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RESUMO

Ao longo do tempo, os sistemas agricolas passaram por intensificacao para aumentar a producao
e a seguranca alimentar. No entanto, essas mudangas no uso da terra resultaram em declinios
na biodiversidade e nos servigos ecossistémicos, como a polinizagdo, impactando
negativamente a producao e a seguranga alimentar. A diversidade de polinizadores ¢ crucial
para aumentar a resiliéncia dos servigos de polinizacdo, e as perdas nessa diversidade podem
ser mitigadas ou até revertidas por sistemas agroflorestais, que oferecem maior complexidade
estrutural em comparacdo com sistemas agricolas intensivos. Embora numerosos estudos
tenham explorado a dinamica da polinizagdao em sistemas agroflorestais nos ultimos anos, seus
resultados permanecem dispersos. Além disso, os efeitos das praticas agroflorestais na
polinizagdo t€m sido avaliados principalmente de forma teérica, em vez de experimental. Dessa
forma, esta tese teve trés objetivos principais, que estruturam o trabalho em trés capitulos: (1)
revisar a literatura existente sobre polinizagdo em sistemas agroflorestais de maneira global,
identificando tendéncias gerais, lacunas de conhecimento e oportunidades de pesquisa futura;
(2) conduzir uma sintese de evidéncias globais avaliando como as praticas de manejo
agroflorestal de café afetam a diversidade de polinizadores; (3) determinar os efeitos de fatores
de manejo agroflorestal locais e regionais na diversidade funcional de abelhas polinizadoras e
seus impactos no rendimento e na qualidade dos frutos da acerola (Malpighia emarginata DC.)
em Pernambuco, nordeste do Brasil. Para atingir esses objetivos: (1) caracterizamos e
quantificamos sistematicamente a literatura publicada globalmente com base em seus aspectos
biogeograficos, econdmicos e ecologicos, e sintetizamos as descobertas sobre como as praticas
agroflorestais influenciam os polinizadores e os servicos de polinizagdo; (2) conduzimos uma
meta-analise global utilizando estudos que avaliaram os efeitos da quantidade de recursos
florais locais e da cobertura de arvores de sombra, bem como a distancia para florestas naturais
sobre a abundincia e a riqueza de polinizadores em sistemas agroflorestais de café,
considerando fatores moderadores chave como o clima; (3) empregamos uma abordagem de
resposta-efeito para investigar os impactos da cobertura floral e da intensidade luminosa
(representando o manejo local), bem como da cobertura florestal (representando o manejo
regional) na diversidade funcional dos polinizadores de acerola e na qualidade e rendimento
dos frutos. Nossos principais resultados sdo os seguintes: (1) os niveis de servicos de
polinizacdo podem ser semelhantes ou até mesmo mais elevados em sistemas agroflorestais do
que em sistemas agricolas convencionais; (2) ha uma forte correlagdo entre o aumento de
recursos florais locais e uma maior diversidade de polinizadores de café. Além disso, a relagao

entre a cobertura de arvores de sombra e a distancia para florestas naturais com a diversidade

X1V



de polinizadores de café ¢ amplamente influenciada pelas condi¢des climaticas. O aumento dos
niveis de precipitagdo € o principal fator, embora ndo seja o Unico, que afeta negativamente essa
relacdo, impactando assim a diversidade de polinizadores de forma independente; (3) a
abordagem de resposta-efeito sugere que as praticas de manejo agroflorestal exercem uma
influéncia indireta na qualidade dos frutos. Embora os recursos florais nao afetem a diversidade
funcional dos polinizadores, ¢ imperativo manter niveis reduzidos de intensidade luminosa e
preservar diferentes graus de cobertura de floresta natural ao redor das areas agroflorestais que
promovem uma comunidade diversificada de polinizadores para otimizar a qualidade dos
frutos. Nosso estudo enfatiza a importancia das praticas sustentaveis de manejo agroflorestal
na promog¢ao dos servigcos de polinizagdo e na maximiza¢do do rendimento e qualidade dos

frutos.

Palavras-chave: Agroecossistemas; diversidade de polinizadores; manejo agricola; produgao

de culturas; servigos ecossistémicos.
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ABSTRACT

Over time, agricultural systems have undergone intensification to enhance food production and
security. However, these changes in land use have resulted in declines in biodiversity and
ecosystem services, such as pollination, negatively impacting food production and security.
Pollinator diversity is crucial for enhancing the resilience of pollination services, and losses in
this diversity could be mitigated or even reversed by agroforestry systems, which offer greater
structural complexity compared to intensive agricultural systems. While numerous studies have
explored pollination dynamics in agroforestry systems in recent years, their findings remain
scattered. Additionally, the effects of agroforestry practices on pollination have primarily been
examined theoretically rather than experimentally. Thus, this thesis had three primary
objectives that structure the thesis into three chapters: (1) to review the existing literature on
pollination in agroforestry systems worldwide, identifying general trends, knowledge gaps, and
future research opportunities; (2) to conduct a global evidence synthesis evaluating how coffee
agroforestry management practices affect pollinator diversity; (3) to determine the effects of
local and regional agroforestry management factors on pollinating bee functional diversity and
their impacts on fruit yield and quality of acerola (Malpighia emarginata DC.) in Pernambuco,
northeastern Brazil. To achieve these objectives: (1) we systematically characterized and
quantified global published research based on its biogeographical, economic, and ecological
facets, and synthesized findings regarding how agroforestry practices influence pollinators and
pollination services; (2) we conducted a global meta-analysis using studies that evaluated the
effects of the amount of local floral resources and shade-tree cover, as well as the distance to
natural forests on pollinator abundance and richness in coffee agroforestry systems, considering
key moderating factors such as climate; (3) we employed a response-effect framework to
investigate the impacts of floral cover and light intensity (representing local management) as
well as forest land cover (representing regional management) on the functional diversity of
acerola pollinators and fruit quality and yield. Our main findings are as follows: (1) levels of
pollination services may be similar or even higher in agroforestry systems than in conventional
agricultural systems; (2) strong correlation between increased local floral resources and
enhanced diversity of bee pollinators. Additionally, the relationship between shade-tree cover
and distance to natural forest largely hinges on climatic conditions, with increased levels of
precipitation being the main factor, albeit not the sole one, negatively affecting the relationship
between shade-tree cover and distance to natural forests, consequently impacting pollinator
diversity separately; (3) the response-effect framework suggest that management practices exert

an indirect influence on fruit quality Although floral resources did not directly affect pollinator

XVI



functional diversity, it is imperative to maintain reduced light intensity levels and preserve
varying degrees of natural forest cover around agroforestry areas that foster a diverse
community of pollinators to optimize fruit quality. Our study underscores the importance of
sustainable agroforestry management practices in fostering pollination services and maximizing

fruit yield and quality.

Keywords: Agricultural management; agroecosystems; ecosystem services; pollinator

diversity; Crop production.
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1. INTRODUCAO GERAL
1.1. Objetivos e questionamentos

Nas ultimas décadas, as pesquisas sobre polinizagdo em sistemas agroflorestais t€ém
gerado resultados significativos (e.g., REED et al., 2017; BARRIOS et al., 2017; KUYAH;
OBORN; JONSSON, M., 2018). No entanto, essas descobertas estio dispersas, dificultando
uma avaliagdo abrangente sobre se os sistemas agroflorestais poderiam servir como uma
alternativa sustentavel e vidvel aos sistemas agricolas convencionais (CENTENO-
ALVARADO; LOPES; ARNAN, 2023). Essa avaliacao ¢ crucial para determinar se os sistemas
agroflorestais poderiam aprimorar ou ao menos manter os servigos de polinizacdo em
comparagdo com 0s sistemas agricolas convencionais, garantindo assim a seguranga alimentar.
Além disso, o tema tem sido predominantemente abordado teoricamente em vez de explorado
experimentalmente (por exemplo, KAY et al., 2018). Dentro desse contexto, realizamos uma
revisdo detalhada da literatura publicada at¢é o momento sobre polinizacdo em sistemas
agroflorestais em todo o mundo. Caracterizamos e quantificamos sistematicamente os estudos
com base na biogeografia, economia e aspectos ecoldgicos. Embora tenhamos sido capazes de
estabelecer alguns padrdes gerais, esse trabalho inicial também destaca a falta de aten¢dao dada
a eficacia das praticas de manejo agroflorestal, que permanece pouco avaliada (CENTENO-
ALVARADO; LOPES; ARNAN, 2023). Diante dessa lacuna, realizamos uma meta-analise
global para investigar como as praticas de manejo em sistemas agroflorestais de café (i.e., os
sistemas agroflorestais mais predominantes em regides tropicais; FAO, 2022) influenciam a
diversidade de polinizadores. Nosso estudo visou testar se o aumento de recursos florais locais,
maior cobertura de arvores de sombra e distancias mais curtas para florestas naturais
incrementam a diversidade de polinizadores, fornecendo mais oportunidades de forrageamento,
abrigo e locais de nidificagdo, e melhorando a conectividade do habitat. Além disso, apesar de
os sistemas agroflorestais serem mais comuns em regides tropicais do que em regides
temperadas devido a desafios sociais e culturais, sua implementacdo no Brasil tem sido
relativamente recente e moderada (MARTINELLI et al., 2019). No entanto, a ado¢do de
agroflorestas no pais ¢ dificultada pela falta de recomendagdes e técnicas (MARTINELLI et al.,
2019). Dai também surge o interesse em determinar os efeitos dos fatores de manejo
agroflorestal locais e regionais sobre a diversidade funcional das abelhas polinizadoras e seu
impacto no rendimento e qualidade dos frutos da acerola (Malpighia emarginata DC.), uma
frutifera cultural e economicamente significativa dependente da polinizacdo por insetos
(EMBRAPA, 2012; SILVA et al., 2012; DIAS et al., 2018; BPBES; REBIPP, 2019) em

Pernambuco, nordeste do Brasil. Especificamente, priorizamos a diversidade funcional,



enfatizando os tracos dos polinizadores que respondem as mudangas ambientais (tragos de
resposta) e que influenciam o funcionamento do ecossistema (tragos de efeito), em vez da
diversidade taxondmica. Ao perseguir esse objetivo, os trés capitulos de nosso estudo
contribuem de maneira sinérgica para elucidar as intricadas dinamicas das interagdes planta-
polinizador dentro de sistemas agroflorestais. Essa abordagem abrangente ndo apenas avanga
nossa compreensdo dessas relacdes complexas, mas também oferece orientagdes praticas para

a implementagdo de praticas de manejo agricola sustentaveis.

1.2. Estratégias de pesquisa

Na tese utilizou-se uma combinacdo de revisdo bibliografica, meta-analise, trabalho de
campo, constru¢do da diversidade funcional e outras andlises estatisticas. As estratégias de

pesquisa foram as seguintes:

1.2.1. Revisao bibliografica: Principais Itens para Relatar Revisoes Sistematicas e Meta-

Analises (Declaracio PRISMA)

Para conduzir um procedimento sistematico de busca e selecdo de artigos, viabilizando
a revisao sistematica no capitulo 1 e a meta-analise no capitulo 2, foi utilizada a declaracao
PRISMA. Essa declaracdo inclui uma lista de verificacdo e um fluxograma de quatro fases
projetados para aprimorar a apresentacao de revisdes sistematicas e meta-analises (MOHER et
al., 2009). Esse processo de quatro fases envolve a identifica¢do de artigos publicados, triagem
de duplicatas, avaliagdo de elegibilidade com base em critérios especificos, exclusdo de artigos
que nao atendem aos critérios de elegibilidade e, finalmente, sele¢do de artigos para sintese
quantitativa e qualitativa (MOHER et al., 2009). Isso foi utilizado para realizar um
procedimento sistematico de busca e selegdo de artigos, possibilitando a revisdo sistematica no

capitulo 1, bem como a meta-analise no capitulo 2.

1.2.2. Meta-analise

No capitulo 2, utilizamos uma abordagem meta-analitica para avaliar a associagao geral
entre diversas praticas de manejo agroflorestal de café e a diversidade de polinizadores,
abrangendo métricas como riqueza ou abundancia. Meta-analises, também conhecidas como
sintese de evidéncias, empregam modelos estatisticos para integrar e identificar resultados

gerais a partir de uma cole¢@o de estudos individuais (KORICHEVA; GUREVITCH, 2013).
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Elas tém se tornado cada vez mais prevalentes na ecologia e evolugdo devido a sua natureza
poderosa, informativa e imparcial, permitindo a identificacdo de tendéncias e sumarizacao de
descobertas em multiplos estudos sobre o mesmo tema (HEDGES; TIPTON; JOHNSON, 2010;
KORICHEVA; GUREVITCH, 2013). Isso foi feito por meio de técnicas de estimativa de
variancia robusta (RVE) (FISHER; TIPTION; ZHIPENG, 2017) e métodos de aprendizado de
maquina (arvores de regressdo impulsionadas; BRT) (SHARMA; DURAND; GUR-ARIE,
1981; ELITH; LEATHWICK; HASTIE, 2008; KING, 2013; NAQA; MURPHY, 2015).

1.2.3. Trabalho de campo

No capitulo 3, para o trabalho de campo conduzimos coletas de polinizadores e frutos
de acerola, além de medir fatores ambientais locais e regionais em 10 areas situadas na regido
costeira imida dominada pela Floresta Atlantica no estado de Pernambuco, nordeste do Brasil.
As coletas de polinizadores foram realizadas ativamente, capturando-se os insetos que visitaram
as flores, especificamente aqueles que pousaram nas flores e entraram em contato com suas
partes reprodutivas. A coleta de frutos foi efetuada manualmente, marcando-se previamente as
flores e, subsequentemente, coletando os frutos formados. Para a avaliagao dos fatores locais,
medimos a luminosidade como um proxy para a cobertura de arvores de sombra e a cobertura
floral. Em relag@o aos fatores regionais, medimos a cobertura florestal. Para mais detalhes,

consultar o capitulo 3.

1.2.4. Diversidade funcional

No capitulo 3, adotamos uma abordagem de diversidade funcional resposta-efeito para
avaliar o impacto das praticas de manejo agroflorestal na diversidade funcional dos
polinizadores de acerola, focando na diversidade derivada dos tragos de resposta. Além disso,
examinamos os efeitos da diversidade funcional dos polinizadores, derivados dos tragos de
efeito, na producao e qualidade dos frutos de acerola. A diversidade funcional foca nas fungdes
dos organismos dentro dos ecossistemas, ao inves de apenas sua origem evolutiva (PETCHEY
& GASTON, 2006). Pesquisas sobre distirbios antropogénicos e polinizagdo geralmente
utilizam uma abordagem taxondmica (e.g., BIESMEIJER et al., 2006; ZATTARA; AIZEN,
2021). No entanto, uma perspectiva funcional pode oferecer uma visdo mais completa,
analisando como os tragos das espécies respondem as mudangas ambientais e influenciam o
funcionamento dos ecossistemas (HOOPER et al., 2000; TILMAN, 2001; STAVERT et al.,
2016; WOODCOCK et al., 2019; COUTINHO et al., 2021; ROQUER-BENI et al., 2021).
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Nesta abordagem, caracterizamos os tragos de resposta e de efeito dos polinizadores, com base

na literatura e em nossas proprias medigdes.

1.2.5. Analises estatisticas

No capitulo 1, os dados foram compilados descritivamente a partir de fontes existentes,
ndo sendo analisados quantitativamente. Assim, a analise cienciométrica auxiliou na
identificacdo de padrdes ao quantificar avaliagdes, fendmenos, entre outros, utilizando a citagdo

como um indicador semelhante a um “voto” ou “contagem” (JHA et al., 2015).

No capitulo 3, utilizamos uma série de modelos lineares generalizados (GLMs) e
modelos lineares generalizados mistos (GLMMSs) para responder a abordagem de diversidade
funcional resposta-efeito. Os GLMs e GLMMs sdo técnicas estatisticas que funcionam de
maneira semelhante a regressdo linear padrdo, com um preditor linear, distribuicdo de erro
(variacdo ndo explicada pelo preditor) e fungdo de ligagdo (tipo de relagdo entre o preditor linear
e a variavel resposta) (BUCKLEY, 2015; RICHARDS, 2015). No caso dos GLMMs, também
incluem um fator aleatdrio, devido a correlacdo nos dados gerada pelo desenho do estudo

(subconjuntos) (BUCKLEY, 2015; RICHARDS, 2015).

1.3. Estrutura da tese

Esta tese esta organizada em uma revisao bibliografica, trés capitulos e uma secao de
consideragdes. A revisao bibliografica apresenta um referencial tedrico, introduzindo conceitos-
chave, abordagens e as principais implicagdes para o campo da ecologia, incluindo interagdes
planta-polinizador, seguranga alimentar e sustentabilidade. O Capitulo 1 consiste em um artigo
de revisao publicado na revista Agriculture, Ecosystems & Environment (Qualis CAPES Al),
que explora a literatura publicada até o momento sobre polinizacdo em sistemas agroflorestais
em todo o mundo com o objetivo de identificar tendéncias gerais, lacunas de conhecimento e
oportunidades de pesquisas futuras. O Capitulo 2 consiste em um artigo publicado na revista
Insect Conservation and Diversity (Qualis CAPES A2), que conduziu uma meta-analise global
para explorar como as praticas de manejo de agroflorestas de café afetam a diversidade de
polinizadores. O Capitulo 3 consiste em um artigo submetido a revista Agriculture, Ecosystems
& Environment, que aplicou uma abordagem de resposta-efeito para avaliar como as
caracteristicas de manejo agroflorestal local e regional influenciam a diversidade funcional de
abelhas polinizadoras e o rendimento e qualidade dos frutos de acerola (Malpighia emarginata

DC.) no nordeste do Brasil. Por fim, as consideragdes finais apresentam as principais
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conclusdes, contribuicdes tedricas e metodologicas da tese, principais limitagdes do estudo e

propostas para pesquisas futuras.



2. FUNDAMENTACAO TEORICA
2.1. Fome mundial e seguranc¢a alimentar

Nos tltimos anos, tem sido documentada uma grave escassez de alimentos nutritivos,
decorrente de politicas agricolas, problemas de escassez de agua, mudangas climaticas e
conflitos sociais (BEHERA et al., 2022). Como resultado, a fome tornou-se uma preocupagao
cronica em escala global, especialmente em 4areas rurais com condig¢des climaticas adversas e
localidades de dificil acesso (BEHERA et al., 2022). Proje¢des recentes indicam que
aproximadamente 10% da populagdao mundial, ou cerca de 750 milhdes de pessoas, enfrentaram
desnutri¢ao e fome em 2019 (FAO, 2020). Atingir niveis aceitaveis de seguranca alimentar (i.e.,
condi¢cdes fisicas e econdmicas que garantem acesso a alimentos suficientes, seguros ¢ de
qualidade para atender as necessidades dietéticas para uma vida ativa e saudavel) tem sido um
desafio em todas as regides do mundo, com exce¢do da América do Norte e da Europa (Porter
et al., 2014; FAO, 2020). Isso se deve ao fato de que a producdo de alimentos ndo tem sido
suficiente para atender ao consumo diario recomendado pela FAO para toda a populagao, e a
maioria das pessoas de baixa renda ndo possui poder aquisitivo econdmico para obté-los (Porter
et al., 2014; FAO, 2020). O custo de uma dieta saudavel ultrapassa o valor total da linha de
pobreza, estabelecida em aproximadamente USD 1,90 por dia (Porter et al., 2014).

A produgdo de alimentos € um servigo ecossistémico (i.e., beneficios ou vantagens que
as pessoas obtém dos ecossistemas; BENNETT; PETERSON; GORDON, 2009; PALMER;
FILOSO, 2009) que engloba todos os processos e infraestrutura necessarios para garantir a
seguranc¢a alimentar, desde o cultivo do alimento até a distribuicdo (PORTER et al., 2014;
HOLT et al., 2016). Uma das formas mais importantes de producao de alimentos ocorre por
meio da polinizagdo (VAN DER SLUIJS; VAAGE, 2016). Esse processo ¢ um servico
ecossistémico crucial, com func¢des de regulacdo, suporte e cultural, que estabelece conexdes
entre a vegetacao terrestre, a vida selvagem e o bem-estar humano (KEVAN; MENZEL, 2012;
CHAGNON et al., 2015).

2.2. Polinizagao

Nas plantas, a falta de mobilidade cria uma limitagdo na dispersdo de seus genes
(PELLMYR, 2009). No entanto, a maioria das plantas tem superado essa limita¢do por meio de
vetores abidticos ou através da formacao de mutualismos com animais (PELLMYR, 2009). Os
mutualismos sdo interagdes que geralmente beneficiam tanto o animal quanto a planta

(PELLMYR, 2009). Alguns desses mutualismos incluem a polinizagdo e a dispersdo de



sementes (PELLMYR, 2009). A polinizagdo ¢ o processo pelo qual o polen ¢ transferido dos
orgaos reprodutivos masculinos para os 6rgaos reprodutivos femininos das plantas, permitindo
a fertilizacdo e a producdo de sementes e frutos (PELLMYR, 2009; NEUSCHULZ et al., 2016).
Esse processo ocorre através de animais que coletam o polen e o depositam nos estigmas
coespecificos de outras plantas (PELLMYR, 2009). Isso ¢ feito pelos animais em troca de uma
recompensa, geralmente alimento, como néctar (PELLMYR, 2009). A importancia da
polinizagdo surge de sua influéncia na reprodugcdo das plantas e na estabilizacdo e
funcionamento das teias alimentares, fornecendo recursos alimentares-chave (IPBES, 2016;
KLEIN et al., 2006; OLLERTON; WINFREE; TARRANT, 2011). A polinizacdo biotica
também ¢ considerada um dos principais fatores para a diversificagdo de varios grupos de
plantas e animais (IPBES, 2016). Os principais animais que participam da poliniza¢do sdo
insetos, especialmente as abelhas, junto com outros como moscas, borboletas, vespas, besouros
e formigas (IPBES, 2016). Outros grupos de polinizadores incluem animais vertebrados, como
morcegos, passaros, répteis, roedores, marsupiais e primatas (IPBES, 2016). Além disso,
aproximadamente 87,5% das plantas com flores dependem de animais para a polinizacao,
algumas das quais sdo culturas importantes (KLEIN et al., 2006; OLLERTON; WINFREE;
TARRANT, 2011; IPBES, 2016).

