.
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Appendix A. Scale of landscape effects.

Considering that the effect of landscape variables on biodiversity depends on the
spatial scale at which predictors are measured (i.e. the so-called “scale of landscape
effects”; sensu Fahrig 2013; Jackson and Fahrig 2015), we estimated native forest cover,
number of forest fragments and total forest cover (native forest cover and cocoa cover)
within seven different-sized buffers (i.e., landscapes), ranging from 400- to 1000-m
radius. Thus, we obtained landscapes of 50.24 ha (400 m), 78.50 ha (500 m), 113.04 ha
(600 m), 153.86 ha (700 m), 200.96 ha (800 m), 254.34 ha (900 m) and 314 ha (1000 m).
We used Linear Models to identify the landscape size most appropriate to analyze the
effect of each landscape variable on the number of predated nests. Following Fahrig
(2013) and Jackson and Fahrig (2015), the scale of effect of each landscape predictor was
simply defined as the landscape size in which the landscape-response relationship was

strongest (i.e., with the highest R? and the lowest p-valug).

Table Al. Results of association between landscape size and the strength of the
relationship (highest R? and the lowest p-value) between each landscape variable (native
forest cover, number of forest fragments and total forest cover) and response variable
(number of predated nest).

Landscape metric Buffer size (m) R2 P-value
Native forest cover 400 0.02 0.10
Native forest cover 500 001 0.14
Native forest cover 600 0.02 0.12
Native forest cover 700 0.01 0.15
Native forest cover 800 0.01 0.16
Native forest cover 900 0.01 0.5
Native forest cover 1000 0.01 0.20
Number of forest fragments | 400 0.00 0.83
Number of forest fragments 500 0.00 0.76
Number of forest fragments 600 0.01 0.46
Number of forest fragments 700 0.05 0.21
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Number of forest fragments
Number of forest fragments

Number of forest fragments

Total forest cover
Total forest cover
Total forest cover
Total forest cover
Total forest cover
Total forest cover

Total forest cover
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Fahrig L (2013) Rethinking patch size and isolation effects: the habitat amount

hypothesis. Journal of Biogeography 40: 1649-1663.

Jackson HB, Fahrig L (2015) Are ecologists conducting research at the optimal scale?
Global Ecology and Biogeography 24: 52—63.
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Appendix B. Correlation matrix.

Table B1. Correlation matrix used to evaluate the correlation between local and landscape
variables. The value of the correlation coefficient using Pearson’s test is presented in each
cell.

Native = Total Number of = Number of = Number @ Canopy Number

forest Forest = forest understory | of shade | openness | of cocoa
cover cover | fragments  plants trees trees
Native 1.00 0.43 -0.60 -0.08 0.45 0.33 -0.14
forest cover
Total forest = 0.43 1.00 0.07 -0.24 0.13 0.33 0.12
cover
Number of  -0.60 0.07 1.00 -0.36 -0.52 0.14 -0.12
forest
fragments
Number of  -0.08 -0.24 -0.36 1.00 0.30 -0.38 0.20
understory
plants
Number of | 0.45 0.13 -0.52 0.30 1.00 0.22 0.17
shade trees
Canopy 0.33 0.33 0.14 -0.38 0.22 1.00 -0.27
openness
Number of  -0.14 0.12 -0.12 0.20 0.17 -0.27 1.00

cocoa trees
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Appendix C. Adequacy test for parsimonious models

We tested the assumptions of the residuals of best models through an advanced
diagnostic approach using the 'simulateResiduals’ function from the 'DHARMa’ package
(Hartig and Lohse 2020). This function provides significance values for normality tests
(KS test), overdispersion (Dispersion test), and outliers (Outlier test), which are presented
in the left plot. Significance values (P < 0.05) indicate that the model did not meet the
respective assumption (Da Silva et al. 2022). In the right-hand plot, we conducted a visual
analysis to assess the homogeneity of the residuals' variances with respect to the predicted
variable. The presence of a red curve in this plot may indicate the lack of homogeneity in
variances (Da Silva et al. 2022).

Table C.1 Best models (AAIC < 2) used to explain the effect of several environmental
predictors on the number of predated nests.

Models k| AICc Delta AlICc AICcWt
Model 1= Native forest cover x Number of understory plants + Region + Stratum 8 562.21 0.00 0.09
Model 2= Number of forest fragments x Number of cocoa trees + Stratum 6 562.49 0.28 0.08
Model 3= Total forest cover x Number of cocoa trees + Region + Stratum 8 562.95 0.75 0.06
Model 4= Number of forest fragments + Region + Stratum 6 563.12 0.91 0.06
Model 5= Number of forest fragments x Number of shade trees + Region + Stratum 8 563.38 1.17 0.05
Model 6= Number of forest fragments x Number of cocoa trees + Region + Stratum 8 563.54 1.34 0.05
Model 7= Native forest cover x Number of understory plants + Stratum 6 564.11 1.90 0.03
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Observed

10

08

06

04

02

00

KS test: p=0.51835
Deviation n.s.

QQ plot residuals

DHARMa residual

Model predictions (rank transformed)

Residual vs. predicted
No significant problems detected

04

Expected

T
06

g8
< ] o ©
ol o o
o g0 © N o o
o
..-—a——"’k . o e
[ et ° , - B -
=] o o o ©
= e 3 @ o
[} °© @ o 0
a o ooO o
o < o o
2 o o =
o © -
= [=)
r
<
T
[s}
w
&
o
Qutlier test p=1
o
Deviation n.s. o
f=]
T 1 T T T T T 1
0.8 1.0 0.0 0.2 04 0.6 038 1.0

Fig C.2 - Adequacy test of the residuals of model 2.

Model predicfions (rank transformed)

69



Observed

1.0

08

06

04

02

0.0

DHARMa residual

QQ plot residuals

KS test: p= 0.54656
Deviation n.s.

Dispersion test: p= 0.448
Deviation n.s.

Qutlier test: p=1
Deviation n.s

T T T T T 1
04 06 08

Expected

DHARMa residual

1.00

0.75

050

025

0.00

Residual vs. predicted
No significant problems detected

o
0o ° RN X o0
o
° o 0% o . ] .
©
o o
N P —T——N\_
o © 002
o °
© o @ o
4 o
o ° @

Fig C.3 - Adequacy test of the residuals of model 3.

QObserved

1.0

08

0.6

04

02

0.0

DHARMa residual

QQ plot residuals

KS test: p= 0.31476
Deviation n.s.

Outlier test: p=1
Deviation n.s.

[ T T T T 1
06 08 1.0

Expected

DHARMa residual

1.00

0.75

0.50

025

0.00

0.0 02 04 06 08 10
Model predictions (rank transformed)
Residual vs. predicted
No significant problems detected
o © ° o o
o o o o
o & oo, 3
o < o
o 4 ° o
oo © (-] o @ =}
_ge- - it B i __
o o° o
o @ o
o o =]
o ) @ °
o Q
o %o
o - o
o o
o o0 Q o
o o
o ° o ? °
_____ - -- 2 - & -
=3
o oo R oo
o ¢ o
oot © @ o © o % 5
o o o o
I T T T T 1
0.0 02 04 06 08 10

Model predictions (rank transformed)
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Fig C.5 - Adequacy test of the residuals of model 5.
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Fig C.6 - Adequacy test of the residuals of model 6.
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Fig C.7 - Adequacy test of the residuals of model 7.
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Appendix D. Overdispersion test

We tested the presence of overdispersion using the ‘check_ overdispersion'

function from the 'performance’ package (Lidecke et al. 2021) in R software (R

Development Core Team 2023). This function utilizes a chi-squared distribution and the

dispersion ratio value to assess the presence of overdispersion in the model (Da Silva et

al. 2022). When this result is statistically significant (P < 0.05), it indicates the presence

of overdispersion (Da Silva et al. 2022).

Table D.1 Overdispersion test on residues of best models used to explain the effect of

several environmental predictors on number of predated nests.
dispersion

Models

Model 1= Native forest cover x Number of understory
plants + Region + Stratum

Model 2= Number of forest fragments x Number of
cocoa trees + Stratum

Model 3= Total forest cover x Number of cocoa trees +
Region + Stratum

Model 4= Number of forest fragments + Region +
Stratum

Model 5= Number of forest fragments x Number of
shade trees + Region + Stratum

Model 6= Number of forest fragments x Number of
cocoa trees + Region + Stratum

Model 7= Native forest cover x Number of understory
plants + Stratum
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ratio
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Appendix E. Spatial autocorrelation test

We examined the presence of spatial autocorrelation on residuals of best models
by applying the Moran's | test (Legendre 1993), utilizing the geographic coordinates
(latitude and longitude) of the sampling locations where data were collected.
Subsequently, we constructed an inverse distance matrix with zero diagonals to account
for spatial relationships when conducting the Moran's | test on the residuals of the
generalized linear model (GLMM), following the approach outlined in Guisan et al.
(2017). This method considers that the values of P < 0.05 suggest spatial correlation
between the variables (Gittleman and Kot 1990).