Adicionalmente, a producdo de alimentos depende da polinizagdo animal, pois
aproximadamente 75% das principais culturas aumentam a produ¢do com a visitacdo de
polinizadores (KLEIN et al., 2006; OLLERTON; WINFREE; TARRANT, 2011). Estima-se que
aprodugdo de 70% das principais culturas comerciais nas regioes tropicais seja aprimorada pela
polinizacdo animal (ROUBIK, 1995; KLEIN et al., 2006). Nas areas temperadas, 84% da
producdo das principais culturas comerciais depende da polinizagdo animal (WILLIAMS,
1994; KLEIN et al., 2006). A polinizacdo animal também ¢ um dos fatores que influenciam a
seguran¢a alimentar global, pois a qualidade das culturas pode ser melhorada pela polinizagao
bidtica, proporcionando macro e micronutrientes essenciais para uma dieta saudavel
(SUNDRIVAL; SUNDRIVAL, 2004; GARIBALDI et al., 2013; BRITTAIN et al., 2014;
RAMOS-JILIBERTO; ESPANES; VASQUEZ, 2020). Apesar de as plantas serem flexiveis em
suas interagdes com animais, tem havido declinios nos polinizadores nas tltimas décadas, o que
pode levar a um ponto de redundancia ecologica e a perda de interagoes essenciais (STEFFAN-
DEWENTER et al., 2005; IPBES, 2016; KLEIN et al., 2006; OLLERTON; WINFREE;
TARRANT, 2011). A perda de polinizadores pode reduzir uma parte substancial da flora global
e, assim, empobrecer a dieta humana, tanto nutricional quanto culturalmente (STEFFAN-
DEWENTER et al., 2005; IPBES, 2016; KLEIN et al., 2006; OLLERTON; WINFREE;
TARRANT, 2011).



As abelhas sd0 os principais visitantes florais para mais de 90% das principais culturas
globais, seguidas por moscas e outros taxons (IPBES, 2016). Nos tropicos, abelhas, borboletas,
mariposas, passaros € morcegos sao polinizadores importantes, enquanto em areas temperadas,
a maioria da polinizagdo ¢ realizada por abelhas meliferas (Apis mellifera), abelhas solitarias,
vespas e moscas-das-flores (GARIBALDI et al., 2011; GARIBALDI et al., 2013; HANLEY et
al., 2015). Embora as abelhas manejadas sejam comumente usadas para melhorar a polinizagao
de culturas, ha evidéncias de que abelhas nativas e outros insetos sdo mais eficientes para o
sucesso da polinizagao (GARIBALDI et al., 2011; GARIBALDI et al., 2013; HANLEY et al.,
2015).

2.2.1. Diversidade funcional dos polinizadores

Animais e plantas interagem em um sistema trofico diverso e complexo que influencia
a manutengdo ¢ o funcionamento dos ecossistemas (BALLANTYNE; BALDOCK;
WILLMER, 2015; NOVELLA-FERNANDEZ et al., 2019; LUNA & DATTILO, 2021).
Diversidade funcional se refere aos aspectos da biodiversidade que determinam o
funcionamento de um ecossistema (TILMAN, 2001). E um componente especifico da
biodiversidade geral, avaliado pelos tragos ou caracteristicas dos organismos que respondem
(i.e., tragos de resposta) ou influenciam (i.e., tracos de efeito) diferentes processos do
ecossistema (TILMAN, 2001). Esta diversidade ¢ crucial porque afeta a dinamica, a

estabilidade, a produtividade e varias outras fung¢des dos ecossistemas (TILMAN, 2001).

Na ecologia da poliniza¢do, a maioria dos estudos tem dado maior importancia aos
tracos florais e como esses tragos constituem sindromes de polinizagio (MURUA, 2020). No
entanto, a influéncia dos tragos funcionais na polinizagdo tem sido negligenciada (MURUA,
2020). Especificamente, os tragos ou caracteristicas devem ser estudados para entender os
servigos de polinizagdo nos ecossistemas (WOODCOCK et al., 2019; MURUA, 2020). A
diversidade funcional das espécies pode aumentar a polinizagao e a produgao agricola, apoiando
a hipdtese da complementaridade (WOODCOCK et al., 2019), que afirma que o aumento no
uso de recursos ¢ impulsionado pela particdo de recursos ou interacdes positivas entre plantas
e polinizadores (LOREAU & HECTOR, 2001; LOSAPIO et al., 2021). Na polinizagao,
aumentos no sucesso reprodutivo das plantas podem ocorrer com aumentos na distribui¢ao de

tracos ndo sobrepostos (WOODCOCK et al., 2019).



Adicionalmente, pesquisas anteriores sobre a interacao entre polinizadores e atividades
humanas focavam principalmente na classificagcdo e no estudo demogréfico dos polinizadores
(e.g., BIESMEIJER et al., 2006; BRITTAIN et al., 2010; CARVALHEIRO et al., 2013;
ZATTARA; AIZEN, 2021). Contudo, a intensificagdo agricola necessaria para manter ou
aumentar a produgdo e, assim, garantir a seguranca alimentar tem levado a declinios na
biodiversidade. Em resposta, as pesquisas estdo cada vez mais focadas na diversidade funcional
para entender a complexidade dos efeitos das mudangas antropogénicas nos servigos
ecossistémicos (GAGIC et al., 2015). Isso envolve analisar como os tragos fenoldgicos,
fisiologicos e comportamentais dos polinizadores reagem as mudangas ambientais (i.e., tracos
de resposta) e/ou como influenciam o funcionamento dos ecossistemas (i.e., tracos de efeito)

(HOOPER et al., 2000; TILMAN, 2001; MCGILL et al., 2006).

2.3. Intensificacio agricola para garantir a seguranca alimentar

A intensificacdo agricola resultou do aumento populacional, especialmente em regides
com densidades populacionais mais altas, com o objetivo de garantir a seguranca alimentar
(RICKERGILBERT; JUMBE; CHAMBERLIN, 2014; FAO, 2017). Tanto o aumento no
numero de pessoas quanto as mudancas na dindmica populacional sdo importantes
impulsionadores da demanda por alimentos e produtos agricolas (FAO, 2017). A transformacgao
de ecossistemas naturais tem sido exacerbada pela conversdo do uso da terra para cultivos
agricolas e criagdo de gado (FAO, 2017). Essas transformagdes causam desmatamento, aumento
no uso de pesticidas para aumentar a producao, emissdes elevadas de metano dos ruminantes e
uso insustentavel de agua e energia (FAO, 2017). Essas agdes sdo prejudiciais para a
conservagao de espécies e para a manutenc¢ao e funcionamento dos servigos ecossistémicos,

como a polinizagdo, o que, por sua vez, pode reduzir a producdo de alimentos (KLEIN et al.,
2006).

Adicionalmente, uma das principais causas da perda de biodiversidade ¢ a
transformagdo de ecossistemas naturais em sistemas agricolas, principalmente durante o
desmatamento (FIRBANK et al., 2008). As atividades agricolas, junto com outras atividades
humanas, estdo impactando negativamente os ecossistemas, levando a eliminag¢do de genes,
espécies e caracteristicas ecoldgicas em taxas alarmantes (CARDINALE et al., 2012). Ao longo
dos ultimos séculos, as atividades humanas t€ém causado extingdes e redugdes nas populacdes
locais, comparaveis a magnitude de extingdes em massa anteriores na historia da Terra (DIRZO

et al.,, 2014). A perda de biodiversidade reduz a eficiéncia de alguns processos ecologicos,



gerando efeitos em cascata na produgao e manutengao de servigos e recursos (CARDINALE et

al., 2012).

Em relagdo a fauna, estima-se que entre 11.000 e 58.000 espécies sejam perdidas
anualmente (SCHEFFERS et al., 2012; MORA; ROLLO; TITTENSOR, 2013; DIRZO et al.,
2014). Nas ultimas cinco décadas, houve uma queda estimada de 28% na abundancia de
espécies de vertebrados (COLLEN et al., 2009; BUTCHART et al., 2010; DIRZO et al., 2014).
Apesar disso, acredita-se que as extingdes de espécies de invertebrados, as quedas na
abundancia e as contragdes de alcance sejam tao graves quanto para as espécies de vertebrados
(COLLEN & BAILLIE, 2010; BAILLIE et al., 2012; DIRZO et al., 2014). Isso pode ter
consequéncias graves para alguns servi¢os ecossistémicos importantes, como a polinizagao

(POTTS et al., 2010; DIRZO et al., 2014).

Nas ultimas décadas, tem sido registrada uma crescente evidéncia de declinios de
polinizadores, tanto em abundancia quanto em diversidade globalmente, com evidéncias mais
substanciais surgindo na América do Norte e Europa (BIESMEIJER et al., 2006; POTTS et al.,
2009; POTTS etal., 2010; ANDERSON et al., 2011). Também foi demonstrado que os declinios
de polinizadores podem afetar as espécies vegetais (BIESMEIJER et al., 2006; ANDERSON et
al.,2011). Isso pode reduzir o sucesso reprodutivo das plantas, especialmente culturas agricolas,
devido a sua dependéncia da polinizacdo animal (BIESMEIJER et al., 2006). A limitagdo de
polinizadores pode aumentar a demanda por terra agricola, pois areas de intensificagdo agricola
precisardo se expandir para compensar os déficits de polinizacdo (AIZEN et al., 2009;
CARVALHEIRO et al., 2011; GARIBALDI et al., 2011; VIANA et al., 2012). Esse aumento
sera mais significativo em areas com maior pressdo humana, incluindo as mudancas climaticas
antropogénicas, causando a perda de espécies e, consequentemente, deteriorando as redes
planta-polinizador e empobrecendo os servicos de polinizagdo (CARVALHEIRO et al., 2011;
GARIBALDI et al., 2011; VIANA et al., 2012).

2.4. Mudancas climaticas antropogénicas como impulsionadoras dos efeitos negativos da

intensificacido agricola nos servicos de polinizacao

As mudangas climaticas antropogénicas referem-se as alteragdes aceleradas nos padrdes
de temperatura e precipitagdo, resultantes das emissdes de gases de efeito estufa decorrentes
das atividades humanas (HANSEN; STONE, 2016). A destrui¢do de areas naturais para o
cultivo de lavouras tem aumentado rapidamente, apesar de alguns esfor¢os para desacelera-la

(HANSEN; STONE, 2016; RAVEN; WAGNER, 2020). Grande parte dessas terras sdo
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dedicadas principalmente a monoculturas, que t€ém um impacto significativo nas mudangas
climaticas (RAVEN; WAGNER, 2020). As monoculturas sdo sistemas agricolas que cultivam
uma Unica espécie de planta em grande escala, o que reduz a diversidade de plantas na area
(DRURY et al., 2008). Essa falta de diversidade diminui a resiliéncia do ecossistema agricola,
tornando-o mais suscetivel a doencgas, pragas ¢ mudancas climaticas (DRURY et al., 2008).
Além disso, as monoculturas muitas vezes requerem o uso intensivo de fertilizantes sintéticos
e pesticidas, que contribuem para a emissdo de gases de efeito estufa (DRURY et al., 2008).
Por outro lado, as mudangas climaticas também representam um desafio para a agricultura, pois
os habitats adequados para as culturas estdo mudando e muitas terras araveis estao se tornando
inadequadas para o cultivo devido as condigdes cada vez mais secas (RAVEN; WAGNER,
2020).

Adicionalmente as mudangas climaticas antropogénicas exacerbam os impactos
adversos da intensificacdo agricola nos servicos de poliniza¢ao de vérias maneiras. Isso abrange
a dessincronizagdo entre os periodos de floragdo das plantas e a atividade dos polinizadores
devido a mudangas na fenologia, a migragao forcada de polinizadores para areas climaticamente
mais adequadas, a crescente frequéncia de eventos climaticos extremos prejudiciais as plantas
e aos polinizadores, além da diminuicao da disponibilidade de recursos alimentares para os
polinizadores (GOMEZ-RUIZ; LACHER JR., 2019; GERARD et al., 2020; DEVOT et al.,
2023). Esses efeitos combinados comprometem a eficiéncia da polinizagdo natural, aumentando
a necessidade de métodos artificiais de polinizag@o e colocando em risco a produg¢do agricola e
a seguranca alimentar (BROUSSARD; COATES; MARTINSEN, 2023). Diante das
consequéncias da intensificacdo da agricultura e das mudancgas climéaticas antropogénicas sobre
a biodiversidade e servicos ecossistémicos, a implementacao de métodos agricolas alternativos

¢ urgente (GODFRAY & GARNETT, 2014; FAO, 2017).

2.5. Sistemas agroecologicos como estratégia para mitigar as causas e consequéncias da

intensificacio agricola e das mudancas climaticas antropogénicas

Devido a crescente demanda por produtos agricolas e a alarmante perda de
biodiversidade, sistemas agricolas alternativos tém sido propostos para mitigar os efeitos
negativos da intensificacdo agricola (VALENZUELA, 2016). Os sistemas agroecologicos
promovem praticas agricolas que consideram as condi¢des socioecondmicas locais e a prote¢ao
dos processos ecologicos naturais (VALENZUELA, 2016). Esses sistemas baseiam-se em
processos sustentaveis de ciclagem de nutrientes, controle populacional e trocas de energia.

Essas caracteristicas refletem as encontradas nos ecossistemas naturais e, ainda que
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modificadas, também estdo presentes nos ecossistemas humanos ou agricolas (WEZER et al.,
2014). A adocao de sistemas agroecologicos promove o controle de pragas, uso eficiente da
agua, melhoria da qualidade do solo e teor de matéria organica, mineralizagcdo de nitrogénio
mais eficiente e uniforme, além de melhorar a biodiversidade, os servigos ecossistémicos ¢ a
resiliéncia em nivel de fazenda e paisagem (VALENZUELA, 2016). Tipos de sistemas
agroecologicos incluem: (1) adubo verde, que consiste no cultivo de plantas que sao
posteriormente aradas ou incorporadas ao solo para melhorar sua fertilidade e teor organico; (2)
agroflorestas, um sistema de manejo de terra no qual arvores ou arbustos sao cultivados ao redor
ou entre cultivos ou pastagens; (3) consorciacao e rotacao de culturas, que envolvem o cultivo
simultaneo de duas ou mais culturas no mesmo campo, ou a alternancia temporal entre cultivos;
(4) culturas de cobertura, plantagdes destinadas principalmente a controlar a erosdo do solo,
fertilidade, qualidade do solo, entre outros fatores; e (5) integracdo pecuaria, que consiste na
incorporacdo de animais, como gado, ovelhas, cabras ou aves, nos sistemas agricolas de forma

a maximizar a produtividade e melhorar o ciclo de nutrientes (WEZER et al., 2014).

Dentro das praticas de agroecologia, a agrofloresta se destaca, promovendo o manejo
sustentavel dos recursos naturais (PRABHU et al., 2014). De maneira especifica, a agrofloresta
¢ definida como a pratica de incorporar arvores (perenes lenhosas) em sistemas de cultivo
(incluindo pastagens) e/ou criacdo de animais, ou vice-versa, seja em arranjo espacial ou em
sequéncia temporal (NAIR, 1985; LIPPER et al., 2014; BLASER et al., 2018). E considerada
uma forma de agricultura inteligente para o clima porque utiliza os servigos ecossistémicos para
manter a produc¢do enquanto se adapta e mitiga os efeitos das mudangas climaticas (LIPPER et
al., 2014; BLASER et al., 2018). Os sistemas agroflorestais podem aumentar o sequestro de
carbono, manter a biomassa acima do solo, fornecer sombra para melhorar o microclima e
diversificar a renda dos agricultores, reduzindo os riscos economicos para eles (HARVEY et
al., 2013). Da mesma forma, esses sistemas podem melhorar a fertilidade do solo e regular

pragas e patogenos por meio de controles biologicos (BLASER et al., 2018).

2.6. Fatores de manejo local e regional que afetam a diversidade e as interacdes entre

plantas e polinizadores em sistemas agroflorestais

Mesmo que a diversificagdo de plantas e a complexidade do habitat em sistemas
agroflorestais possam melhorar os servigos ecossist€émicos, como a polinizagdo (e.g.,
GRAHAM & NASSAUER, 2017; STATON et al., 2019; TOLEDO-HERNANDEZ et al.,

2021), pouco se sabe sobre quais praticas de manejo locais e regionais em sistemas
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agroflorestais maximizam as interagdes entre plantas e polinizadores e os servigos associados

de polinizagdo e seguranca alimentar.

2.6.1. Praticas de manejo local

Alguns dos fatores locais que tém sido avaliados como potenciais influéncias na
polinizagdo em sistemas agroflorestais sdo a densidade ou cobertura de sombra de arvores, a
diversidade floral e o uso de insumos agricolas. No primeiro caso, uma maior densidade de
arvores pode proporcionar uma area de nidificacdo maior ¢ melhor para alguns insetos
polinizadores (HILL & WEBSTER, 1995; FIERRO et al., 2012; GRAHAM & NASSAUER,
2017; PAVAGEAU et al.,2017; BENTRUP et al., 2019), aumentando assim a chance de sucesso
na polinizagdo sob condi¢des microclimaticas ideais. Em sistemas agroflorestais de cacau no
México, foi observada uma densidade maior de ninhos de abelhas sem ferrdo em areas com
condi¢des microclimaticas melhoradas e maior disponibilidade de habitat (FIERRO et al.,
2012). Da mesma forma, em outros tipos de sistemas agroflorestais no sul da india, a presenca
e densidade de ninhos de abelhas estavam correlacionadas com uma cobertura arborea mais
densa (PAVAGEAU et al., 2018). No segundo caso, uma maior diversidade de plantas e recursos
florais diversificados poderiam atrair mais polinizadores do que em &reas homogéneas
(GRAHAM & NASSAUER, 2019; BARRERA; BROSAS; SACIL, 2020; TOLEDO-
HERNANDEZ et al., 2021). De fato, uma sintese mostrou que sistemas agricolas diversificados
aumentam a abundancia de artropodes, com as respostas mais fortes em polinizadores e
predadores, facilitando servicos ecossistémicos (LICHTENBERG et al., 2017). No terceiro
caso, os insumos agricolas (i.e., pesticidas) sdo uma das principais causas do declinio de
polinizadores, e as praticas em sistemas agroflorestais geralmente previnem ou reduzem o uso

de pesticidas (BENTRUP et al., 2019).

Além disso, fatores climaticos podem modificar a maneira como as praticas de manejo
afetam as comunidades de plantas e polinizadores, e consequentemente, os servicos de
polinizacdo. Temperatura e precipitagdo t€ém impactos significativos na fisiologia e fenologia
das plantas, alterando assim as interacdes entre plantas e polinizadores (DESCAMPS et al.,
2018; LAWSON & RANDS, 2019). Por exemplo, no caso dos recursos florais, mudangas
mediadas pelo clima no volume de néctar e na concentragdo de aguicar podem resultar em
alteragdes na atratividade dos recursos, modificando a abundancia e a atividade dos
polinizadores (DESCAMPS et al., 2018; LAWSON & RANDS, 2019; DESCAMPS et al.,
2021).
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2.6.2. Praticas de manejo regional

Alguns dos fatores regionais que tém sido avaliados como potenciais influéncias na
polinizacdo em sistemas agroflorestais sdo a configuracdo da paisagem (i.e., tamanho e
conectividade dos fragmentos), a composi¢ao da paisagem (i.e., diversidade da paisagem) e o
tipo de ecorregido. No primeiro caso, uma maior conectividade em sistemas agroflorestais pode
facilitar o movimento dos polinizadores entre diferentes areas, melhorando assim os servigos
de polinizagao (BENTRUP et al., 2019). Evidéncias disso tém sido registradas para insetos
polinizadores, incluindo abelhas, borboletas, mariposas ¢ moscas (DOVER & FLY, 2001;
OUIN & BUREL, 2002; MEIER et al., 2005; CRANMER; MCCOLLIN; OLLERTON, 2012;
HAENKE et al., 2014; KLAUS et al., 2015; COULTHARD; MCCOLLIN; LITTLEMORE,
2016). No segundo caso, a composicao da paisagem também pode afetar a polinizagdo. Por
exemplo, uma propor¢cdo maior de cercas vivas e habitats naturais pode mitigar os efeitos
negativos das altas temperaturas na riqueza e abundancia de abelhas nativas, apoiando uma
maior diversidade funcional e riqueza de abelhas nativas, o que, por sua vez, influencia a
manutengdo da populagao (DOVER & FLY, 2001; PONISIO et al., 2016; BENTRUP et al.,
2019). No terceiro caso, as ecorregides fornecem variabilidade natural em chuvas e
temperaturas que impactam a producao agricola e a seguranca alimentar. Portanto, o manejo,

escolha de arvores e culturas devem ser ajustados de acordo (MOLUA, 2002).

Além disso, eventos climaticos extremos podem impor limitagdes mecanicas e
energéticas aos polinizadores durante suas atividades de forrageamento e nidificagdo
(LAWSON; RANDS, 2019). Como consequéncia, a medida que a distancia das florestas
naturais aumenta, os polinizadores podem encontrar disparidades mais significativas nos
recursos e enfrentar obstdculos maiores. Em tlltima analise, tais circunstancias poderiam reduzir
a probabilidade de os polinizadores percorrerem a distancia entre as florestas naturais e os
sistemas agroflorestais, possivelmente resultando em uma diminuicdo da diversidade de

polinizadores.

2.7. Sistemas agroflorestais no Brasil: O caso da Regido da Mata Atlantica em

Pernambuco, Nordeste do Brasil

Embora os sistemas agroflorestais sejam encontrados com maior frequéncia em areas
tropicais em comparagdo com regides temperadas, devido a obstaculos sociais e culturais, sua

adocdo no Brasil € relativamente nova e estd ocorrendo em um ritmo moderado (MARTINELLI
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et al., 2019). Contudo, a implementacao de sistemas agroflorestais no pais enfrenta desafios
devido a escassez de orientagdes e métodos especificos (MARTINELLI et al., 2019). Dessa
maneira, o governo brasileiro estd cada vez mais promovendo a implementacdo de sistemas
agroflorestais, como pode ser visto no Plano Setorial de Adaptacao as Mudangas Climaticas e
Emissdes de Baixo Carbono na Agricultura (Plano ABC+) 2020-2030 (MINISTERIO DE
AGRICULTURA, PECUARIA E ABASTECIMENTO, 2021). Este plano descreve uma
estratégia nacional para impulsionar adaptagdes as mudancas climaticas e controlar as emissdes
de gases de efeito estufa nos sistemas agricolas brasileiros (MINISTERIO DE
AGRICULTURA, PECUARIA E ABASTECIMENTO, 2021). Um dos principais objetivos é
incentivar a implementacio de sistemas agroflorestais (MINISTERIO DE AGRICULTURA,
PECUARIA E ABASTECIMENTO, 2021), que poderiam ajudar a proteger a lucratividade
média da agricultura ao mitigar os efeitos negativos das mudangas climaticas
(SCHEMBERGUE et al., 2017). Na regido Nordeste do Brasil, especificamente em
Pernambuco, a regido de Mata Atlantica imida e tropical é particularmente fragmentada devido
ao extenso cultivo de cana-de-acticar (RANTA et al., 1998; SIQUEIRA FILHO et al., 2007).
Além disso, a maior parte da producdo agricola no estado de Pernambuco (90%) provém de
agricultura familiar. No entanto, uma disparidade evidente surge, uma vez que apenas 3%
dessas familias produtoras atualmente incorporam praticas agroflorestais (IBGE, 2017). Essa
marcante incongruéncia ndo apenas sublinha a necessidade premente de se afastar de
paradigmas monoculturais, exemplificados pela predominancia do cultivo de cana-de-agucar,
mas também apresenta uma oportunidade para explorar e promover a ado¢do de sistemas

agroflorestais.
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ARTICLE INFO ABSTRACT

Keywords: Over time, agricultural systems have undergone intensification with a view to increasing food production and
Agricultural management security. However, the resulting land use conversions have led to declines in biodiversity and ecosystem services,
Agroecosystems

such as pollination, and have thus negatively affected food production and security. It may be that the harmful
impacts of conventional agriculture could be somewhat mitigated by diversifying current farming systems.
Notably, the incorporation of agroforestry can provide suitable habitat for native pollinators and thus maintain
pollination services. In recent years, several studies have examined pollination dynamics in agroforestry systems.
However, their findings remain scattered, and the effects of agroforestry practices on pollination have generally
been approached from a theoretical rather than an experimental point of view. Here, we reviewed the literature
published to date on pollination in agroforestry systems across the world with a view to identifying general
trends, gaps in knowledge, and future opportunities. To this end, we systematically characterized and quantified
the research based on its biogeographical, economic, and ecological facets, and we synthesized discoveries about
how agroforestry practices influence pollinators and pollination services. Our results highlight that, compared to
conventional agriculture, agroforestry generally promotes or maintains pollination services. Therefore, this re-
view supports the perspective that agroforestry systems represent a sustainable alternative to conventional
agricultural systems. Future research should focus on improving understanding of how crop management in-
tensity, irrigation, and organic inputs affect pollination services. We need more studies looking at a broader
range of crop species and pollinator guilds as well as research examining the effects of crop management in-
tensity on plant-pollinator interaction networks.

Ecosystem services
Pollinator diversity
Crop production

the diversity and availability of pollinator habitat (Tscharntke et al.,
2005; Potts et al., 2010; Cardinale et al., 2012). Furthermore, since
global crop production significantly depends on animal pollination, food

1. Introduction

Over the course of decades, agricultural systems have undergone

intensification: increasing quantities of inputs have been used to boost
yields per unit of farmland, thus increasing food production (Porter
et al., 2014; Ricker-Gilbert et al., 2014; Struik and Kuyper, 2017; Food
and Agriculture Organization of the United Nations, 2017). The inevi-
table result has been the loss of natural ecosystems, which has reduced
the ecosystem services supplied by biodiversity (Food and Agriculture
Organization of the United Nations, 2017; Convention on Biological
Diversity, 2018; Ramos-Jiliberto et al., 2020). Pollination has been
particularly impacted because simpler agricultural environments reduce

security may also be at risk (Klein et al., 2007).

Over recent decades, we have witnessed major declines in pollinator
richness, abundance, and biogeographical distributions and, in some
cases, pollinator extinctions (e.g., bees and wild butterflies; see
Convention on Biological Diversity, 2018; Ramos-Jiliberto et al., 2020).
These trends may negatively affect important ecosystem services, such
as global food production and food security, given that many crop
species improve in nutritional value and yield thanks to
animal-mediated pollination (e.g., Bartomeus et al., 2014; Bailes et al.,
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2015; IPBES, 2016; Ramos-Jiliberto et al., 2020). The forces responsible
include climate change, introduced species, land use change, and agri-
cultural intensification (e.g., Lichtenberg et al., 2017; Ramos-Jiliberto
et al., 2020). During agricultural intensification, natural ecosystems are
transformed and/or input levels are increased, which can detrimentally
affect pollinators (Ramos-Jiliberto et al., 2020). Furthermore, climate
change can exacerbate the impacts of conventional agricultural prac-
tices, reducing the resilience and sustainability of natural and socio-
ecological systems (Lichtenberg et al., 2017).

Conventional agricultural practices reduce pollinator abundance,
richness, and community composition because they rely on agrochem-
ical inputs, destroy sources of food and shelter, and simplify the land-
scape (Epule and Bryant, 2016; Shennan et al., 2017). Furthermore,
agricultural intensification can reduce pollinator trait diversity because
the landscape changes can filter species based on characteristics related
to dispersal, feeding, nesting, and physiological tolerance (Forrest et al.,
2015). These traits are correlated with the ability of pollinators to cope
with environmental shifts (Violle et al., 2007, Roquer-Beni et al., 2021).
A reduction in trait diversity could negatively affect pollination success
since some traits are directly associated with pollen uptake and trans-
port (Roquer-Beni et al., 2020, 2021).

A solution to the above problem could be more diverse farming ap-
proaches (Lichtenberg et al., 2017). Agroecological systems combine
traditional, local, and scientific practices to increase species richness and
make optimal use of genetic resources (Food and Agriculture Organi-
zation of the United Nations, 2017; Lichtenberg et al., 2017). Agroeco-
logical systems utilize natural nutrient cycling techniques and rarely
employ synthetic substances or agrochemicals (Epule and Bryant, 2016;
Shennan et al., 2017). One such system is agroforestry, in which food
production is combined with the conservation of natural forest habitat
(Nair, 1985). Agroforestry can take the form of alley cropping, where
agricultural crops are grown between spaced tree rows; silvopastoral
management, where grasses are grown under trees to feed livestock;
windbreaks or shelterbelts, where trees are arranged to protect crops
from the wind; and forest farming, where shade-tolerant crops are
grown within natural forest stands, to name a few examples (Garrett and
Buck, 1997; Nair, 2005, 2007).

By creating more diverse agricultural landscapes, agroforestry can
increase sources of food and shelter for pollinators, thus improving
habitat quality, pollination services, and crop quality and yields (e.g.,
Maccagnani et al., 2020). The presence of plant diversity can increase
the taxonomic range and functional diversity of both plants and polli-
nators, contributing to greater plant reproductive success (e.g., Girao
et al., 2007; Weiner et al., 2014). Furthermore, plant-pollinator in-
teractions are affected by the diversification of agricultural systems,
namely by modifications to vegetation composition, flower availability,
and environmental conditions (Weiner et al., 2014).

Mutualistic interactions, such as those underlying pollination, play a
major role in maintaining ecosystems, community dynamics, and
ecological services (e.g., Xiao et al., 2019). Agroecological systems can
promote the stability and quality of ecological services (e.g., Bohan
et al., 2013) as well as the quality and connectivity of the agricultural
matrix, thus enhancing plant-animal interactions (Klein et al., 2003c).
Considering that agricultural production relies heavily on
animal-mediated pollination (e.g., Ollerton et al., 2011; IPBES, 2016)
and that agroforestry may represent a more sustainable alternative to
conventional agriculture, there is an urgent need to assess pollinator
status and pollination services in agroforestry systems.

Over recent decades, several studies have been published on the
topic of pollination in agroforestry systems. However, their findings
remain scattered, and the topic has generally been approached from a
theoretical rather than an experimental perspective (e.g., Kay et al.,
2018). There have also been attempts to review this body of work, but
they have been focused on particular crops (e.g., Perfecto et al., 2007;
Toledo-Hernandez et al., 2017), specific pollinators (e.g., Ya, 2000;
Chain-Guadarrama et al., 2019), or certain geographical regions (e.g.,
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Bentrup et al., 2019). Another important facet that has received little
attention is the socioeconomic context associated with agroforestry
systems, given that the latter’s ecosystem services are shaped by natural,
anthropogenic, and economic forces that are rooted in local realities and
priorities (Munyuli, 2014b; Food and Agriculture Organization of the
United Nations, 2016). Here, we have reviewed the global research
published to date on pollination in agroforestry systems with a view to
identifying general trends, gaps in knowledge, and future opportunities.
The broader goal is to furnish information that can inform agricultural
practices by considering the balance between biodiversity conservation
and food production. This review sought to accomplish the following:
(1) characterize and quantify studies on pollination in agroforests based
on biogeographical, socioeconomic, and ecological elements; (2) iden-
tify the mechanistic factors in agroforestry systems that affect pollinator
type, diversity, and traits as well as pollination services (e.g., pollen
dynamics and crop production; (3) determine how pollinator diversity
and pollination services differ in agroforestry systems versus conven-
tional agroecosystems.

2. Methodology
2.1. Systematic bibliographic search and eligibility criteria

A systematic bibliographic search was carried out using a Boolean
approach in ISI Web of Science (www.webofknowledge.com) and Sco-
pus (www.scopus.com). The following search arguments were used: (1)
agroforest* AND pollinat* ; (2) silvopast* AND pollinat* ; (3) wind-
break* AND pollinat* ; (4) “alley cropping” AND pollinat* ; and (5)
“forest farming” AND pollinat* . The search terms appeared in the title,
keywords, and/or abstract. We chose the arguments silvopast* (derived
from the terms silvopasture and silvopastoral), windbreak* , alley
cropping, and forest farming because they refer to different types of
agroforestry practices (Mosquera-Losada et al., 2009; Atangana et al.,
2014; Cardinael et al., 2015; Jose and Dollinger, 2019), and we could
thus broaden the scope of the literature search. Our review covered a
timespan from the earliest available digital records through July 2021
and included work from peer-reviewed, English-language scientific
journals. We then filtered the articles to retain only those that directly
discussed or addressed at least one type of pollinator or pollination
service in agroforestry systems. We excluded articles that exclusively
dealt with the topic in an indirect way, such as those that evaluated
ecosystem services as a whole or dealt with pollination as one metric
among many. In addition, we combed through the literature cited in
review papers and meta-analyses and incorporated any articles that met
our criteria. In our literature search and screening workflow, we adopted
the PRISMA approach (Preferred Reporting Items for Systematic Re-
views and Meta-Analysis; sensu Moher et al., 2009,
prisma-statement.org/PRISMAStatement/FlowDiagram; Fig. S1).

WwWw.

2.2. Data analysis

After filtering our results, we classified information from the
remaining articles based on 12 items (Table 1). The goal was to conduct
a scientometric analysis to characterize the overall scientific exploration
of patterns and mechanisms related to the topic (Jha et al., 2016). We
then generated a final database containing the following categories of
information (Tables S1-S9): (1) article year, to analyze publication
patterns over time; (2) country of the corresponding author and study
site(s), to determine which countries are conducting research on the
topic and where this work is occurring; this information also helps
clarify whether the country is a major producer, importer, or exporter of
agricultural commodities (according to Food and Agriculture Organi-
zation of the United Nations, 2022), which is knowledge of interest in
this research; (3) climatic zone of the study site(s), to determine which
regions are subject to the greatest research focus and to characterize
their levels of agroforestry use; (4) economic situation of the
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Table 1
Structure of scientometric analysis exploring the subject of pollination in agro-
forestry systems (adapted from Viana et al., 2012).

Point of analysis Categories

1. Article year -

2. Country of corresponding author and -
study site(s)

3. Climatic zone of study site(s) 1. tropical, 2. subtropical, 3,

temperate, 4. global

4. Economic situation of corresponding 1. developed, 2. developing
author’s country and study site(s)
according to UN

5. Type of methodology 1. review, 2. observational (sampling),

3. experimental, 4. meta-analysis, 5.

modeling

6. Crop(s) studied -

7. Pollinator dependence on crop(s) 1. essential, 2. high, 3. modest, 4. little,
studied! 5. none, 6. unknown

8. Focal pollinators 1. bees, 2. other insects, 3. bats, 4.

birds, 5. abiotic factor, 6. not specified
9. Main pollinator(s) observed by authors -
10. Management practices 1. organic, 2. non-organic, 3. not
specified

11. Research question or objective -

12. Effects on pollinator diversity and 1. positive, 2. negative, 3. neutral
pollination services by:

e Management practices within
agroforestry systems

o Agroforestry systems versus
conventional agroecosystems

1According to the classification system by Klein et al. (2007)

corresponding author’s country and study site(s) according to the United
Nations (UN), to infer the economic interests underlying the relationship
between the countries conducting the research and the countries where
agroforestry use is more concentrated; (5) type of methodology, to
determine the primary approaches used to study the topic; (6) crop(s)
studied, to characterize the species most commonly used in agroforestry
systems and their relative importance as global agricultural commod-
ities; (7) pollinator dependence on the study crop(s), to determine the
relative role of pollinators in agroforestry systems; dependence was
established based on Klein et al. (2007), which described a classification
system with categories defined by the relative impact of
animal-mediated pollination on crop production and quality; (8) main
pollinators, to determine which pollinators (e.g., bees, other insects,
birds, abiotic vectors) have been the focus of research efforts; (9) main
pollinators observed, to determine which pollinator species are
commonly seen in agroforestry systems, including whether they are
specialists or generalists and whether their occurrence is natural or the
result of management practices; (10) management practices, to deter-
mine agroforestry’s relative usage of agricultural inputs; (11) research
question or objective, to determine the main approaches used in
research on this topic; (12) effects of agroforestry versus conventional
agriculture on pollinator diversity and crop production, to determine the
potential advantages and disadvantages of using agroforestry systems to
boost pollination services.

Meta-analysis is an ineffective tool for examining studies on agro-
forestry management and pollination services. The variability in study
design and small sample sizes render statistical approaches problematic
(Borenstein et al., 2009). Therefore, we performed a comprehensive
analysis using vote counting (i.e., treating each citation as one “vote”)
(Pullin and Stewart, 2006; Jha et al., 2016), and, when possible, sta-
tistical analysis was utilized. We employed a modified version of the
method described by Pardo and Borges (2020): a multinomial logistic
regression model was used to compare pollination services in agrofor-
estry systems versus conventional agroecosystems. We included data
from studies that reported differences in pollinator diversity and polli-
nation services (i.e., pollinator behavior, crop traits, pollen dynamics, or
crop production) (n = 18). Directionality was the predictor variable
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(agroforestry systems > conventional agroecosystems, conventional
agroecosystem > agroforestry systems, or no difference between the
two) and pollination service frequency was the response variables. This
analysis was carried out with the package nnet (v. 7.3-18; Ripley and
Venables, 2022) in R (v. 4.1.3; R Core Team, 2022).

2.3. Scientometric results

2.3.1. Publication patterns over time

Our initial bibliographic search found 442 articles across the Web of
Science and Scopus. They had been published between February 1984
and July 2021. After removing duplicates, 323 articles remained. After
applying our filter, we were left with 89 articles, which included the
literature and meta-analyses (18 articles) and the studies they cited that
met our criteria (2 articles) (Fig. S1, Appendix S1). The first article on
this study topic was seen in 1984; publications then appeared in 22 of
the 37 subsequent years. The second article on this topic was published
in 1988, and the third in 2000. It was in 2000 that publications began to
occur more frequently, with a peak in 2018 (n = 11 articles). These
results show that interest in this topic is relatively recent and parallels
increasing levels of global crop production (358,649,274 tons in
1984-865,875,138 tons in 2018; Food and Agriculture Organization of
the United Nations, 2022). Interestingly, researchers only shifted their
attention to agroforestry practices in the 1970 s, even though this
farming approach has a much longer history; substantial scientific
progress has since been made in this domain (Nair, 2005). The first
paper on agroforestry systems in general was published in 1979 (Bor-
ough, 1979), five years before the first paper dealing specifically with
pollination in agroforestry systems (McAneney et al., 1984).

2.3.2. Socioeconomic context

The above articles were produced by corresponding authors in 22
countries, of which 11 are developed countries and 11 are developing
countries, based on UN terminology (Table S1). The most prolific pub-
lishers were Germany (20 articles), the United States (20 articles), the
United Kingdom (9 articles), and Switzerland (8 articles). This list does
not overlap with the countries with the greatest volumes of common
agroforestry commodities, which are Brazil, Cote d’Ivoire, Ghana, and
Indonesia (Food and Agriculture Organization of the United Nations,
2022). That said, the United States and the United Kingdom are among
the top 20 importers of such commodities (Food and Agriculture Orga-
nization of the United Nations, 2022), which could help explain their
countries’ research involvement. The study sites in the articles repre-
sented a total of 27 countries, of which 21 are developing countries and
6 are developed countries (Table S2). Indonesia showed up the most
often (16 articles). It is one of the world’s largest producers of agro-
forestry commodities, including coffee, and one of the top 20 global
exporters of such commodities (Food and Agriculture Organization of
the United Nations, 2022). Indonesia is a lower-middle-income economy
and is grappling with increased demand for food production (Waldron
etal., 2017). In Indonesia, many local communities have been practicing
agroforestry for centuries, a subject of intensive research (Rohadi et al.,
2013). This pronounced pattern of higher-income countries carrying out
research in lower-income countries is unsurprising: in recent years,
environmental concerns and green policies have been shaped by
post-colonial frameworks, where the world is divided into “rich” (or
“developed™) countries and “poor” (or ‘“developing™) countries.
Higher-income countries seek to control land and knowledge, a phe-
nomenon known as “green colonialism” (Torgerson, 2007; Kumar,
2010).

2.3.3. Biogeographical context

This research has mostly been carried out in 19 countries in the
tropics (64 articles), 5 countries in the temperate zone (5 articles), and 2
countries in the subtropics (3 articles) (Fig. 1, Table S2). This finding fits
with the fact that, worldwide, most of the land covered by agroforests
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Fig. 1. Map showing the global biogeographical distribution of studies that have been conducted on pollination dynamics in agroforestry systems (N = 71).

occurs in Western and Central Africa as well as in South and Southeast
Asia (41.9 million ha, 92.3% of all land dedicated to agroforestry) (Food
and Agriculture Organization of the United Nations, 2020), which are
tropical regions of the world. Agroforestry is more common in the tro-
pics because the environmental conditions are better suited to its
implementation (Raj et al., 2019; Udawatta et al., 2019; Mahmud et al.,
2020). There are greater quantities of biological resources (e.g., greater
species diversity), better soil characteristics (e.g., higher rate of soil
carbon sequestration), and a more suitable climate (Raj et al., 2019;
Udawatta et al., 2019; Mahmud et al., 2020).

2.3.4. Methodology

Most of this research is observational in nature (45% of articles),
although some are experimental (26% of articles). There are also some
literature reviews (19% of articles) (Table S3). Modeling work (9% of
articles) and meta-analyses (1% of articles) (Table S3 - Supplementary
Material) were less common. The observational studies were mostly
carried out at local or regional scales, which means lower costs but also
lower complexity compared to the experimental studies conducted at
larger spatial scales. The reviews addressed a variety of topics: a sum-
mary of the ecosystem services provided by agroforestry systems
(Dubeux et al., 2017; Reed et al., 2017; Barrios et al., 2018; Kuyah et al.,
2018; Roy et al., 2018; Sollen-Norrlin et al., 2020); the ecosystem ser-
vices (including pollination) provided by coffee and/or cocoa agrofor-
estry systems (Perfecto et al., 2007; Klein et al., 2008; Tscharntke et al.,
2011; Chain-Guadarrama et al., 2019); the benefits of increasing plant
diversity in agroforestry systems (Isbell et al., 2017); landscape con-
straints on the functional diversity of birds and insects in agroforestry
systems (Tscharntke et al., 2008); the benefits provided by windbreaks
(Norton, 1988); pollinator-mediated increases in cocoa yield (Toledo--
Hernandez et al., 2017); the arthropod communities associated with
agroforestry systems (Sridhar and Vinesh, 2016); beekeeping in agro-
forestry systems (Ya, 2000); and the influence of agroforestry practices
on insect pollinators and pollination services in the temperate zone
(Bentrup et al., 2019).

2.3.5. Crops studied

Most of the studies focused on coffee and cocoa (Arabica coffee = 18
articles; Robusta coffee = 10 articles; Coffea spp. = 9 articles; and cocoa
= 13 articles; Table S4), which makes sense because they are the most
common agroforestry crops (Clough et al., 2009). They are attractive
agricultural products because they display greater resilience to climate

change and less price volatility (Vaast et al., 2015). They are also highly
profitable (Somarriba and Lopez-Sampson, 2018; Food and Agriculture
Organization of the United Nations, 2022). Globally, coffee crops are
found on 11 million hectares across agroforestry and non-agroforestry
systems alike; are produced by the labor by 10 million farmers; and
generate US$17 billion per year (Somarriba and Lopez-Sampson, 2018;
Food and Agriculture Organization of the United Nations, 2022). Cocoa
covers 10.2 million hectares globally, again across both agroforestry and
non-agroforestry systems; is produced by 10 million farmers; and gen-
erates US$7 billion per year (Somarriba and Lopez-Sampson, 2018; Food
and Agriculture Organization of the United Nations, 2022). Reliance on
pollinators is modest for Arabica coffee (i.e., production declines
10-40% without animal-mediated pollination); high for Robusta coffee
(i.e., production declines 40-90% without animal-mediated pollina-
tion); and essential for cocoa (i.e., production declines 90% without
animal-mediated pollination) (Table S4) (sensu Klein et al., 2007). Thus,
most studies focused on crops that rely on animal pollination, which
suggests it is important to understand how agroforestry systems affect
pollinator communities to bolster food security.