Table E.1 Spatial autocorrelation test on residues of best models used to explain the effect
of several environmental predictors on number of predated nests.

Models P- Moran’s
value |

Model 1= Native forest cover : Number of understory plants + Region + 0.300 -0.097
Stratum

Model 2= Number of forest fragments : Number of cocoa trees + Stratum 0.330 0.024
Model 3= Total forest cover : Number of cocoa trees + Region + Stratum 0.619 -0.064
Model 4= Number of forest fragments + Region + Stratum 0.209 -0.111
Model 5= Number of forest fragments : Number of shade trees + Region + 0.190 @ -0.114
Stratum

Model 6= Number of forest fragments : Number of cocoa trees + Region + 0.918 -0.028
Stratum

Model 7= Native forest cover : Number of understory plants + Stratum 0.522 -0.073
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CONCLUSAO GERAL

No geral, nosso estudo revelou que experimentos de ninhos artificiais em
agroflorestas de cacau sdo mais suscetiveis a predacdo quando localizados no solo e
compostos por ovos sintéticos, sobretudo na regido composta principalmente por sistemas
agroflorestais e moderada cobertura florestal. Além disso, nossas descobertas também
destacam que a viabilidade das agroflorestas de cacau como habitats reprodutivos para as
aves depende de uma interacdo complexa entre fatores locais e da paisagem.
Particularmente, observamos que caracteristicas da paisagem moldam o efeito de fatores
locais sobre a predacdo. Especificamente, revelamos um aumento na predacao de ninhos
em agroflorestas de cacau com maior nimero de plantas no sub-bosque e cacaueiros,
desde que inseridos em paisagens mais desmatadas. Além disso, também evidenciamos
um maior impacto da predacdo em agroflorestas com elevado nimero de cacaueiros e

arvores sombreadoras, mas somente quando inseridas em paisagens menos fragmentadas.

Com base em nossos resultados, recomendamos que os estudos futuros que
utilizem experimentos com ninhos artificiais empreguem mais de um modelo de ovo, a
fim de aumentar a chance de predacdo por uma ampla gama de predadores e minimizar
efeitos indesejaveis oriundos do modelo escolhido. Contudo, reafirmamos que pesquisas
experimentais utilizando-se de ninhos artificiais sdo uma ferramenta relevante para
avaliacdo de padrdes de predacdo de ninhos de aves. Esta abordagem oferece a vantagem
do controle metodoldgico pelo pesquisador, além de ser um método ndo invasivo para as
aves. Também recomendamos que as medidas de conservacdo sejam prioritariamente
direcionadas para 0 aumento dos remanescentes existentes ou criagdo de novos
fragmentos florestais. Além disso, uma alternativa mais palpavel, considerando os atuais
cenarios das paisagens do sul da Bahia e uma maior viabilidade do ponto de vista dos
agricultores, seria a poda de plantas que crescem no sub-bosque das agroflorestas
inseridas em paisagens mais desmatadas. Como apresentado aqui, nesse contexto houve
uma reducdo da predacdo, alem de ser uma estratégia de manejo comumente empregada
pelos produtores. Também sugerimos que estudos futuros monitorem ninhos de aves
(utilizando, por exemplo, armadilhas fotograficas) para identificar potenciais predadores
e compreender como a comunidade de predadores é alterada em resposta as mudancas
ambientais. Por fim, consideramos que os resultados aqui apresentados fornecem insights
valiosos para o planejamento de paisagens agricolas mais amigaveis a reproducdo das

aves.
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Apéndices
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Apéndice A: Fotos de duas agroflorestas de cacau localizadas na cidade de Ilhéus -
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Apéndice B: Fotos dos ninhos artificiais instalados no sub-bosque (1, 3) e no solo (2, 4)
das agroflorestas de cacau
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Apéndice C: Fotos de sinais de predacéo feitas em ovos sintéticos (1, 3) e de codorna (2,
4)
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