2.3.6. Main pollinators

Most studies (98% of articles) have looked at animal-mediated
pollination. Just 2% examine abiotic vectors, which underscores the
importance of living pollinators in agroforestry systems. Bees have been
the main pollinators of interest (72% of articles), where they were either
the direct object of research or studied as part of pollinator-plant in-
teractions. Other insects, mainly dipterans, wasps, and butterflies, came
in second (28% of articles), followed by unspecified animal vectors
(11% of articles) and, finally, birds (1% of articles) (Table S5). None of
the studies addressed pollination by bats, even though some species are
major pollinators of economically important fruit crops (e.g., durian in
Southeast Asia) (Stewart and Dudash, 2016). However, one research
challenge is distinguishing between when bats are simply visiting versus
pollinating plants. Bees are among the world’s most important pollina-
tors worldwide, and honey bees in particular frequently pollinate and
visit crops (e.g., Greeenleaf and Kremen, 2006; Rader et al., 2016; Stein
et al., 2017; Hung et al., 2018). Our review confirms the central role
played by bees. Indeed, many studies named honey bees as the main
pollinators seen within agroforestry systems (Apis mellifera = 23 articles;
Apis dorsata = 7 articles; Apis cerana = 6 articles; Apis spp. = 2 articles;
Apis florea = 1 article; and Apis nigrocinta = 1 article; Table S6).
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2.3.7. Agroforestry management practices

Most studies provided no information about input use (49 articles).
In a few cases, the authors indicated that the agroforestry systems were
being managed using organic practices (11 articles) or more conven-
tional practices (i.e., usage of one or more agrochemical inputs) (10
articles) (Table S7). This lack of information is a limitation in this
domain, since a key objective in agroforestry is to improve system sus-
tainability through the reduction or elimination of chemical inputs
(Oelbermann et al., 2004; Silva et al., 2015; Caron et al., 2019). For
example, agroforestry management practices can improve soil dynamics
via organic inputs, such as crop residues or tree litter (Oelbermann et al.,
2004; Silva et al., 2015; Caron et al., 2019). In addition, an equal pro-
portion of study areas appears to be under organic versus conventional
management, which puts into question the assumption that agroforestry
systems help limit the use of agricultural inputs (Wilson and Lovell,
2016).

2.3.8. Research questions or objectives

Most studies have examined factors associated with agroforestry
management that could impact any stage of pollination, from pollinator
diversity, behavior, and traits to pollen flow or dynamics, and finally, to
fruit production. They include (1) shade-tree cover, (2) floral resources,
(3) crop management intensity, (4) distance between agroforestry
fragments and nearby natural forest, (5) irrigation and rainfall, (6)
pollinator management, (7) organic inputs, and (8) windbreak type
(Fig. 2A, Table S8). Some of these factors act locally, while some act
regionally. Other studies have compared agroforestry systems to con-
ventional agroecosystems, with a focus on pollinator diversity (7 arti-
cles), pollinator behavior (4 articles), plant traits (2 articles), pollen
dynamics (1 article), and crop production (4 articles) (Table S9). The
main results found in response to these questions/objectives are detailed
in the next two sections.

2.4. Factors affecting pollinators and pollination services in agroforestry
systems

2.4.1. Shade-tree cover

In general, in agroforestry systems, there is a positive relationship
between shade-tree cover and pollination services because higher levels
of cover foster greater pollinator diversity and/or floral visitation (8
articles), increase foraging time (1 article), and boost crop production (1
article) (Fig. 2B, Table S8). However, in some cases, pollinator diversity
may be negatively associated with the degree of cover (3 articles) or
even unrelated (1 article); in rare instances, pollinator traits could be
modified to the detriment of pollination dynamics (1 article) (Fig. 2B,
Table S8).

(1) Pollinator diversity (2) Pollinator behavior

e
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For instance, in tropical coffee agroforestry systems, higher levels of
shade-tree cover have been associated with greater pollinator diversity
and visitation rates (particularly by bees), probably because of better
microclimatic conditions, such as lower light intensity and more nesting
resources (Jha and Vandermeer, 2009a,b; Samnegard et al., 2014;
Bravo-Monroy et al., 2015). Similarly, in tropical cocoa agroforestry
systems, shade-tree cover has been correlated with the diversity of insect
pollinators, namely dipterans, bees, wasps, and beetles (Bos et al.,
2007a; Toledo-Hernandez et al., 2021). In tropical shea tree agroforestry
systems, greater shade-tree cover increases bee visitation rates, thus
reducing pollen limitation (Delaney et al., 2020). To date, research re-
mains rare on how shade-tree cover affects pollinator behavior (1
article). The one study available found that Heriades fulvescens, a bee
that carries out pollination in tropical coffee agroforestry systems, spent
less time foraging as light intensity increased (Klein et al., 2004). This
finding suggests that shade-tree cover moderates temperatures, thus
improving microclimatic conditions and allowing pollinators to forage
longer (Klein et al., 2004). Finally, in a subtropical mango agroforestry
system, shade-tree cover enhanced fruit set by improving microclimatic
conditions, namely by stabilizing relative humidity, limiting solar ra-
diation, and more optimally distributing precipitation, wind, carbon
dioxide, and water vapor; the result was increased habitat for pollinators
and predators alike, leading to fewer attacks by pests (Amin et al., 2015).

However, other types of relationships have also been seen. The di-
versity of ground-nesting bees was negatively associated with shade-tree
cover in tropical coffee agroforestry systems (Klein et al., 2003b, 2003c;
Krishnan et al., 2018), and temperature was positively correlated with
insect abundance in subtropical mango agroforestry systems (Amin
et al., 2018). In coffee agroforestry systems in Costa Rica, the degree of
cover did not influence pollinator diversity or activity; instead, coffee
flower number explained bee abundance and flower visitation frequency
(Caudill et al., 2017). In general, higher levels of shade-tree cover may
help sustain pollinator diversity, except in the case of those few polli-
nator species that benefit from light intensity. Indeed, in tropical coffee
agroforestry systems, nest brood cell number was positively correlated
with light intensity, since more shade leads to greater levels of humidity,
which can interfere with larval development and survival (Klein et al.,
2004).

2.4.2. Floral resources

In general, when more floral resources are available—meaning
flower abundance and diversity is higher—pollination services are
improved because pollinator diversity and/or floral visitation rates
receive a boost (13 articles); no research to date has observed a negative
or uncorrelated relationship (Fig. 2B, Table S8). The same positive as-
sociation has been seen with crop production (3 articles), although,
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infrequently, no link has emerged (1 article; Fig. 2B, Table S8).

For instance, higher levels of floral resources have been associated
with greater pollinator diversity and floral visitation in tropical coffee
agroforestry systems (Klein et al., 2003c; Veddeler et al., 2006; Tylia-
nakis et al., 2008; Jha and Vandermeer, 2009a, 2010; Peters et al., 2013;
Samnegard et al., 2014; Caudill et al., 2017). In the same vein, higher
levels of pollinators have been tied to higher levels of floral resources in
tropical cocoa agroforestry systems. Cocoa flower abundance was
positively correlated with the abundance of dipterans, which are key
cocoa pollinators (Toledo-Hernandez et al., 2021). Furthermore,
numbers of cocoa midges (Diptera: Ceratopogonidae) were found to
peak during periods of intensive cocoa flowering (Arnold et al., 2018).
Floral resource abundance and/or diversity were also found to promote
pollinator diversity, pollinator visitation rates, and, thus, fruit produc-
tion in a range of agroforestry systems (cardamom in the tropics: Gaira
et al., 2016; almonds in the subtropics: Norfolk et al., 2016; and apples
in the temperate zone: Staton et al., 2021). This pattern may be rooted in
niche complementarity: as resource diversity increases, different polli-
nators are more likely to coexist, since competition decreases (Ashton
et al., 2010). In contrast, one study has shown that, when apple agro-
forestry systems were compared with mown plantations in the
temperate zone, increased local floral resources did not bolster the
number of seeds per fruit (Staton et al., 2021). Indeed, in apple orchards,
production appears to be strongly related to ground-nesting bees rather
than understory floral resources (Staton et al., 2021).

2.4.3. Crop management intensity

Research examining crop management intensity in agroforestry
systems remains sparse. The work done to date has found that more
intense management leads to declines in pollinator diversity and polli-
nation services (3 articles) and, as a consequence, crop production (4
papers) (Fig. 2B, Table S8). Such practices may include the removal of
shrubs other than the main crop, excessive canopy thinning, filling gaps
with crop seedlings, and utilizing agrochemical inputs (Rice, 2008). A
single study found that pollinator diversity was unaffected by manage-
ment intensity (Fig. 2B, Table S8). No research has suggested that higher
levels of crop management intensity could positively affect pollination
dynamics.

In tropical coffee agroforestry systems, studies have demonstrated
that pollinator diversity decreases when there is an increase in coffee
shrub density, understory shrub removal, and upper canopy thinning
(Klein et al., 2002; Berecha et al., 2015; Geeraert et al., 2019). Similarly,
crop production declined when larger quantities of agrochemicals were
deployed during flowering in tropical cocoa systems (Munyuli, 2014a)
and when the plant community underwent homogenization in tropical
coffee systems (Bos et al., 2007b; Priess et al., 2007). That said, polli-
nator diversity was unaffected by the use of tractors and pesticides in
tropical agroforestry systems containing grain crops (Cuevas et al.,
2021). However, the researchers highlighted that tractor use was con-
strained by physical limitations and agrochemical usage was minimal, so
the fact that management intensity was low could explain the lack of
effects on pollinator diversity (Cuevas et al., 2021).

Intense crop management can negatively affect pollination services
because it reduces functional redundancy and complementarity (Geer-
aert et al., 2019). Functional redundancy occurs when two or more
species serve similar ecological functions, which means one species
could act as a substitute for the other (Bliithgen and Klein, 2011). When
pollinator taxonomic diversity decreases, the number of species occu-
pying the same functional niche might shrink, which could threaten
pollination dynamics (Geeraert et al., 2019). Functional complemen-
tarity exists when two or more species make a combined contribution to
an ecological function (Bliithgen and Klein, 2011). If pollinator taxo-
nomic diversity falls, functional complementarity may decline as well
because more functional niches might be left unoccupied, negatively
affecting pollination services (Geeraert et al., 2019).
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2.4.4. Distance between agroforestry fragments and nearby natural forest

In general, when agroforestry fragments occur closer to nearby
natural forests, pollinator diversity and/or floral visitation rates climb (5
articles), as does crop production (3 articles); that said, two studies
found no influence on pollinator diversity or fruit production, respec-
tively (Fig. 2B, Table S8). For instance, closer proximity between frag-
ments and forest led to increased pollinator diversity in tropical coffee
agroforestry systems (Klein et al., 2003b, c¢; Boreux et al., 2013a; Brav-
o-Monroy et al., 2015) and temperate blueberry agroforestry systems
(Moisan-DeSerres et al., 2015), seemingly because the greater avail-
ability of nutritional and nesting resources promotes pollinator stability
and resilience (Klein et al., 2003c; Boreux et al., 2013a; Bravo-Monroy
et al., 2015). Thus, pollination efficiency climbs, as does the coffee fruit
set (Klein et al., 2003c; Boreux et al., 2013a; Bravo-Monroy et al., 2015).
A study of a tropical cocoa agroforestry system discovered that there was
no influence of farm distance to the forest on ceratopogonid midge
abundance or cocoa pod set (Frimpong et al., 2011). In contrast,
Krishnan et al. (2018) found no relationship between farm distance to
the forest and coffee yield in a tropical coffee agroforestry system. The
authors suggested that the results did not necessarily imply an absence
of pollination services and proposed that research scale could have had
an effect.

2.4.5. Irrigation and rainfall

Some research has shown that irrigation promotes pollination ser-
vices, increasing pollinator diversity and/or floral visitation (2 articles)
(Fig. 2B, Table S8). For example, in tropical coffee agroforestry systems,
irrigation increased pollinator diversity as it induced flowering and thus
augmented the availability of floral resources (Boreux et al., 2013b;
Krishnan et al., 2018). Rainfall may have contrasting effects on polli-
nation services (2 articles; Fig. 2B, Table S8). On the one hand, precip-
itation can prompt flowering and thus cause higher pollinator visitation
rates, as was the case in subtropical mango agroforestry systems (Amin
et al., 2018). On the other hand, rainfall can also interfere with polli-
nator foraging and destroy flowers, thereby reducing fruit production, as
seen in Costa Rican coffee agroforestry systems (Peters and Carroll,
2012).

2.4.6. Pollinator management

The limited research to date suggests that, regardless of crop type,
fostering pollinator levels in agroforestry systems significantly enhances
pollination services, namely crop production (3 articles; Fig. 2B,
Table S8). Introducing and maintaining honey bee colonies has been
found to increase fruit production in tropical coffee, cocoa, and shea tree
agroforestry systems (Klein et al., 2003a, Groeneveld et al., 2010, Lassen
et al., 2018, respectively). Pollinator management strategies can help
ensure production levels by reducing the pollination deficit (Klein et al.,
2003a, Groeneveld et al., 2010; Lassen et al., 2018). However, it is
important to evaluate the repercussions of introducing honey bees
because non-native bee species may negatively affect native bee di-
versity, which could detrimentally impact fruit quality (Mallinger et al.,
2017).

2.4.7. Organic inputs

Utilizing organic inputs in agroforestry systems fosters pollination
services, such as crop production, based on the few studies that have
been carried out (3 articles; Fig. 2B, Table S8). In tropical cocoa agro-
forestry systems, it is a common practice to exploit rotting plant matter,
such as banana pseudostems, for this purpose (Sousa et al., 2014). Ba-
nana pseudostems are the “trunk” of the banana tree, which is actually a
tightly packed overlapping leaf sheath that rises from the ground to
fruit; they serve as breeding substrate for cocoa’s main pollinators,
cocoa midges (Diptera: Ceratopogonidae; Vanhove et al., 2020). When
banana pseudostems were placed near cocoa shrubs, significant in-
creases in cocoa yield and pod production were observed (Vanhove
et al., 2020; Morel et al., 2019; Young and Hunter, 2018).
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2.4.8. Windbreak type

The type of windbreak used could potentially change pollen dispersal
dynamics and thus affect fruit production. Theoretical work has shown
that windbreak configuration and height influence levels of maize out-
crossing (3 articles; Fig. 2A, Table S8). When artificial windbreaks are
employed, optimal outcrossing can be ensured by utilizing a 3-m-high
mesh with 1-mm openings (Du et al., 2019), an idea that has received
further support from Ushiyami et al. (2019). In the field, windbreak type
was found to affect fruit yield in temperate kiwifruit agroforestry sys-
tems. While artificial porous cloth provided only limited protection,
vines grown on a Tatura trellis (i.e., in a close-planting system that forms
a V-shaped canopy) led to very low fruit losses to wind damage (1% of
total biomass; McAneney et al., 1984).

2.5. Agroforestry versus conventional agriculture

2.5.1. Pollinator diversity

Based on theoretical work, agroforestry systems are largely thought
to increase or maintain pollinator diversity (e.g., Bentrup et al., 2019).
However, just a few studies (7 articles; Table S9) have experimentally
tested this idea. Here, we summarize the results of all these studies to
explore the effects of agroforestry systems versus conventional agro-
ecosystems on pollinator diversity and floral visitation. It appears that,
compared to nearby conventional agroecosystems, agroforestry systems
had higher levels of pollinator diversity and floral visitation (4 articles;
Fig. 3, Table S9). Research on agroforestry systems in the tropics (i.e.,
cocoa and coffee) and in the temperate zone (i.e., the California poppy)
found that pollinator abundance and richness were higher in agrofor-
estry systems than in conventional agroecosystems because the former
offered more nutritional and nesting resources to pollinators (Hoehn
et al., 2010; Munyuli, 2012; Varah et al., 2020; Neto et al., 2021).
However, some studies have found agroecosystem type to have no in-
fluence on pollinator diversity (2 articles; Fig. 3, Table S9). For instance,
in palm oil agroforestry systems (Tarigan et al., 2021), diversity may
remain unchanged because oil palms have a detrimental impact on
biodiversity (Knowlton et al., 2019). In other tropical agroforestry sys-
tems, pollinator diversity was more strongly correlated with environ-
mental variables outside of agroecosystem type (Matos et al., 2016).
Finally, a single study has found that pollinator abundance was lower in
agroforestry systems than in conventional agroecosystems (Fig. 3,
Table S9). More specifically, bee abundance was greater in
low-elevation pastures than in coffee agroforestry systems because
traditionally managed pastures can support a broad range of pollinators
adapted to open habitats (Galbraith et al., 2020).

2.5.2. Pollinator behavior

Research has found that, compared to nearby conventional agro-
ecosystems, agroforestry systems modified pollinator behavior in such a
way as to enhance pollination efficiency or quality (4 articles; Fig. 3,
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Table S9). For instance, a modeling study showed that, in a temperate
region, agroforestry systems would allow pollinators to forage signifi-
cantly greater distances (i.e., within a radius of 100 m) and access more
potential nesting sites (Kay et al., 2018, 2020). Furthermore, pollinator
nest density was found to be greater in tropical cocoa and coffee agro-
forestry systems (Fierro et al., 2012; Pavageau et al., 2018, respectively)
than in conventional agroecosystems. Greater foraging distances and
nesting opportunities could translate into higher floral visitation levels
and, in turn, increased crop production. Such dynamics also increase the
probability that outcrossing will occur among plants found further
afield, which can lower inbreeding levels as these plants are likely more
genetically differentiated (Ksiazek-Mikenas et al., 2019).

2.5.3. Crop traits and pollen dynamics

A few studies have shown that, compared to conventional agro-
ecosystems, agroforestry systems help foster or maintain crop traits that
enhance pollination efficiency (2 articles; Fig. 3, Table S9). Coffee
flowers were found to have larger floral displays and higher nitrogen
content in tropical coffee agroforestry systems versus coffee mono-
cultures (Prado et al., 2019). Furthermore, in the temperate zone, there
were higher levels of flowering resources in cherry agroforestry systems
than in non-agroforestry systems (Kay et al., 2020). Floral resources of
greater size and quantity may attract more pollinators, generating
higher visitation rates and boosting the likelihood of pollination. Such
dynamics could maintain pollinator diversity while also increasing crop
yield. Thus, in this respect, agroforestry systems represent a sustainable
alternative to conventional agricultural systems. Only one study
analyzing pollen dynamics failed to find that the implementation or
maintenance of agroforestry systems had a significant effect (Barrera
et al.,, 2021) (Fig. 3, Table S9). Bees (Tetragonula biroi; Hymenoptera:
Apidae, Meliponini) preferred pollen from the few crops in conventional
agroecosystems over the more diverse pool of pollen in agroforestry
systems (Barrera et al., 2021).

2.5.4. Crop production

At present, it is unclear as to whether crop production is different in
agroforestry systems versus conventional agroecosystems (Fig. 3,
Table S9). In temperate California poppy agroforestry systems, seed set
was up to 4.5 times than in monocultures, which was attributed to the
higher number of pollinators (including solitary bees, bumble bees, and
hover flies) (Varah et al., 2020). In coffee production systems, fruits
were heavier in a tropical agroforestry system than in coffee mono-
cultures, which could result from ant-mediated pollination or the
interaction of flying pollinators and ants (Philpott et al., 2006). How-
ever, in tropical pumpkin agroforestry systems, seed set was correlated
not with agroecosystem type but rather with pollinator functional di-
versity (Hoehn et al., 2008). Finally, in the tropics, conventional coffee
production systems generate more revenue than coffee agroforestry
systems, which creates an incentive to transform natural ecosystems

‘ (a) Pollinator (b) Pollinator : (d) Pollen .
diversity behavior (c) Croptraits dynamics (e) Crop production
* " ?? e w R Number of
ﬁ- @ . . published
Agroforestry &: . [ l i i? ‘ papers
systems 0
VS.
= 1 iy = s
— — —
m - 4

Conventional
agroecosystems

Fig. 3. Effects of agroforestry systems versus conventional agroecosystems on pollinator diversity and pollination services. The upward and downward arrows
indicate the direction of a variable’s response in agroforestry systems versus conventional agroecosystems. The equal signs indicate the variable did not differ
between the two system types. The grayscale shading of the arrows indicates the relative research effort, from darker (i.e., more publications) to lighter (i.e., fewer

publications).
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(Olschewski et al., 2006).

2.5.5. Synthesis

We first tabulated the votes for pollinator diversity and the pollina-
tion services (i.e., pollinator behavior, crop traits, pollen dynamics, and
crop production) to assess the most common patterns. We then con-
ducted the multinomial logistic regression, which indicated that polli-
nator diversity and pollination services did not show any significant
pattern of directionality in agroforestry systems versus conventional
agroecosystems (xZ = 10.1, p-value = 0.25). Thus, the existing literature
suggests that pollinator diversity and pollination services are similar in
agroforestry systems and conventional agroecosystems. Consequently,
agroforestry systems at least maintain pollination services, making them
a sustainable alternative to conventional agriculture.

3. Conclusions, gaps in knowledge, and future perspectives

Our review shows that scientific interest in pollination in agrofor-
estry systems has grown since 1984, which is when tropical deforesta-
tion, fuel-wood shortages, and soil degradation became issues of concern
(Nair, 2007). Most of the research on this topic has been carried out by
higher-income countries in lower-income countries, which suggests
green colonialism is occurring. Research interest may be rooted in a
desire to impose Western environmentalism and conservation values on
non-Western environments (Dominguez and Luoma, 2020). Further-
more, this work has largely taken place in the tropics, the climatic zone
with the highest concentration of agroforestry systems. It is necessary to
apply greater research efforts to temperate and subtropical zones, so as
to determine whether the patterns and processes are the same. Indeed,
major agricultural commodities are produced in these climatic zones as
well, and it is important to more broadly understand how agroforestry
systems function. To date, the most commonly studied crops are coffee
and cocoa, which is likely due to their higher economic value and level
of dependence on pollinators. However, this fact means that there is an
urgent need to study other crop species, since agroforestry systems could
represent a sustainable alternative for growing crops of economic
importance that are generally cultivated via intensive agriculture. Not
surprisingly, most studies have focused on bees, which highlights the
importance of this taxon for agroforestry systems. However, we must
discover more about other pollinators, especially birds and bats (also see
Lopes et al., 2021) since we know next to nothing about their contri-
butions even though they may play an essential role in pollinating
economically important crops, such as durian. In general, we know little
about the use of agricultural inputs within agroforestry systems since
most of the studies did not provide any related information. From the
limited data available, it would seem that the use of organic inputs is
more common than that of non-organic inputs or agrochemicals. Going
forward, researchers should seek to determine the agricultural inputs
being deployed, and they must mention what they know. Such knowl-
edge is especially important since one of the guiding principles behind
agroforestry is to reduce or eschew agrochemicals in favor of sustainable
crop management practices. Furthermore, having access to this infor-
mation could help resolve questions around how agroforestry systems
are currently defined. Indeed, it is possible that some of the work we
cited here was carried out in other types of agroecosystems that were not
strictly agroforestry systems.

Our review highlights that, in general, levels of pollination services
may be higher in agroforestry systems than in conventional agricultural
systems; at the very least, they are equivalent in the two system types.
However, it remains rare to encounter studies that conduct direct
comparisons. We call for more research that tackles this question
experimentally, which should provide solid scientific evidence that
agroforestry systems are a much more sustainable alternative. Having
access to this information can help encourage a positive view of agro-
forestry systems in the media and society at large, which could render
their usage more popular. It is equally interesting to note that
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agroforestry systems can be managed to boost productivity. Our review
has underscored that pollination services can be maximized by
increasing shade-tree cover, increasing local floral resources, and
decreasing the distance between agroforestry fragments and nearby
natural forests. Future research should explore the utility of other
management practices, including irrigation, pollinator management,
crop management intensity, and environmental factors because they
have been scarcely studied, and their effectiveness remains poorly
characterized. Finally, we wish to highlight that nothing is known about
how pollinators affect fruit quality within agroforestry systems. Because
animal-mediated pollination has been shown to enhance fruit nutri-
tional composition, which has human health benefits, we also call for
research focused on this topic.

Agroforestry systems can represent a better approach to agriculture
because they allow for the production of food resources, income, and
medicinal compounds while simultaneously preserving biodiversity
(Place et al., 2012). Consequently, it is important to establish incentives
and public policies that encourage their broader use. While the basic
principle of agroforestry is to combine crops with trees, there are
nonetheless major technical and economic hurdles that must be
considered because they could make it difficult for farmers to implement
and/or maintain agroforestry systems (Buttoud, 2013). Furthermore,
historically, agricultural policies have penalized agroforestry practices.
For example, the European Union’s Common Agricultural Policy prior to
2001 granted farming subsidies based exclusively on the surface area
covered by crops, excluding intercropping. These same policies simul-
taneously promoted intensive conventional agricultural practices that
delivered large volumes of food and fuel products (Buttoud, 2013). It is
essential that public policies not create bureaucratic hurdles for farmers
and investors that impede the implementation of agroforestry systems,
as the latter can help promote biodiversity.
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Table S1. Economic situation of correspondence author’s country according to the United Nations.

Country

Economic
situation

References

Number of
published
papers

Germany

Developed

Klein et al., 2002; Klein et al.,
2003a; Klein et al., 2003b;
Klein et al., 2003c; Klein et al.,
2004; Olschewski et al., 2006;
Veddeler et al., 2006; Bos et al.,
2007a; Bos et al., 2007b; Priess
et al., 2007; Sporn et al., 2007;
Hoehn et al., 2008; Tscharntke
et al., 2008; Hoehn et al., 2010;
Groeneveld et al., 2010;
Tscharntke et al., 2011; Classen
et al., 2014; Toledo-Hernandez
etal., 2017; Hass et al., 2018;
Toledo-Hernandez et al., 2021

20

United States of America

Developed

Norton, 1988; Philpott et al.,
2006; Perfecto et al., 2007;
Klein et al., 2008; Jha &
Vandermeer, 2009a; Jha &
Vandermeer, 2009b; Jha &
Vandermeer, 2010; Peters &
Carroll, 2012; Peters et al.,
2013; Peters, 2014; Caudill et
al., 2017; Dubeux Jr et al.,
2017; Fisher et al., 2017; Isbell
etal., 2017; Young & Hunter,
2018; Bentrup et al., 2019;
Graham & Nassauer, 2019;
Prado et al., 2019; Galbraith et
al., 2020; Prado et al., 2021

20

United Kingdom

Developed

Bravo-Monroy et al., 2015;
Norfolk et al., 2016; Arnold et
al., 2018; Morel et al., 2019;
Staton et al., 2019; Delaney et
al., 2020; Sollen-Norrlin et al.,
2020; Varah et al., 2020; Staton
etal., 2021

Switzerland

Developed

Schiiepp et al., 2012; Boreux et
al., 2013a; Boreux et al., 2013b;
Kay et al., 2018; Krishnan et al.,
2018; Pavageau et al., 2018;
Magrach et al., 2019; Kay et al.,
2020

Brazil

Developing

Marco Jr & Coelho, 2004;
Dattilo et al., 2012; Matos et al.,
2016; Neto et al., 2021

Belgium

Developed

Berecha et al., 2015; Geeraert et
al., 2019; Vanhove et al., 2020

Democratic Republic of
Congo

Developing

Munyuli, 2012a; Munyuli,
2012b; Munyuli, 2014a

India

Developing

Gaira, 2016; Sridhar & Vinesh,
2016; Roy et al., 2018

Indonesia

Developing

Reed et al., 2017; Tarigan et al.,
2021




Ushiyama et al., 2009; Du et al.,

Japan Developed 2019 2
Mexico Developing Fierro et al., 2012; Cuevas et al., 5
2021
McAneney et al., 1984;
New Zealand Developed Tylianakis et al.. 2008 2
Samnegard et al., 2014; Kuyah
Sweden Developed etal., 2018 2
Bangladesh Developing Amin etal., 2018 1
Canada Developed Moisan-DeSerres et al., 2015 1
Costa Rica Developing Chain-Guadarrama et al., 2019 1
Denmark Developed Lassen et al., 2018 1
Ghana Developing Frimpong et al., 2011 1
Kenya Developing Barrios et al., 2018 1
Nepal Developing Ya, 2000 1
Philippines Developing Barrera Jr et al., 2021 1
South Korea Developed Amin etal., 2015 1




Table S2. Biogeographical distribution of studies on pollination dynamics in agroforestry systems. Note

that studies may appear several times in this table since work may have been conducted in multiple

countries.
Economic Number of
Climatic zone Country S References published
situation studies

Klein et al., 2002; Klein
et al., 2003a; Klein et al.,
2003b; Klein et al.,
2003c; Klein et al.,
2004; Olschewski et al.,
2006; Bos et al., 2007a;
Bos et al., 2007b; Priess
Indonesia Developing et al., 2007; Sporn et al., 16
2007; Hoehn et al.,
2008; Tylianakis et al.,
2008; Hoehn et al.,
2010; Groeneveld et al.,
2010; Toledo-Hernandez
etal., 2021; Tarigan et
al., 2021
Philpott et al., 2006; Jha
& Vandermeer, 2009a;
Jha & Vandermeer,
2009b; Jha &
Vandermeer, 2010;
Fierroetal., 2012;
Fisher et al., 2017;
Cuevas et al., 2021
Peters & Carroll, 2012;

Tropical Peters et al., 2013;
Peters, 2014; Caudill et
al., 2017; Young &
Hunter, 2018; Galbraith
etal., 2020
Boreux et al., 2013a;
Boreux et al., 2013b;
Gaira, 2016; Krishnan et
al., 2018; Pavageau et
al., 2018; Magrach et al.,
2019
Marco Jr & Coelho,
2004; Dattilo et al.,
2012; Matos et al., 2016;
Neto et al., 2021
Samnegard et al., 2014;
Ethiopia Developing Berecha et al., 2015; 3
Geeraert et al., 2019
Munyuli, 20123;
Uganda Developing Munyuli, 2012b; 3
Munyuli, 2014a
Lassen et al., 2018;
Delaney et al., 2020
Olschewski et al., 2006;
Veddeler et al., 2006

Mexico Developing

Costa Rica Developing

India Developing

Brazil Developing

Burkina Faso Developing

Ecuador Developing




Frimpong et al., 2011,

Ghana Developing Morel et al., 2019 2
A . Hass et al., 2018;

Philippines Developing Barrera Jr et al., 2021 2

. Prado et al., 2019; Prado
Puerto Rico Developed etal.. 2021 2
Belize Developing Schuepp et al., 2012 1

. . Bravo-Monroy et al.,

Colombia Developing 2015 1
Ivory Coast Developing Vanhove et al., 2020 1
Jamaica Developing Arnold et al., 2018 1
Tanzania Developing Classen et al., 2014 1
Tobago Developing Arnold et al., 2018 1
Trinidad Developing Arnold et al., 2018 1

. Amin et al., 2015; Amin
Bangladesh Developing etal.. 2018 2
Egypt Developing Norfolk et al., 2016 1

Subtropical . . Varah et al., 2020;

United Kingdom Developed Staton et al, 2021 2

Moisan-DeSerres et al.,
Canada Developed 2015 1
Japan Developed Ushiyama et al., 2009 1
Temperate New Zealand Developed McAneney et al., 1984 1
Switzerland Developed Kay et al., 2020 1

United States of Graham & Nassauer,

Developed 1

America

2019




Table S3. Type of research methodology used to study pollination dynamics in agroforestry systems.

Nature of method

References

Number of
published
papers

Observational

McAneney et al., 1984; Philpott et al., 2006;
Veddeler et al., 2006; Bos et al., 2007a; Jha &
Vandermeer, 2009a; Jha & Vandermeer, 2009b;
Hoehn et al., 2010; Jha & Vandermeer, 2010;
Fierro et al., 2012; Munyuli, 2012a; Munyuli,
2012b; Peters & Carroll, 2012; Schiepp et al.,
2012; Boreux et al., 2013a; Boreux et al., 2013b;
Samnegard et al., 2014; Amin et al., 2015;
Berecha et al., 2015; Bravo-Monroy et al., 2015;
Moisan-DeSerres et al., 2015; Gaira et al., 2016;
Matos et al., 2016; Norfolk et al., 2016; Caudill et
al., 2017; Fisher et al., 2017; Amin et al., 2018;
Arnold et al., 2018; Hass et al., 2018; Krishnan,
2018; Pavageau et al., 2019; Geeraert et al., 2019;
Morel et al., 2019; Prado et al., 2019; Delaney et
al., 2020; Galbraith et al., 2020; Varah et al.,
2020; Cuevas et al., 2021; Neto et al., 2021;
Prado et al., 2021; Staton et al., 2021

40

Experimental

Klein et al., 2002; Klein et al., 2003a; Klein et al.,
2003b; Klein et al., 2003c; Klein et al., 2004;
Marco Jr & Coelho, 2004; Bos et al., 2007b;

Sporn et al., 2007; Hoehn et al., 2008; Tylianakis

et al., 2008; Groeneveld et al., 2010; Frimpong et

al., 2011; Dattilo et al., 2012; Peters et al., 2013;
Classen et al., 2014; Munyuli, 2014a; Peters,

2014; Lassen et al., 2018; Young & Hunter, 2018;
Vanhove et al., 2020; Barrera Jr et al., 2021;
Tarigan et al., 2021; Toledo-Hernandez et al.,

2021

23

Review

Norton, 1988; Ya, 2000; Perfecto et al., 2007,
Klein et al., 2008; Tscharntke et al., 2008;
Tscharntke et al., 2011; Sridhar & Vinesh, 2016;
Dubeux Jr et al., 2017; Isbell et al., 2017; Toledo-
Hernandez et al., 2017; Reed et al., 2017; Barrios
etal., 2018; Kuyah et al., 2018; Roy et al., 2018;
Bentrup et al., 2019; Chain-Guadarrama et al.,
2019; Sollen-Norrlin et al., 2020

17

Modeling

Olschewski et al., 2006; Priess et al., 2007,
Ushiyama et al., 2009; Kay et al., 2018; Du et al.,
2019; Graham & Nassauer, 2019; Magrach et al.,

2019; Kay et al., 2020

Meta-analysis

Staton et al., 2019




Table S4. Crop(s) studied in agroforestry systems. They may have been the object of study, or the plant
with which a pollinator was interacting. Note that studies may appear several times in this table since there

may have been more than one study crop per study.

Crop

Pollinator
dependency

References

Number of
published
papers

Arabica coffee

Modest

Klein et al., 2003a; Klein et al.,
2003b; Marco Jr & Coelho, 2004;
Philpott et al., 2006; Veddeler et
al., 2006; Priess et al., 2007;
Tylianakis et al., 2008; Jha &
Vandermeer, 2009a; Tscharntke
et al., 2011; Peters & Carroll,
2012; Classen et al., 2014;
Samnegard et al., 2014; Berecha
et al., 2015; Bravo-Monroy et al.,
2015; Caudill et al., 2017;
Geeraert et al., 2019; Prado et al.,
2019; Prado et al., 2021

18

Cocoa

Essential

Bos et al., 2007b; Sporn et al.,
2007; Klein et al., 2008;
Groeneveld et al., 2010; Hoehn et
al., 2010; Frimpong et al., 2011;
Tscharntke et al., 2011; Fierro et
al., 2012; Toledo-Hernandez et
al., 2017; Young & Hunter, 2018;
Morel et al., 2019; Vanhove et al.,
2020; Toledo-Hernandez et al.,
2021

13

Robusta coffee

High

Klein et al., 2003a; Klein et al.,
2003c; Jha & Vandermeer, 2009a;
Tscharntke et al., 2011; Boreux et

al., 2013b; Munyuli, 2014a;
Krishnan et al., 2018; Magrach et
al., 2019; Prado et al., 2019;
Prado et al., 2021

10

Coffee

Modest

Klein et al., 2002; Olschewski et
al., 2006; Perfecto et al., 2007;
Klein et al., 2008; Jha &
Vandermeer, 2009b; Munyuli,
2012b; Fisher et al., 2017,
Pavageau et al., 2018; Chain-
Guadarrama et al., 2019

Corn

None

Ushiyama et al., 2009; Du et al.,
2019

Mango

High

Amin et al., 2015; Amin et al.,
2018

Shea tree

Modest

Lassen et al., 2018; Delaney et al.,
2020

Almond

High

Norfolk et al., 2016

Apple

High

Staton et al., 2021

California poppy

Unknown

Varah et al., 2020

Cardamom

High

Gaira et al., 2016

Cherry

High

Kay et al., 2020

Coconut

Modest

Barrera Jr et al., 2021

Jambolanum

Unknown

Dattilo et al., 2012

S RN




Kiwifruit

Essential

McAneney et al., 1984

Pumpkin

Essential

Hoehn et al., 2008




Table S5. Focal pollinators, which were either the specific object of study or a vector seen interacting
with plants. Note that studies may appear several times in this table since there may have been more than

one focal pollinator per study.

Number of
Pollination vector References published

papers

McAneney et al., 1984; Ya, 2000; Klein et al.,
2002; Klein et al., 2003a; Klein et al., 2003b;
Klein et al., 2003c; Klein et al., 2004; Marco Jr &
Coelho, 2004; Olschewski et al., 2006; Veddeler
et al., 2006; Bos et al., 2007a; Perfecto et al.,
2007; Priess et al., 2007; Hoehn et al., 2008;
Klein et al., 2008; Tscharntke et al., 2008;
Tylianakis et al., 2008; Jha & Vandermeer,
2009a; Jha & Vandermeer, 2009b; Hoehn et al.,
2010; Jha & Vandermeer, 2010; Tscharntke et al.,
2011; Dattilo et al., 2012; Fierro et al., 2012;
Peters & Carroll, 2012; Schiiepp et al., 2012;
Boreux et al., 2013a; Boreux et al., 2013b; Peters
etal., 2013; Classen et al., 2014; Munyuli, 2014a;
Bees Peters, 2014; Samnegard et al., 2014; Amin et al., 64
2015; Berechaet al., 2015; Bravo-Monroy et al.,
2015; Moisan-DeSerres et al., 2015; Gaira et al.,
2016; Matos et al., 2016; Norfolk et al., 2016;
Sridhar & Vinesh, 2016; Caudill et al., 2017;
Fisher et al., 2017; Hass et al., 2018; Krishnan et
al., 2018; Lassen et al., 2018; Pavageau et al.,
2018; Bentrup et al., 2019; Chain-Guadarrama et
al., 2019; Geeraert et al., 2019; Graham &
Nassauer, 2019; Magrach et al., 2019; Prado et
al., 2019; Staton et al., 2019; Delaney et al., 2020;
Galbraith et al., 2020; Kay et al., 2020; Varah et
al., 2020; Barrera Jr et al., 2021; Cuevas et al.,
2021; Neto et al., 2021; Prado et al., 2021; Staton
et al., 2021; Tarigan et al., 2021
Philpott et al., 2006; Bos et al., 2007b; Sporn et
al., 2007; Klein et al., 2008; Groeneveld et al.,
2010; Frimpong et al., 2011; Tscharntke et al.,
2011; Munyuli, 2012a; Munyuli, 2012b; Classen
etal., 2014; Peters, 2014; Amin et al., 2015;
Moisan-DeSerres et al., 2015; Norfolk et al.,
2016; Toledo-Hernandez et al., 2017; Arnold et
al., 2018; Young & Hunter, 2018; Bentrup et al.,
2019; Geeraert et al., 2019; Morel et al., 2019;
Staton et al., 2019; Vanhove et al., 2020; Varah et
al. 2020; Cuevas et al., 2021; Toledo-Hernandez
etal., 2021

Other insects 25

Norton, 1988; Dubeux Jr et al., 2017; Isbell et al.,
2017; Reed et al., 2017; Amin et al., 2018;
Barrios et al., 2018; Kay et al., 2018; Kuyah et al.,
2018; Roy et al., 2018; Sollen-Norrlin et al., 2020

Not specified 10

Abiotic Ushiyama et al., 2009; Du et al., 2019 2

Birds Peters, 2014 1




Table S6. Main pollinator species observed by the authors. Note that studies may appear several times in

this table since there may have been more than one main pollinator species per study.

Number of
Organism Family! Species? References published
papers

Olschewski et al.,
2006; Bos et al.,
2007a; Perfecto et al.,
- - 2007; Klein et al., 7
2008; Tscharntke et
al., 2011; Peters 2014;
Bentrup et al., 2019
Moisan-DeSerres et

- al., 2015; Staton et al., 2
2019
Andrena sp. Norfolk et al., 2016 1
Andrenidae Andrena barbilabris Kay et al., 2020 1
Andrena flavipes Kay et al., 2020 1
Andrena labialis Varah et al., 2020 1
Andrena vaga Kay et al., 2020 1
Andrena wilkella Varah et al., 2020 1

Klein et al., 2003b;
Klein et al., 2003c;
Hoehn et al., 2008;
Hoehn et al., 2010;
Jha & Vandermeer,
2010; Peters et al.,
- 2013; Moisan- 11
DeSerres et al., 2015;
Matos et al., 2016;
Hass et al., 2018;
Chain-Guadarrama et
al., 2019; Staton et al.,
2019
Apis spp. Ya, 2_000; Sridhar &
Vinesh, 2016
Klein et al., 2003a;
Boreux et al., 2013a;
Boreux et al., 2013b;
Gaira et al., 2016;
Krishnan et al., 2018;
Magrach et al., 2019
Klein et al., 2003a;
Klein et al., 2008;
Boreux et al., 2013a;
Apis dorsata Boreux et al., 2013b; 7
Krishnan et al., 2018;
Pavageau et al., 2018;
Magrach et al., 2019
Apis florea Krishnan et al., 2018 1
Marco Jr & Coelho,
2004; Veddeler et al.,
2006; Perfecto et al.,
Apis mellifera 2007; Jha & 23
Vandermeer, 2009a;
Jha & Vandermeer,
2009b; Dattilo et al.,

Bees

Apidae Apis cerana




2012; Peters &
Carroll, 2012; Peters
et al., 2013; Classen

et al., 2014;
Samnegard et al.,
2014; Aminetal.,

2015; Berecha et al.,
2015; Bravo-Monroy
et al., 2015; Norfolk
etal., 2016; Caudill et
al., 2017; Lassen et
al., 2018; Geeraert et
al., 2019; Prado et al.,
2019; Delaney et al.,
2020; Galbraith et al.,
2020; Cuevas et al.,
2021; Prado et al.,
2021; Staton et al.,
2021

Apis nigrocinta Klein et al., 2003a 1
Anthophora spp. Norfolk et al., 2016 1
Anthophora furcata Varah et al., 2020 1
Anthophora Cuevas et al., 2021 1
marginata
Gaira et al., 2016;
Sridhar & Vinesh,
Bombus spp. 2016; Staton et al., 5
2019; Varah et al.,
2020; Cuevas et al.,
2021
Braunsapis spp. Delaney et al., 2020 1
Cephalotrigona |\, yieler et al., 2006 1
capitata
Jha & Vandermeer,
Ceratina spp. 2009a; Galbraith et 3
al., 2020; Neto et al.,
2021
Ceratina eximia Jha & Vandermeer, 1
2009a
Jha & Vandermeer,
Ceratina ignara 2009a; Jha & 2
Vandermeer, 2009b
. . Jha & Vandermeer,
Ceratina trimaculata 2009b 1
Compsomelissa spp. Delaney et al., 2020 1
Compsome_llssa Lassen et al., 2018 1
borneri
Epicharis spp. Galbraith et al., 2020 1
Euglossa spp. Galbraith et al., 2020 1
Eulaema cingulata Jha & Vandermeer, 1
2009a
Exomalopsis spp. Peters et al., 2013 1
Heterotrigona Klein et al., 2003a 1
Hypotrigona spp. Lassen et al., 2018 1
Hypotrigona gribodoi Munyuli, 2014a 1
Hypotrigona ruspoli Delaney et al., 2020 1
Lepidotrigona Klein et al., 2003a 1
terminata
Liotrigona bottegoi Lassen et al., 2018 1




Colletidae

Melipona spp. Prado et al., 2019 1
. - Jha & Vandermeer,
Melipona beecheii 2009a 1
Melipona mimetica Veddeler et al., 2006 1
'}"e"po,””'a Munyuli, 2014a 1
erruginea
Meliponula nebulata Munyuli, 2013 1
Nannotrigona Veddeler et al., 2006 1
mellaria
Nannotrigona Veddeler et al., 2006 1
perilampoides
Nannotrigona Jha & Vandermeer, 1
testaceicornis 2009a
Oxytrigona mediorufa Fierro etal., 2012 1
Partamona peckolti Veddeler et al., 2006 1
Plebeia Jha & Vandermeer, 1
2009a
. . Jha & Vandermeer,
Plebeia frontalis 2009b 1
Scaptotrigona spp. Dattilo et al., 2012 1
Scaptotrigona Jha & Va}ndermeer,
mexicana 2009a; Fierro et al., 2
2012
Scaptotrlgpna Fierro etal., 2012 1
pectoralis
Tetragonisca Dattilo et al., 2012 1
Marco Jr & Coelho,
Tetragonisca 2004; Vegideler etal.,
angustula 2006; Flerrp etal., 4
2012; Caudill et al.,
2017
Tetragonula biroi Barrera Jr et al., 2021 1
Boreux et al., 2013a;
Tetragonula Boreux et al., 2013b; 4
iridipennis Krishnan et al., 2018;
Magrach et al., 2019
Dattilo et al., 2012;
Trigona spp. Prado et al., 2019; 3
Galbraith et al., 2020
Trigona almathea Veddeler et al., 2006 1
Jha & Vandermeer,
Trigona fulviventris 2009a; Jna & 3
Vandermeer, 2009b;
Fierro et al., 2012
Trigona spinipes Marco Jr & Coelho, 1
2004
L . | Jha & Vandermeer,
Trigonisca schulthessi 2009b 1
Marco Jr & Coelho,
Xylocopa spp. 2004; Galbraith et al., 2
2020
Xylocopa pubescens Amin et al., 2015 1
Xylocopa sulcatipes Norfolk et al., 2016 1
Xylocopa Jha & Vandermeer 1
tabaniformis 2009a
Moisan-DeSerres et
- al., 2015; Staton et al., 2

2019




Klein et al., 2003b;
Klein et al., 2003c;
Hoehn et al., 2008;
Jha & Vandermeer,

- 2010; Peters et al., 8
2013; Moisan-
DeSerres et al., 2015;
Hass et al., 2018;
Staton et al., 2019
. Jha & Vandermeer,
Augochlora aurifera 20092 1
Augochlora Jha & Vandermeer,
- nigrocyanea 2009a 1
Halictidae Chiorali Marco Jr & Coelho, 1
oralictus spp. 2004
Jha & Vandermeer,
Dialictus spp. 2009a; Neto et al., 2
2021
. Jha & Vandermeer,
Halictus spp. 2009a 1
. Jha & Vandermeer,
Halictus hesperus 2009a 1
Lassioglossum spp. Delaney et al., 2020 1
Lasioglossum Cuevas et al., 2021 1
(Evylaeus) spp.
Thectochlora alaris Neto et al., 2021 1
Klein et al., 2003b;
Klein et al., 2003c;
Hoehn et al., 2008;
Peters et al., 2013;
- Moisan-DeSerres et 8
al., 2015; Matos et al.,
2016; Hass et al.,
2018; Staton et al.,
2019
Megachilidae %giliggt;?; Kay et al., 2020 1
Chelostema rapunculi Kay et al., 2020 1
Heriades spp. Klein et al., 2003a 1
Heriades fulvescens Klein et al., 2004 1
Klein et al., 2002;
Megachile spp. Sridhar & Vinesh, 2
2016
Megachile atrata Klein et al., 2003a 1
Megachile terminalis Klein et al., 2002 1
Osmia spp. Varah et al., 2020 1
Melittidae Melitta leporina Varah et al., 2020 1
Bos et al., 20073;
i i Schuepp et al., 2012; 4
Peters, 2014; Bentrup
etal., 2019
Chrysididae - Matos et al., 2016 1
Crabronidae - Matos et al., 2016 1
Wasps Chalybion bengalense Klein et al., 2002 1
Sphecidae Pison spp. Klein et al., 2002 1
Trypoxylon spp. Klein et al., 2002 1
. Antherhyncium Klein et al., 2002 1
Vespidae fulvipenne
Epsilon manifestum Klein et al., 2002 1




Rhyncium

. Klein et al., 2002 1
haemorrhoidale
Rhyncium atrum Klein et al., 2002 1
Subanc_lstroc_erus Klein et al., 2002 1
clavicornis
Jha & Vandermeer,
Vespa vulgaris 2009b; Amin et al., 2
2015
Technomyrmex spp. Toledo-Hernandez et 1
al., 2021
Azteca instabilis Philpott et al., 2006 1
Azteca sp. Philpott et al., 2006 1
Brachymyrmex spp. Philpott et al., 2006 1
Camponotus senex | ppiry ot et al., 2006 1
Ants Formicidae textor -
Crematogaster sp. Philpott et al., 2006 1
Dolichoderinae sp. Philpott et al., 2006 1
Pheidole sp. Philpott et al., 2006 1
Solenopsis germinata Philpott et al., 2006 1
Solenopsis sp. Philpott et al., 2006 1
Wasmannia Philpott et al., 2006 1
auropunctata
Tscharntke et al.,
) ) 2011; Young & 3
Hunter, 2018;
Bentrup et al., 2019
Callophoridae Calliphora Amin et al., 2015 1
erythrocephala
Bos et al., 2007b;
Sporn et al., 2007;
Klein et al., 2008;
Groeneveld et al.,
i 2010; Frimpong et al., 8
Ceratopogonidae 2011; Toledo-
Hernandez et al.,
2017; Arnold et al.,
2018; Morel et al.,
Diptera 2019
Forcipomyia spp. Vanhove et al., 2020 1
Muscidae Musca domestica Amin et al.,, 2015 1
Sciaridae i Toledo-Hernandez et 1
al., 2021
i Classen et al., 2014; 2
Varah et al., 2020
Allobaccha brevis Geeraert et al., 2019 1
Eristalinus aeneus Norfolk et al., 2016 1
Syrphidae !Erlstal_lnus Geeraert et al., 2019 1
quinquelineatus
Eristalis spp. Cuevas et al., 2021 1
Eupeodes corrolae Norfolk et al., 2016 1
Syrphus spp. Amin et al., 2015; 2
Cuevas et al., 2021
Tabanidae Tabanus spp. Amin etal., 2015 1
. . Norfolk et al., 2016;
Coleoptera Scarabaeidae Tropinota spp. Bentrup et al., 2019 2
Munyuli, 20123;
Lepidoptera - - Munyuli, 2012b; 5

Classen et al., 2014;




Peters, 2014; Bentrup
etal., 2019
Pieridae Colias eurytheme Amin et al.,, 2015 1
Hummingbirds Trochilidae - Peters, 2014 1
Wind - - Duetal., 2019 1

IHyphen (-) indicates that the species and/or family was not specified and only a higher taxonomic level

was described.



Table S7. Agroforestry management practices. Note that studies may appear several times in this table

since there may have been more than one type of management practice per study.

Number of

Type of management References published
papers

Philpott et al., 2006; Veddeler et al., 2006; Peters
& Carroll et al., 2012; Peters et al., 2013; Peters,
2014; Samnegard et al., 2014; Bravo-Monroy et 11
al., 2015; Norfolk et al., 2016; Caudill et al.,
2017; Varah et al., 2020; Staton et al., 2021
Groeneveld et al., 2010; Frimpong et al., 2011;
Classen et al., 2014; Samnegérd et al., 2014;
Geeraert et al., 2019; Prado et al., 2019; Galbraith 10
etal., 2020; Kay et al., 2020; Vanhove et al.,
2020; Cuevas et al., 2021
McAneney et al., 1984; Klein et al., 2003a; Klein
et al., 2003b; Klein et al., 2003c; Klein et al.,
2004; Marco Jr & Coelho, 2004; Olschewski et
al., 2006; Bos et al., 2007a; Bos et al., 2007b;
Priess et al., 2007; Sporn et al., 2007; Hoehn et
al., 2008; Tylianakis et al., 2008; Jha &
Vandermeer, 2009a; Jha & Vandermeer, 2009b;
Ushiyama et al., 2009; Hoehn et al., 2010; Jha &
Vandermeer, 2010; Dattilo et al., 2012; Fierro et
al., 2012; Munyuli, 2012a; Munyuli, 2012b;
. Schiliepp et al., 2012; Boreux et al., 2013a;
Not specified Boreux et al., 2013b: Munyuli, 2014a; Amin et 49
al., 2015; Berecha et al., 2015; Moisan-DeSerres
et al., 2015; Gaira et al., 2016; Matos et al., 2016;
Fisher et al., 2017; Amin et al., 2018; Arnold et
al., 2018; Hass et al., 2018; Kay et al., 2018;
Krishnan et al., 2018; Lassen et al., 2018;
Pavageau et al., 2018; Young & Hunter, 2018; Du
etal., 2019; Magrach et al., 2019; Morel et al.,
2019; Delaney et al., 2020; Barrera Jr et al., 2021;
Neto et al., 2021; Prado et al., 2021; Tarigan et
al., 2021; Toledo-Hernandez et al., 2021

Organic

Non-organic




Table S8. Effects of agroforestry management on pollination services. Note that studies may appear several times in this table since more than one management practice may

have been evaluated per study.

Agroforestry Number of
No. | management | Pollination service | Effect* References published
practice papers
Bos et al., 20073a; Jha & Vandermeer, 2009a; Jha & Vandermeer, 2009b; Jha &
+ Vandermeer, 2010; Samnegard et al., 2014; Bravo-Monroy et al., 2015; Delaney et 8
Pollinator diversity al., 2020; Toledo-Hernandez et al., 2021
. 'chease" = Caudill et al., 2017 1
S io‘f/::ee _ _ - Klei_n et al., 2003b 1
Pollinator behavior + Klein et al., 2004 1
Pollinator traits - Klein et al., 2004 1
Crop production + Amin etal., 2015 1
Klein et al., 2003c; Veddeler et al., 2006; Tylianakis et al., 2008; Jha & Vandermeer,
Pollinator diversity + 2009a; Jha & Vandermeer, 2010; Pet_ers et al., 2013; Samnegard et al., 2014; Gaira et 13
2 Increased local al., 2016; Norfolk et al., 2016; Caudill et al., 2017; Arnold et al., 2018; Staton et al.,
floral resources 2021; Toledo-Hernandez et al., 2021
Crop production + Gaira et al., 2016; Norfolk et al., 2016; Staton et al., 2021 3
= Staton et al., 2021 1
Increased cro . . . = Cuevas et al., 2021 1
3 managementp Pollinator diversity - Klein et al., 2002; Berecha et al., 2015; Geeraert et al., 2019 3
intensity Crop production — Bos et al., 2007b; Priess et al., 2007; Munyuli, 2014a; Geeraert et al., 2019 4
Reduced + Klein et al., 2003b; Klein et al., 2003c; Boreux et al., 2013a; Bravo-Monroy et al., 5
distance of the | Pollinator diversity 2015; Moisan-DeSerres et al., 2015
4 agroforestry = Frimpong et al., 2011 1
fragment to a + Klein et al., 2003c; Boreux et al., 2013a; Bravo-Monroy et al., 2015 3
nearby natural Crop production . .
forest = Frimpong et al., 2011; Krishnan et al., 2018 2
5 !nqrea§ed Pollinator diversity + Boreux et al., 2013b; Krishnan et al., 2018 2
irrigation
6 Increased Pollinator diversity + Amin etal., 2018 1
rainfall Crop production — Peters & Carroll, 2012 1




Increased
7 pollinator Crop production + Klein et al., 2003a; Groeneveld et al., 2020; Lassen et al., 2018 3
management
8 Add'.thn of Crop production + Young & Hunter, 2018; Morel et al., 2019; Vanhove et al., 2020 3
organic inputs
Type of
windbreak

9 Pollen dynamics NA2? McAneney et al., 1984; Du et al., 2019; Ushiyami et al., 2019 3

1Effect indicates an increment (+), reduction (=), or no effect (=) in the pollination service in response to each agroforestry management practice. In the case of the traits, signs

represent the direction of the modification in a way to become suitable for better and worse pollination efficiency or quality, respectively.

Not applicable.



Table S9. Effects of agroforestry systems versus conventional agroecosystems on pollination services. Note that studies may appear several times in this table since effects on

more than one pollination variable may have been evaluated per study.

No. Pollination service Effect* References Numbe;:;eprl;bllshed
+ Hoehn et al., 2010; Munyuli, 2012b; Varah et al., 2020; Neto et al., 2021 4
1 Pollinator diversity = Matos et al., 2016; Tarigan et al., 2021 2
— Galbraith et al., 2020 1
Pollinator behavior + Fierro et al., 2012; Kay et al., 2018; Pavageau et al., 2019; Kay et al., 2020 4
Plant traits + Prado et al., 2019; Kay et al., 2020 2
2 Pollination services Pollen dynamics - . Barrera Jr et al.., 2021 1
+ Philpott et al. 2006; Varah et al., 2020 2
Crop production = Hoehn et al., 2008 1
- Olscheweski et al., 2006 1

*Positive (+), negative (=) or neutral (=) effects indicate a higher, lower, or similar, respectively, pollination service in agroforestry systems in comparison with conventional
agroecosystems. In the case of the traits, represents the direction of the modification in a way to become more or less suitable for pollination efficiency or quality, respectively,

in agroforestry systems in comparison with conventional agroecosystems.




Fig. S1. Flow diagram representing the body of literature examined in this review of pollination dynamics
in agroforestry systems, including the source counts when filtering our findings and establishing the final
dataset. Search arguments used in the Web of Science and Scopus: (1) agroforest* AND pollinat*; (2)
windbreak® AND pollinat*; (3) silvopast® AND pollinat*; (4) “alley cropping” AND pollinat*; (5) “forest
farming” AND pollinat*. This diagram is based on The PRISMA Statement: Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (sensu Moher et al. 2009; http://www.prisma-

statement.org/PRISMAStatement/FlowDiagram).
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services. However, agricultural intensification is causing declines in pollinator diver-
sity. Such losses could be mitigated and even reversed by agroforestry systems,
whose structural complexity exceeds that of intensive agricultural systems.
Research, primarily conducted in tropical regions, suggests that efficiently managing

agroforestry systems can increase pollinator diversity.

. We performed a global meta-analysis to explore how coffee agroforestry manage-

ment practices affect the diversity of bee pollinators. We employed 137 sets of
results from 20 studies that had been conducted at widely distributed locations
across four of the seven continents. More specifically, we investigated the impact
of augmenting floral resources (60 sets of results) and shade-tree cover (43 sets of
results) and reducing the distance to natural forests (34 sets of results). Additionally,
we examined key moderating factors, including climatic conditions, pollinator social-
ity, the metrics used to describe pollinator diversity, pollinator sampling methods,
the metrics used to characterise the effects of management practices and floral

resource type.

. We observed that bee pollinator diversity broadly increased as local floral resources

increased in tropical coffee agroforestry systems. Shade-tree cover and proximity
to natural forests did not broadly influence bee pollinator diversity. However, the
strength and direction of the relationships between the agroforestry management
practices and bee pollinator diversity were moderated by different factors, mainly

climatic conditions and pollinator sociality.

. Our findings underscore the importance of managing coffee agroforestry systems

to maximise bee diversity, which is crucial for coffee plant pollination. The broader
objective should be to ensure the availability of resources that promote pollinator

fitness, effective pollination and, as a consequence, crop yields.

KEYWORDS
agricultural management, agroecological systems, ecosystem services, pollination services, pollinator
habitat enhancement
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INTRODUCTION

Ecosystem services are ecological processes that create conditions
and resources that sustain and benefit human populations (Burkhard
et al., 2012; Diaz et al., 2018; Fu et al., 2013). Socioeconomic systems
rely on these services, which furnish food, fibres, drinking water and
clean air, all essential elements of human health and well-being
(Burkhard et al., 2012; Fu et al., 2013; Hiayha & Franzese, 2014). Polli-
nation is an ecosystem service of enormous economic value—
approximately 75% of food crops and 90% of wild flowering plants
worldwide require some degree of animal pollination (e.g., Ollerton
et al., 2011; Potts et al., 2016). Most pollinated food crops depend
largely on the activity of bees (Hymenoptera: Apiformes) (e.g., Klein
et al., 2007). The European honey bee (Apis mellifera L.) in particular is
often assumed to play a key role, given that it is a highly effective and
globally distributed pollinator with a long domestication history (Papa
et al, 2022). However, this assumption may not always hold true.
Indeed, it might be risky to rely exclusively on a single species for pol-
lination services. For example, honey bees are important pollinators
but are also frequently exposed to chemical pesticides, parasites and
pathogens (Abay et al., 2023; Henry et al., 2012). Furthermore, the
contributions made by wild pollinators are often vastly underesti-
mated, even though these species provide the majority of pollination
services for crop and non-crop species alike (Breeze et al., 2011;
Garibaldi et al., 2013; Hutchinson et al., 2021). Additionally, wild polli-
nators can greatly enhance crop quality and quantity (Klein
et al., 2007; Oldroyd, 2012; Winfree et al., 2011).

The recent burgeoning demand for food, fibres and fuels has
resulted in agricultural intensification worldwide, leading to the trans-
formation and fragmentation of natural ecosystems (Gibbs
et al., 2010; Sabino et al., 2022). High levels of agrochemicals, dra-
matic modifications to natural systems, the acceleration of climate
change and pronounced habitat loss are among the factors driving
declines in the abundance and richness of wild pollinators (Aizen
et al, 2008; Potts et al., 2016). Although the resulting risks and
impacts may vary geographically, knowledge remains spotty for cer-
tain regions (Dicks et al., 2021; Potts et al., 2016), and farmers, com-
panies and policymakers lack clear guidance when it comes to
effective management practices (Russillo & Pintér, 2009). First, most
records come from North America and northwestern Europe, whereas
fewer data are available for Latin America, Africa, Asia and Oceania
(Potts et al., 2016). Second, much more general and specific informa-
tion is needed regarding how to implement effective management
practices (e.g., decisions around the density and type of floral
resources or trees, and the maximum distance to natural vegetation)
(Russillo & Pintér, 2009). It is necessary to preserve natural habitats
through sustainability-oriented public policies in order to safeguard
pollinator biodiversity and food production (Koch et al., 2019; Sabino
etal, 2022).

Pollinators have highly active lifestyles, and their well-being is
dependent on having certain needs met, including access to specific
nesting locations, shelter and food resources (Bohart, 1972). To

address the ongoing losses of native pollinators, efforts have been
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made to increase the structural and taxonomic diversity of wild plants
and floral resources in crop systems, an approach that has shown
great promise (e.g., Isbell et al., 2017). However, such diversity is typi-
cally lacking in conventional crop monoculture or intensive livestock
systems (Varah et al., 2020). A better solution may lie in agroforestry
systems, in which trees or shrubs are intentionally incorporated into
crop or livestock systems, thus generating positive impacts on the
environment, economy and society (Food and Agriculture Organiza-
tion of the United Nations, 2017; United States Department of Agri-
culture (USDA), 2019). Agroforestry systems are more structurally
complex than intensively farmed landscapes (Varah et al., 2020) and
can, therefore, provide nests, shelter and food for pollinators while
simultaneously furnishing humans with fruits, nuts and timber, in addi-
tion to other products and services (Varah et al., 2020). Furthermore,
the broader availability of spatial and temporal resources within agro-
forestry systems enhances niche complementarity, which fuels eco-
system functioning (Staton et al., 2021). Indeed, compared with
intensive agricultural systems, agroforestry systems host greater
levels of functional and taxonomic pollinator diversity (Briggs
et al,, 2013; Hass et al., 2018). Moreover, research on pollination ser-
vices in agroforestry systems primarily focuses on tropical regions,
where the majority of agroforests are found (Centeno-Alvarado
et al, 2023; Food and Agriculture Organization of the United
Nations, 2020; Kletty et al., 2023). Coffee agroforestry systems pre-
vail as the most common agroforestry crop in the tropics
(e.g., Centeno-Alvarado et al., 2023; Food and Agriculture Organiza-
tion of the United Nations, 2022). In addition, coffee crops offer ben-
efits like climate resilience, price stability and high profitability
(Centeno-Alvarado et al., 2023; Food and Agriculture Organization of
the United Nations, 2022; Somarriba & Lopez-Sampson, 2018; Vaast
et al, 2015). Additionally, more diverse pollinator communities
enhance coffee harvest volume and quality by boosting outcrossing
among plants, which results in larger and more robust fruit
(Ricketts, 2004).

A range of management practices can enhance productivity
(e.g., biomass and crop yields) in agroforestry systems and conven-
tional agricultural systems alike (Chavan et al., 2018). Crop productiv-
ity may be boosted via synergistic strategies (Chavan et al., 2018),
notably by addressing deficits in pollinator diversity by tackling con-
straints on flower visitation (Garibaldi et al., 2016). In particular, past
research suggests that pollinator diversity can be increased within cof-
fee agroforestry systems by augmenting local floral resources and
shade-tree cover while reducing the distance to natural forests
(e.g., Bravo-Monroy et al., 2015; Hipdlito et al., 2018). First, high
levels of diverse and complementary floral resources encourage the
presence of diverse pollinators, including both rare and common spe-
cies (Centeno-Alvarado et al., 2023; Isbell et al., 2017). Second,
increased amounts of shade-tree cover in coffee agroecosystems can
improve microclimatic conditions, notably by maintaining more
favourable temperatures and reducing wind speed (Lin, 2010), thus
facilitating pollinator foraging (Prado et al., 2021). Shade-tree cover
could also indirectly amplify pollinator presence by enhancing floral

resources. For instance, flower availability in coffee agroecosystems
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may increase when microclimatic conditions become shadier
(Lin, 2008). Additionally, shade trees can provide nesting habitat for
certain cavity-nesting pollinators (Gardner et al., 2020). Third, if coffee
agroforestry systems are found closer to natural forest, pollinator
diversity may be positively affected because the trade-off between
food resources and nesting habitat is less dramatic. More specifically,
the shorter distance means pollinators do not need to travel as far
between foraging areas (i.e., agroforestry systems) and nesting habi-
tats (i.e., natural forest) (Rahimi et al, 2022). While theoretical
research has strongly suggested that the above management practices
improve pollinator diversity, the evidence from field studies is mixed;
some provide support (e.g., Samnegard et al., 2014), whereas others
do not (e.g., Klein et al., 2002). Therefore, it is important to compre-
hensively assess available information on this topic to determine how
generalised these patterns are and to identify the factors underlying
the variability observed.

Climate and biodiversity can shape how coffee agroforestry man-
agement affects pollination services, including pollinator diversity
(Byers, 2017; Genung et al., 2017; Krishnan et al., 2018). For instance,
temperature and precipitation have major impacts on plant physiology
and phenology and, thus, alter plant-pollinator interactions
(Descamps et al, 2018; Lawson & Rands, 2019). Furthermore,
climate-mediated shifts in nectar volume and sugar concentration can
lead to changes in resource attractiveness, modifying pollinator abun-
dance and activity (Descamps et al., 2018; Descamps et al., 2021;
Lawson & Rands, 2019). Within coffee agroforestry systems, the pri-
mary pollinators are bees (Ngo et al., 2011). The latter are affected by
management practices in variable ways depending on their degree of
sociality, which shapes responses to environmental change (Antoine &
Forrest, 2020; Griiter & Hayes, 2022; Gutiérrez-Chacén et al., 2018;
Klein et al., 2008; Wcislo & Fewell, 2017). For example, during mass
flowering events, social bees predominate because they communicate
extensively and recruit numerous nestmates; in contrast, when indi-
vidual coffee plants are flowering, solitary bees are more common
(Klein et al., 2008). The pruning of shade trees may also affect these
groups differently: eusocial bees often nest aboveground (e.g., in tree
cavities), whereas many solitary bees nest on the ground, with some
preferring exposed habitats (Antoine & Forrest, 2020; Gutiérrez-
Chacon et al.,, 2018; Wcislo & Fewell, 2017). Additionally, social bees
tend to forage over longer distances than do solitary bees, which
means that greater distances between natural forests and agroforestry
sites may pose less of a challenge to social bees (Griter &
Hayes, 2022). Also, the varying facets of pollinator diversity may not
be affected in similar ways by environmental changes, given that eco-
logical drivers operate at contrasting spatial scales. For example, polli-
nator richness can be explained at finer scales, by factors such as local
floral resources and nesting habitat, while pollinator abundance can
be explained at coarser scales, by factors such as canopy cover
(Grundel et al., 2010; Shackelford et al., 2013).

In addition, the sampling method chosen can influence the rela-
tionship seen between management practices and pollination. Passive
methods, namely pan traps and trapping at nests, can sample a broad

range of pollinators; however, they do not provide specific
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information about the associations between pollinators and flowers
(Hutchinson et al., 2021; Westphal et al., 2008). Active methods,
including observations within plots or along transects, yield direct data
on pollinators and floral visits and, therefore, provide more reliable
information on pollination effectiveness (Garibaldi et al., 2019;
Hutchinson et al., 2021). Furthermore, different studies may use dif-
ferent metrics to quantify the effects of management practices. For
example, local floral resources and shade-tree cover may be measured
in different ways, as illustrated by studies that have characterised
local floral resources in cocoa plantations (a similarly structured sys-
tem to coffee agroforests) using the number of flowering plants ver-
sus the mean number of flowers (e.g., Bravo-Monroy et al., 2015;
Toledo-Hernandez et al., 2021) or others that have quantified shade-
tree cover employing either light intensity or percent canopy cover
(e.g., Klein et al., 2002; Samnegard et al., 2014). Such variation in
methodology can affect research conclusions. Finally, increasing dif-
ferent types of floral resources within a given area (i.e., the target crop
versus complementary flowers) might have different implications for
pollinators and plants. On the one hand, increasing the number of
crop flowers can attract more pollinators, resulting in better crop polli-
nation and, potentially, higher yields (e.g., Boreux, Kushalappa,
et al,, 2013). On the other hand, increasing the number of comple-
mentary flowers by boosting flowering plant diversity can provide
additional resources for pollinators, especially when the target crop is
not in bloom (e.g., Winfree et al., 2007).

In this study, we used a global meta-analysis to assess how coffee
agroforestry management practices influence pollinator diversity. We
tested the following hypotheses: (1) higher levels of local floral
resources (i.e., abundance and diversity) should increase pollinator
diversity (i.e., richness and abundance) by increasing foraging opportu-
nities; (2) greater amounts of shade-tree cover should increase polli-
nator diversity by increasing the availability of sheltering and nesting
sites and (3) shorter distances to natural forests should increase polli-
nator diversity by increasing habitat connectivity. We also explored
how different factors moderate the relationship observed between
coffee agroforestry management practices and pollinator diversity.
We focused on climate (i.e., mean annual temperature and precipita-
tion), pollinator sociality (i.e., social or solitary), the pollinator diversity
metric (i.e., richness or abundance), pollinator sampling methods
(i.e., passive or active), the metric used to characterise local floral
resources (e.g., number of flowers or inflorescences), the metric used
to characterise shade-tree cover (e.g., percent canopy cover or light
intensity) and floral resource type (i.e., coffee plant flowers or comple-

mentary flowers).

MATERIALS AND METHODS
Literature search, study selection and data extraction
Meta-analyses are becoming increasingly common in ecology and

evolution because they use powerful, informative and unbiased tools

to identify trends and summarise results from different studies on the
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same topic (Koricheva & Gurevitch, 2013). Our meta-analysis began
with a systematic search of references in the Web of Science (admin-
istered by Clarivate Analytics) and Scopus (administered by Elsevier).
We adopted the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) protocol (sensu Moher et al., 2009:
www.prisma-statement.org/PRISMAStatement/FlowDiagram) (Figure S1).
Specifically, we compiled published studies evaluating the influence
of coffee agroforestry management practices on pollinator diversity,
richness (i.e., number of species) and abundance (i.e., number of
individuals). We exclusively focused on bees because they are
the most common and effective pollinators of coffee plants
(Ngo et al.,, 2011; Imbach et al., 2017). Hereafter, we use the term
pollinator diversity to refer solely to bee diversity. We also looked
at whether there was an effect of methodology (i.e., passive
methods, such as flight, pan, vane, or malaise traps, versus active
methods, such as visual observations and counts, sweep netting, or
net sampling). We centred our analysis on the following coffee
agroforestry practices: (1) managing the abundance and diversity of
local floral resources; (2) managing levels of shade-tree cover and
(3) modifying the distance to natural forests. They consequently
became the focus of our analyses.

We employed a Boolean search with the following arguments and
terms (appearing in the title, keywords, and/or abstract): (1) agrofor-
est* AND pollinat*, (2) ‘forest farming’ AND pollinat*, (3) silvopast*
AND pollinat* and (4) coffee* AND pollinat*. The terms ‘forest farm-
ing’ and silvopast* (referring to silvopasture or silvopastoral systems)
were included to broaden the search results, as they refer to different
types of coffee agroforestry systems (Atangana et al., 2014; Cardinael
et al., 2015; Jose & Dollinger, 2019; Mosquera-Losada et al., 2009).
Our search covered a timespan from the earliest available digital
records through January 2023; we applied no language restrictions.

The search returned a total of 635 individual studies, of which
20 met our criteria for inclusion in the meta-analysis (Figure S1;
Appendix S1): they evaluated the effects of local floral resources
(e.g., number of flowers or inflorescences), shade-tree cover
(e.g., percent canopy cover) and/or distance to natural forests (e.g., in
meters) on pollinator diversity (i.e., richness and/or abundance) in cof-
fee agroforestry systems. For each publication, we extracted certain
types of data. We treated the management practices as explanatory
variables and pollinator diversity as the response variable. In studies
where management practices were ordinally classified (e.g., low
vs. high levels of shade-tree cover), we noted the sample size for each
management practice class and the mean and dispersion of pollinator
diversity. In studies where management practices were described by
continuous values, we noted R?, F statistic, or T statistic and total
sample size for the regression analyses and the correlation coefficient
and total sample size for correlation analyses. When studies only
reported their values graphically, we extracted the relevant data using
the package metaDigitise (v. 1.0; Pick et al., 2019, 2020) in R (v. 4.1.3;
R Core Team, 2022). We also collected information about study site
location (i.e., using the geographical coordinates indicated in the study
or location name) and about potential moderating factors: pollinator

sociality (i.e., social or solitary), the pollinator diversity metric used
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(i.e., richness and/or abundance), pollinator sampling methods
(i.e., passive or active methods [explained above]), the metric used to
characterise local floral resources within the agroforestry area
(i.e., percentage of flowers, number of flowers or inflorescences, num-
ber of individuals flowering, or number of sites flowering), the metric
used to characterise shade-tree cover (i.e., percent canopy cover, light
intensity, shade-tree composition or forest index [based on variables
reflecting shade-tree structure]) and floral resource type (i.e., coffee
plant flowers or complementary flowers from herbs, shrubs and/or
trees). Certain studies did not classify bees according to their degree
of sociality; their results were subsequently excluded from the moder-
ator analyses because this moderating factor was undefined. Other
moderating factors were mean annual temperature and precipitation,
which we determined for each agroforestry system using the R pack-
age raster (v. 2.0-12; Hijmans & Etten, 2012) and a 2.5-min spatial res-
olution (Table S1). Their ranges were 17.2-26.1°C (mean * standard
error: 21.68 + 0.64°C) and 522-4002 mm (2218.56 + 247.93 mm),
respectively.

Of the 20 studies included in this meta-analysis, some reported
more than one set of results. For instance, Klein et al. (2002) evalu-
ated how the percent of coffee plants in flower influenced the abun-
dance of (1) social bees and (2) solitary bees, generating two sets of
results. In such situations, we analysed the sets of observations sepa-
rately. Thus, after extracting all the data from these 20 studies, we

had 137 sets of results to include in the meta-analysis.

Statistical analyses
Effect sizes

The above data were transformed into effect sizes, which made it
possible to compare results from different studies by placing them on
the same scale (Rosenberg et al., 2013). Effect sizes quantitatively
describe the direction and magnitude of the relationship between two
variables (Harrer et al., 2021). Since coffee agroforestry management
practices could be categorical or continuous in nature, we used five
approaches to calculate effect sizes: (1) we calculated standardised
mean difference or Cohen’s d (d) from categorical means (Formula S1,
Appendix S2); (2) we computed Cohen’s d (d) from the T statistic from
regression analyses (Formula S2, Appendix S2); (3) we calculated Fish-
er's z from the F statistic from regression analyses (Formula S3,
Appendix S2); (4) we calculated the correlation coefficient from the
R-squared (R?) from regression analyses (Formula S4, Appendix S2);
and (5) we calculated Fisher's z from the correlation coefficients
(Formula S5, Appendix S2). Finally, to obtain comparable, reliable and
interpretable effect sizes, we converted all the effect size measures to
Fisher's z (Formulae S1-56, Appendix S2; Table S1), which we consid-
ered to be an appropriate metric, given that it measures associations
between two continuous variables (Rosenberg et al., 2013). Positive
Fisher's z values supported our hypotheses: they indicated that higher
levels of local floral resources, greater percentages of shade-tree

cover, or shorter distances to natural forests promoted pollinator
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diversity. In contrast, negative Fisher’s z values indicated the opposite.
We also ran three-level meta-analytical random-effects models to
capture the degree of between- and within-study dependence among

effect sizes (Borenstein et al., 2009).

Meta-analysis using random-effects models

We used a meta-analysis model to determine the general association
between each coffee agroforestry management practice and pollina-
tor diversity (i.e., richness or abundance). These models used robust
variance estimation, which was implemented via the R package robu-
meta (v. 2.0; Fisher et al., 2017). This method addresses interdepen-
dence among effect sizes calculated with data from the same study
without underestimating the confidence intervals, and it adjusts the
assumed degree of correlation (Hedges et al., 2010). Meta-analysis
models estimate an overall effect size from individual effect sizes
(Harrer et al., 2021; Li et al., 2018). When effect sizes are highly heter-
ogenous, there may be characteristics or variables that act as
moderators—conditioning the direction or strength of the relationship
between the explanatory and response variables (Sharma et al., 1981;
King, 2013). We, thus, calculated T2 and I? statistics, which quantify
the degree of heterogeneity. T2 expresses variability among effect
sizes, and 12 indicates the proportion of T2 attributable to true vari-
ability, not sampling-error-based variability (Borenstein et al., 2009;
Borenstein et al, 2017). When [? exceeds 75% (Higgins &
Thompson, 2002; Higgins et al., 2003), heterogeneity is high, and
moderators should be analysed (Blut et al., 2015).

Sensitivity analysis for publication bias

To address publication bias in our meta-analysis, we adopted the
method described by Mathur and VanderWeele (2020a), which can be
implemented using the R package PublicationBias (Mathur &
VanderWeele, 2020b). Publication bias exists when statistically signifi-
cant findings are more likely to be published than non-significant
results, which may lead to incorrect conclusions (Lin & Chu, 2017).
The above method performs a meta-analysis using only the studies in
which negative or ‘non-significant’ results were found, which yields a
worst-case scenario (i.e., with maximal publication bias; Mathur &
VanderWeele, 2020a). When the two sets of results are compared
(primary = main model vs. worst case = model assuming maximum
publication bias), the analysis indicates the degree to which the non-
significant effect sizes are systematically smaller than overall effect
sizes. If there is a pronounced degree of difference, the primary
results are sensitive to publication bias; if there is little difference, the
primary results are robust (Mathur & VanderWeele, 2020a).

Moderator analysis: Boosted regression trees

To test the relative influence of moderators (see list in the
section Literature search, study selection and data extraction) on
effect size heterogeneity, we performed boosted regression tree
(BRT) analyses using the R package gbm (v. 2.1.5; Greenwell
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et al., 2019). We employed the recommended parameter values (Elith
et al, 2008): bag fraction=0.75, -cross-validation = 10, tree
complexity = 2 and learning rate = 0.001. Because Fisher's z is a con-
tinuous variable, we used a Gaussian distribution of errors. In BRT
analyses, variables are scaled such that their summed influences equal
100, where higher proportional values mean greater influence (Hastie
et al., 2009). Before proceeding to BRTs, we assessed whether the cli-
matic variables were correlated using a Pearson product-moment cor-
relation analysis (r). Employing a significance threshold of r > 0.70, we
found no evidence of a correlation (r = —0.02, p = 0.95). We only
performed moderator analyses for meta-analysis models with robust
results (i.e, no publication bias) and high levels of variability (12
exceeding 75%; Higgins & Thompson, 2002; Higgins et al., 2003).
Finally, we simplified the set of predictor moderators by identifying
and excluding irrelevant moderators, following the approach outlined
by Elith et al. (2008). In this approach, after the model’s initial run, the
two least important predictor variables are removed, and the model is
then re-run. There is considered to be an improvement in model fit if
a more parsimonious model results (i.e., the contributions of the
remaining predictors shift slightly). Some predictors have only a mini-
mal impact on prediction and are deemed non-informative. To
enhance the performance of BRTs, we removed the least important
variables from the original model without affecting predictive

performance.

RESULTS

The 20 studies included in the meta-analysis had taken place in eight
tropical countries located across four of the seven continents, North
America, South America, Africa and Asia (Figure 1). The research had
been conducted in Mexico (21% of the sets of research results), fol-
lowed by Costa Rica and Indonesia (19% of sets), Uganda (16% of
sets), Ethiopia and India (10% of sets), Colombia (3% of sets) and
Ecuador (2% of sets) (Table S1). Several of these countries are among
the world’s top 10 coffee producers (i.e., ranked as follows: Colombia,
Indonesia, Ethiopia, India and Mexico) (Food and Agriculture Organi-
zation of the United Nations, 2022). In addition, these studies were
conducted at an elevational range (199-2215 m) that is representa-

tive of coffee farming conditions (Table S1).

Meta-analysis using random-effects models

In the meta-analysis models, pollinator diversity was significantly posi-
tively influenced by local floral resources (average effect size [95%
confidence intervals]: 0.17 [0.01-0.33]) but was unaffected by
shade-tree cover (—0.06 [—0.27 to 0.15]) and distance to natural for-
ests (0.31 [-0.10 to 0.72]) (Table 1 and Figure 2). The models also
revealed that the three management practices displayed a high degree
of unexplained variability in effect sizes among studies, which was

explored via the moderator analyses (Table S2).
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FIGURE 1 Global distribution of the research sites in the 20 studies included in the meta-analysis. The tropics are indicated in orange, while
areas outside the tropics are indicated in green. The size of the points represents the number of sets of results per study.

TABLE 1 Results of the primary meta-analysis models and the sensitivity analysis.

Estimate SE 95% Cl (lower) 95% ClI (upper) p value df?

Local floral resources

Primary 0.17 0.08 0.01 0.33 0.04? 13

Sensitivity 0.17 0.06 0.05 0.29 0.01? 50.85
Shade-tree cover

Primary —-0.06 0.10 -0.27 0.15 0.54 11

Sensitivity —-0.06 0.08 -0.22 0.09 0.44 40.54
Distance to natural forests

Primary 0.31 0.15 -0.10 0.72 0.11 491

Sensitivity 0.18 0.08 —-0.001 0.36 0.05 23.43

Abbreviations: Cl, confidence interval; df, degrees of freedom; SE, standard error.
2If the degrees of freedom were greater than or equal to four, the alpha was 0.05. If the degrees of freedom were less than four, the alpha was 0.01, as

type | error is usually higher in such cases (sensu Tanner-Smith et al., 2016).

Sensitivity analysis for publication bias

We found no substantial differences between the results of the sensi-
tivity analysis and the results of the primary meta-analysis for the rela-
tionship of pollinator diversity with local floral resources, shade-tree
cover and distance to natural forests (Table 1). This finding indicates
that there was no significant publication-related bias for these three
coffee agroforestry management practices.

Moderator analysis: Boosted regression trees

Mean annual temperature was the most important moderator of the
relationship between local floral resources and pollinator diversity

(relative influence: 35.9%). Other, less significant moderators were
pollinator sociality (31.5%), mean annual precipitation (17.6%), the
metric used to characterise local floral resources (11.8%) and local flo-
ral resource type (3.3%). Pollinator sampling method and the metric
used to describe pollinator diversity had no influence on the relation-
ship between pollinator diversity and local floral resources. For tem-
perature, the effect size was positive from 17.2 to 22.9°C and
negative from 23.6 to 25.7°C (Figure 3a), which indicates that the
impact of increasing local floral resources was negative in environ-
ments with higher temperatures. With regards to pollinator sociality,
social bees exhibited positive effect sizes, whereas solitary bees
exhibited negative effect sizes (Figure 3b). For precipitation, the effect
size was negative between 522 and 1250 mm, was positive between
1254 and 2818 mm, dropped to its most negative value at 2938 mm,
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FIGURE 2 Mean effect sizes (Fisher's z; represented by squares) and 95% confidence intervals (95% Cl; represented by horizontal lines) for
each set of results providing information about how pollinator diversity was influenced by local floral resources, shade-tree cover, and the
distance to natural forests. The management-related metrics (the number of papers/number of sets of results) are shown in parentheses, and the
mean effect sizes (Fisher's z and 95% Cl values) are on the right. The red dashed vertical line indicates a situation of zero effects.

and then became positive and stable (Figure 3c). In other words, the
positive impact of providing more local floral resources was intensified
in regions with higher levels of precipitation, up until a certain thresh-
old. Regarding the metric used to characterise local floral resources,
the number of individuals flowering had a relatively null effect size
(Figure 3d). The effect sizes were negative for flower percentage and
number of sites flowering and positive for flower and inflorescence
number (Figure 3d). In other words, the increase in pollinator diversity
associated with local floral resources was greater when flower or
inflorescence number was used as the metric. In contrast, the increase
was weaker when flower percentage or number of sites flowering was
used. For floral resource type, the effect size was slightly positive for
complementary flowers and slightly negative for coffee plant flowers
(Figure 3e). In other words, the effect of increasing floral resources is
greater when considering complementary flowers and is weaker when
considering coffee plant flowers.

With respect to the relationship between shade-tree cover and
pollinator diversity, the most important moderator was temperature
(58.8%), followed by precipitation (17%), pollinator sociality (12.4%)
and the metric used to characterise shade-tree cover (11.8%). The rest
of the moderators were considered irrelevant. For temperature, the
effect size was negative from 18.6 to 21.5°C, abruptly reached a peak
at 22.9°C, and then remained consistently positive (Figure 3f). In
short, in areas with higher temperatures, increased shade-tree cover
had amplified effects. For precipitation, the effect size decreased as
precipitation increased, achieving its most negative value at 2938 mm.
It then sharply increased all the way to 3581 mm and subsequently
hovered near zero (Figure 2g). In other words, there was less of an
effect of increasing shade-tree cover on pollinator diversity in areas
with more precipitation (up to 2938 mm). With regards to pollinator
sociality, effect sizes were positive for social bees and negative for
solitary bees (Figure 3h).

For the relationship between the distance to natural forests and pol-

linator diversity, the most important moderator was precipitation

(50.1%), followed by the metric for describing pollinator diversity
(49.9%). None of the other moderators was relevant. For precipitation,
the effect size was positive between 614 and 2818 mm; afterward, it
became negative, continuing to drop until it reached a minimum stable
negative value (Figure 3)). In other words, the effect of increasing proxim-

ity to natural forest was diminished in areas with more precipitation.

DISCUSSION

In general, we found that higher levels of local floral resources within

coffee  agroforestry systems enhanced pollinator diversity
(i.e., richness and abundance). This finding aligns with results obtained
in other types of agroecosystems (e.g., Staton et al., 2021). In general,
the relationship appears to be moderated by (i) temperature,
(ii) pollinator sociality, (i) precipitation, (iv) the metric used to charac-
terise local floral resources and (iv) floral resource type. While past
research has found that greater shade-tree cover and proximity to
natural forests promote pollinator diversity in different types of
agroecosystems (e.g., Carvalheiro et al., 2010; Hipdlito et al., 2018),
our meta-analysis showed that those coffee agroforestry management
practices did not broadly influence pollinator diversity. Notably, the
effect of increasing shade-tree cover seemed to depend on
(i) temperature, (i) precipitation, (i) pollinator sociality and (iv) the
metric used to characterise shade-tree cover. In contrast, the effect of
the distance to natural forest appeared to be moderated largely by
(i) precipitation, and, to a lesser extent, (ii) the metric used to describe

pollinator diversity. We expand on these overall findings below.

Local floral resources and pollinator diversity

Boosting local floral resources is an agricultural management strategy

that has been shown to improve pollinator habitat suitability in several
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FIGURE 3 Boosted regression tree partial dependence plots showing the contributions of moderators to Fisher's z for the relationships of
pollinator diversity (i.e., richness and abundance) with local floral resources (a-€), shade-tree cover (f-i), and distance to natural forests (j and k).
For continuous moderators, the fitted function is in black, and the smoothed function is in red. For categorical moderators, the lines convey
sample density. Moderators that did not contribute to the relationships are not shown.

agroecosystems. It increases pollinator diversity and the number of
floral visits; they, in turn, increase the quantity and quality of crop
yields (Greenleaf & Kremen, 2006; Wratten et al., 2012). The underly-
ing cause of higher diversity might be increased ecological opportuni-
ties since better environmental conditions can lead to the greater
availability of fundamental niche space as well as niche discordance,
where competing species adopt different patterns of resource usage
(Wellborn & Langerhans, 2015; Vacher et al., 2016; Wandrag
et al., 2019). Establishing habitats with improved floral resources
within or around crop fields expands the range of pollen and nectar
sources, enhancing foraging efficacy and pollinator fitness by aug-
menting colony pollen stores, colony size, pollinator overwintering
success and the occurrence of rare species (Wratten et al., 2012). To
attract more pollinators, floral resource management should focus on

amplifying the spatial continuity of flowers from the focal crop within

years and should expand the presence of alternative flowering species
(Feltham et al., 2015; Mitchell et al.,, 2009). Other studies in non-
forestry-based agroecosystems have found similar results: increased
floral resources fostered pollinator occurrence and diversity in tem-
perate regions (e.g., Brittain et al., 2013; Feltham et al., 2015; Pisanty
et al,, 2015), tropical regions (e.g., Mufoz et al., 2021) and worldwide
(e.g., Eilers et al., 2011). Our study underscores the omnipresence of
this relationship, at least for tropical coffee agroforestry systems.
Temperature had the following moderating effects: the associa-
tion between levels of floral resources and pollinator diversity was
negative in warmer regions and positive in colder regions. This pattern
might be associated with climate-related shifts in flower development
and pollinator behaviour. In warmer areas, increased temperatures
could boost flower quantity while reducing flower quality due to heat-
induced changes (Descamps et al., 2021; Khodorova & Boitel-Conti, 2013).
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These alterations may render floral resources less attractive to pollina-
tors, potentially leading to a decline in pollinator diversity (Descamps
et al., 2021). Conversely, in colder regions, the milder temperatures
could have positive impacts on both flower quantity and quality
(Khodorova & Boitel-Conti, 2013). Consequently, as long as local floral
resources remain attractive to pollinators, pollinator diversity should
be maintained.

Moderating effects varied for social versus solitary pollinators,
potentially as a result of differences in foraging behaviours. For
levels of floral resources, there seemed to be a positive effect for
social bees, but a negative effect for solitary bees. Social bees can
engage in extensive communication, which might have led to the
recruitment of numerous individuals during mass flowering events
(Klein et al., 2008). In contrast, solitary bees are known to forage
and predominate when individual coffee plants are flowering; they
consequently may be negatively affected by mass flowering events
(Klein et al., 2008).

In the case of precipitation, higher values enhanced the effect of
local floral resources on pollinator diversity. This pattern likely arises
from the correlation between plant diversity and rainfall (e.g., Yao
et al., 2022). Thus, it is reasonable to infer that diverse plant commu-
nities yield diverse floral resources. In turn, a greater diversity of floral
resources should result in more diverse assemblages of pollinators
(e.g., Greenleaf & Kremen, 2006; Wratten et al., 2012). Surprisingly,
when mean annual precipitation was between 1254 and 2818 mm, it
had a negative influence on the relationship between local floral
resources and pollinator diversity, a trend that must be explored in
future studies.

The increase in pollinator diversity resulting from local floral
resources was greater when the number of flowers or inflorescences
was employed as a metric. A weaker effect was seen when flower
percentage and number of sites flowering were used as metrics.
When the number of flowers or inflorescences is used as a metric, it
likely provides a more accurate representation of the actual abun-
dance of floral resources available to pollinators. For instance, the
metric ‘percentage of flowers’ refers to the ratio of individual flower-
ing plants in a particular area, among a particular number of individ-
uals, or for another defined group. Furthermore, the metric ‘number
of flowering sites’ does not necessarily reveal differences between
sites with few flowers versus many flowers.

Finally, floral resource type (i.e., coffee plant flowers
vs. complementary flowers) influenced the relationship between local
floral resources and pollinator diversity because of the role of floral
resource type in supporting pollinators. For example, the presence of
a diverse array of complementary flowering plants can have a
significant impact on pollinator diversity. These plants often provide
additional floral resources necessary for the health and reproductive
needs of pollinators, thereby fostering greater diversity (Winfree
et al., 2007; Albrecht et al., 2020; Jones & Rader, 2022). In contrast,
when we exclusively consider coffee flowers, certain pollinators may
exhibit specific preferences for particular flower types. In such cases,
a single crop may not offer sufficient resources to sustain its popula-
tion (Jones & Rader, 2022).
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Shade-tree cover and pollinator diversity

Past research has posited that shade-tree cover can promote pollina-
tor diversity by improving microclimatic conditions in agroforestry
systems, primarily by moderating temperatures and wind speed
(e.g., Corbet et al.,, 1993; Kwon & Saeed, 2003; DaMatta et al., 2007;
Lin, 2010; Prado et al., 2021). We found, however, that shade-tree
cover in coffee agroforestry systems did not have a significant overall
effect on pollinator diversity. That said, this management practice can
have a conditional impact that largely depends on precipitation, tem-
perature and pollinator sociality.

Increasing temperature had a positive influence on the link
between shade-tree cover and pollinator diversity (Garcia
et al,, 2022), likely because of plant physiological responses to warm-
ing (Hatfield & Prueger, 2015). Specifically, for equal levels of shade-
tree cover, plant growth may be greater (Garcia et al., 2022) in warmer
regions compared with cooler regions. This finding underscores that
increasing shade-tree cover could help coffee-growing regions adapt
to climate change, primarily because increasing shade increases cool-
ing. Useful strategies could include minimising pruning frequency and
intensity for existing shade trees, introducing a greater diversity of
tree species, or employing a combination of the two (Lara-Estrada
et al, 2023). That said, it is crucial to acknowledge that excessive
levels of shade may intensify competition among coffee plants, which
can adversely affect coffee yields (Lara-Estrada et al., 2023).

Increased levels of precipitation had a negative effect on the rela-
tionship between shade-tree cover and pollinator diversity. This pat-
tern could also arise from the correlation between plant diversity and
rainfall (e.g., Yao et al., 2022), where more precipitation leads to more
floral resources that pollinators can exploit (e.g., Greenleaf &
Kremen, 2006; Wratten et al., 2012), regardless of shade-tree cover.
Therefore, shade-tree cover may have a lesser impact on pollinator
diversity in wetter regions than in drier regions.

The moderating role of pollinator sociality in the relationship
between shade-tree cover and pollinator diversity is likely influenced
by nesting behaviour. As expected, solitary bees showed negative
responses to shade-tree cover, possibly because they tend to be
ground nesters with a preference for exposed habitats (Klein
et al., 2008; Wcislo & Fewell, 2017; Gutiérrez-Chacén et al., 2018;
Antoine & Forrest, 2020). Conversely, social bees, and primarily honey
bees, showed positive responses, as they may be attracted by both
foraging resources and nesting resources (e.g., tree cavities; Antoine &
Forrest, 2020; Gutiérrez-Chacén et al, 2018; Klein et al, 2008;
Weislo & Fewell, 2017).

It is worth considering that shade-tree flowering could underlie
the effects of shade-tree cover. However, we could not assess this
hypothetical relationship because the studies did not contain informa-
tion about shade-tree flowering. If this mechanism is at play, it seems
likely that the flowering period of the shade trees would overlap with
that of the coffee crop, leading to interactive influences. Many shade
tree species might also produce flowers that attract bee foragers
(e.g., Mach & Potter, 2018), further emphasising the potential impacts
of shade trees on pollinator diversity.
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Distance to natural forests and pollinator diversity

Some previous studies have suggested that pollinator diversity in
agroforestry systems increases as distance to natural forests
decreases (Klein et al., 2003a; Klein et al., 2003b; Ricketts, 2004; Bor-
eux, Krishnan, et al., 2013; Bravo-Monroy et al., 2015), whereas
others have found no such relationship (Caudill et al., 2017; Toledo-
Hernandez et al., 2021). Only one showed that the effect was sea-
sonal (Vergara & Badano, 2009). Furthermore, a recent meta-analysis
found that pollinator abundance and richness increased in diversified
farming systems when the distance from natural and semi-natural
habitats was increased (Sanchez et al., 2022). That said, our results
indicate that, in the case of coffee agroforestry systems, closer prox-
imity to natural forests did not broadly enhance pollinator diversity.
Instead, the effect was moderated by precipitation and the metric
used to describe pollinator diversity.

The relationship between distance to natural forests and pollina-
tor diversity may be negatively affected by increased levels of precipi-
tation, which could affect hydrological conditions, and thus habitat
quality, in agroforestry systems and adjacent natural areas (Ganuza
et al., 2022). Prolonged rainfall can lead to excessive soil moisture (Dai
et al., 2022), potentially causing plants to allocate more resources to
survival than reproduction, which could lead to reduced numbers of
flowers (Dai et al., 2022). Moreover, extreme precipitation events can
impose mechanical and energetic constraints on pollinators during
their foraging and nesting activities (Lawson & Rands, 2019). Conse-
quently, as the distance from natural forests increases, pollinators
could face larger differences in resources and greater constraints. Ulti-
mately, such conditions might make it less likely for pollinators to tra-
verse the distance between natural forests and agroforestry systems,
potentially leading to reduced pollinator diversity.

The impact of the diversity metric type on the relationship
between distance to natural forests and pollinator diversity is multi-
faceted. Pollinator abundance tends to show a weaker relationship
with distance to natural forests than pollinator richness. In essence,
while proximity to natural forests may indeed lead to a more diverse
pollinator community, it might not necessarily result in a dramatic
increase in the total number of individual pollinators (abundance)
(e.g., Klein, 2009). Instead, it may be fostering a higher variety of polli-
nator species (richness), each adapted to different aspects of the for-

est environment (e.g., Klein, 2009).

Overall conclusions

Using the vast range of research available to date, our meta-analysis
explored how pollinator diversity may be influenced by the major
management practices used in coffee agroforestry systems. We found
strong overall support for the idea that increased local floral resources
enhance bee pollinator diversity. This effect on local floral
resources can be significantly moderated by climatic conditions, polli-
nator sociality and the metric used to characterise floral resources.

Pollinator diversity did not appear to be influenced by shade-tree
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cover and the distance to natural forests, but this relationship may
largely depend on climatic conditions.

Agroforestry systems show clear ecological responses to climatic
conditions (Luedeling et al., 2014), which our results indicate are
accentuated by coffee agroforestry management practices. Our
results highlight that there is an abrupt change in patterns at the tem-
perature and precipitation thresholds that mark the transition from
dry to wet tropical forests, based on the Holdridge life zone classifica-
tion scheme (Holdridge, 1964). This finding implies that biome type
will influence how pollinator diversity responds to coffee agroforestry
management practices, information that should inform the strategies
that are ultimately applied. These findings should also be considered
in the light of future climate change scenarios. For instance, in certain
regions, hotter temperatures in wetter areas could lead to even
greater precipitation, erasing the positive effects of local floral
resources and shade-tree cover on pollinator diversity. As a result,
coffee agroforestry management strategies could become less effec-
tive. While temperature will rise globally, changes in precipitation will
be region-specific (Collins et al., 2013), which means that local floral
resources, shade-tree cover and distance to natural forests may have
shifting relationships with pollinator diversity over time depending on
geographical location. In the future, the effectiveness of certain tech-
niques for managing pollinator diversity and crop production in coffee
agroforestry systems may change dramatically, and more research is
needed that focuses specifically on upcoming climatic, social and eco-
nomic challenges. Furthermore, as indicated by our results, there are
compelling reasons for adopting increases in shade-tree cover to
adapt to climate change, especially given that shade-tree cover had a
stronger positive impact on pollinator diversity at higher tempera-
tures, likely because of its cooling effects.

In conclusion, our study emphasises the importance of managing
coffee agroforestry systems to create suitable pollinator habitats. The
broader objective should be ensuring the availability of resources that
promote pollinator fitness, effective pollination and, as a consequence,
crop vyields. Our results have considerable relevance given policies
around agricultural production and food security in tropical regions. For
instance, sustainable efforts to improve land productivity are underway
in the form of Brazil's National Policy on Climate Change, the Central
American Agriculture Policy and various public policies in tropical Asia
(United Nations Economic and Social Commission for Asia and the
Pacificc, 2009; Inter-American Institute for Cooperation on
Agriculture, 2019; Sotta et al., 2021). By incorporating current knowl-
edge on floral resource management, policies could better promote polli-
nator diversity and pollination success in coffee agroforestry systems.
Simultaneously, shade tree-cover should be increased in a targeted fash-
ion, focusing on areas with compatible climatic conditions. Finally, it
could be helpful to explore the utility of other management practices,
such as irrigation, landscape configuration and agrochemical treatments,
to determine the reproducibility and repeatability of past work.
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Appendix S2. Formulae used in this meta-analysis.

Formula S1. Standardized mean difference or Cohen’s d (d) from categorical means to Fisher’s z.

(1) Categorical means to standardized mean difference or Cohen’s d (d) (Hedges, 1981; Borenstein,
2009)

n-r

d =

Swithin
where ¥; and Y, are the sample means in the two groups and S,,;:»:», is the within-groups standard

deviation.

(n1)512 + (nz)szz
Swithin = n o+ ny, — 2

where n, and n, are the sample size in the two groups and S; and S, are the standard deviation in
the two groups.

(2) Standardized mean difference or Cohen’s d (d) to correlation coefficient (r) (Lajeunesse, 2013)

d
vd? +a

where a is a correction factor.

(ny + ny)?
aa= —

nin,
(3) Correlation coefficient to Fisher’s z (z) (Rosenberg et al., 2013)
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(4) Variance of Fisher’s z (v,) (Rosenberg et al., 2013)

where n is the sample size (or n; + n,).

Formula S2. Standardized mean difference or Cohen’s d (d) from T statistic (T) from regression analyses

to Fisher’s z.
(1) T statistic to standardized mean difference or Cohen’s d (d) (Rosenthal, 1994; Howell, 2013)

LT
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where n is the sample size (or n; + n,).
(2) Standardized mean difference or Cohen’s d (d) to correlation coefficient (r) (Lajeunesse, 2013)
d
V& ta

where a is a correction factor.
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(3) Correlation coefficient to Fisher’s z (z) (Rosenberg et al., 2013)
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(4) Variance of Fisher’s z (v,) (Rosenberg et al., 2013)

where n is the sample size (or n; + n,).

Formula S3. Fisher’s z from F statistic (F) from regression analyses.

(1) Fisher’s z (z) (Schwarzenberg-Czerny & Beaulieu, 2006)
= 1l F
z = log (F)

(2) Variance of Fisher’s z (v,) (Rosenberg et al., 2013)

1
n—3
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where n is the sample size (or n; + n,).

Formula S4. Correlation coefficient (r) from coefficient of determination (R?) to Fisher’s z.

(3) Correlation coefficient (r) (Rosenberg et al., 2013)

r= +R?
(4) Fisher’s z (z) (Rosenberg et al., 2013)
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(5) Variance of Fisher’s z (v,) (Rosenberg et al., 2013)

1
Ca—
where n is the sample size (or n; + n,).
Formula S5. Fisher’s z from correlation data (r).
(6) Fisher’s z (z) (Rosenberg et al., 2013)
1 (1+7r)

2= 2mMa—n

(7) Variance of Fisher’s z (v,) (Rosenberg et al., 2013)

where n is the sample size (or n; + n,).
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- - Statistic - Sample size Effect | Variance
Elevation | Management | Temperature | Precipitation Polllnator Diversity PoIIlne}tor . Floral used to Source in the size of
No. Study Country . o functional . sampling | Metric type reference . . . .
(m) practice (°C) (mm) metric hod resource type | calculate (Fisher's | Fisher's
group metho effect size paper Total | Treatment | Control 2) 7
Klein et al . Local floral . . Number of Regression
1 ’ Indonesia 1219 205 1820 Social Abundance Active flowers or Target crop . Table 4 30 NA NA 0.38 0.04
(2002) resources . (F-statistic)
inflorescences
2 | Kleinetal |\ onesia | 1019 | Locdl floral 205 1820 Social | Abundance | Active Flower Targetcrop | RO9'ESSION | rapieyg 30 NA NA | 009 | 004
(2002) resources ’ percentage 9 P (F-statistic) ) ’
i Number of .
3 Klein et al. Indonesia 1219 Local floral 20.5 1820 Solitary | Abundance | Active flowers or Target crop Regres_su_)n Table 4 30 NA NA 0.10 0.04
(2002) resources - (F-statistic)
inflorescences
g | Klenetal | onesia | 1219 | Locdl floral 205 1820 Solitary | Abundance |  Active Flower Targetcrop | Regression Table 4 30 NA NA -0.20 0.04
(2002) resources ’ Y percentage E P (F-statistic) ) ’
5 | Kleinetal | onesia | 1219 | Locdl floral 205 1820 Nodata | Richness | Active Flower | Complementary | Regression Table 1 15 NA NA 0.46 0.08
(2003b) resources ’ percentage flowers (T-statistic) ’ ’
Klein et al. . Local floral . . Flower Regression
6 (2003b) Indonesia 1219 resources 205 1820 No data Richness Active percentage Target crop (T-statistic) Table 1 15 NA NA -0.32 0.08
Klein et al. . Local floral . Flower Regression
7 (2003b) Indonesia 1219 resources 205 1820 No data | Abundance Active percentage Target crop (T-statistic) Table 1 15 NA NA 0.38 0.08
Klein et al. - Local floral . . Flower Regression
8 (2003b) Indonesia 1219 reSOUICes 20.5 1820 Social Abundance | Active percentage Target crop (T-statistic) Table 1 15 NA NA 0.29 0.08
o | Kleinetal |\ inesia | 1219 | Locdl floral 205 1820 Solitary | Richness | Active Flower | Complementary | Regression | = ropo g 15 NA NA | 048 0.08
(2003b) resources ' ry percentage flowers (T-statistic) ' '
Klein et al. . Local floral . . . Flower Regression
10 (2003b) Indonesia 1219 reSOUICes 20.5 1820 Solitary Richness Active percentage Target crop (T-statistic) Table 1 15 NA NA -0.37 0.08
Klein et al. . Local floral . . Flower Complementary | Regression
11 (2003b) Indonesia 1219 reSOUICes 20.5 1820 Solitary | Abundance | Active percentage flowers (T-statistic) Table 1 15 NA NA 0.26 0.08
Veddeler et Local floral . . Flower Regression .
12 al. (2006) Ecuador 280 1eSOLICES 237 522 Social Abundance Active percentage Target crop (R?) Figure 2 22 NA NA -0.64 0.05
Number of .
13 \g;d?;(l]g%;:t Ecuador 280 Lrizzlufrlgsal 237 522 Social Abundance Active flowers or Target crop Reg(’gi)s fon Figure 3 55 NA NA 0.67 0.02
. inflorescences
Number of .
14 Veddeler et Ecuador 280 Local floral 23.7 522 Social Richness Active flowers or Target crop Regregsmn Figure 3 55 NA NA 0.31 0.02
al. (2006) resources . (R?
' inflorescences
15 Varizgr(rg\:eer Mexico 987 Local floral 243 4002 Solita Abundance Active Flower Target cro| Regression | Results section 67 NA NA -0.34 0.02
(2009) resources ’ ry percentage g P (R? (Text) ’ ’
Jha & . Local floral . . Flower Regression | Results section
16 | Vandermeer Mexico 987 243 4002 Social Abundance Active Target crop > 67 NA NA -0.31 0.02
(2009) resources percentage (R?») (Text)




Jha &

17 | Vandermeer | Mexico 987 Local floral 243 4002 Social Abundance |  Active Flower Target cro| Regression | Results section 57 NA NA 0.36 0.02
9 p R2 T
(2009) resources percentage (R? (Text)
Jha & Local floral Number of Complementar Means
18 | Vandermeer Mexico 1165 229 3581 No data Richness Passive individuals p Y " Figure 5 NA 14 10 0.46 0.05
resources . flowers (categories)
(2010) flowering
Jha & Local floral Number of Complementar Means
andermeer exico . olitar undance assive individuals - igure . .
19 | Vand Mexi 1165 229 3581 Solitary | Abund Passi individual P Y Figure 6 NA 11 13 0.57 0.05
resources - flowers (categories)
(2010) flowering
Jha & Local floral Number of Complementar Means
andermeer exico . ocial undance assive individuals - igure . .
20 | Vand Mexi 1165 229 3581 Social Abund Passi individual p Y Fi 6 NA 11 13 0.57 0.05
resources . flowers (categories)
(2010) flowering
21 | Munyuli o anda 1191 | local floral 215 1254 Social | Abundance |  Active Flower Targetcrop | Regression Table 1 30 NA NA 0.36 0.04
(2011) resources ' percentage (T-statistic) ' '
Munyuli Local floral - . Flower Regression
22 (2011) Uganda 1191 resOUIces 215 1254 Social Abundance | Active percentage Target crop (T-statistic) Table 1 30 NA NA 0.23 0.04
Munyuli Local floral - . Flower Regression
23 (2011) Uganda 1191 resOUIces 215 1254 Social Abundance | Active percentage Target crop (T-statistic) Table 1 30 NA NA 0.60 0.04
Munyuli Local floral . . Flower Regression
24 (2011) Uganda 1191 resOUIces 215 1254 Social Abundance |  Active percentage Target crop (T-statistic) Table 1 30 NA NA 041 0.04
Munyuli Local floral - . Flower Regression
25 (2011) Uganda 1191 resOUIces 215 1254 Solitary | Abundance | Active percentage Target crop (T-statistic) Table 1 30 NA NA 0.23 0.04
Munyuli Local floral . . Flower Regression
26 (2011) Uganda 1191 1eSOLICeS 215 1254 Solitary | Abundance Active percentage Target crop (T-statistic) Table 1 30 NA NA 0.20 0.04
Munyuli Local floral . . Flower Regression
27 (2011) Uganda 1191 1eSOLICeS 215 1254 Solitary | Abundance Active percentage Target crop (T-statistic) Table 1 30 NA NA 0.44 0.04
Number of
osta Rica . o0 data undance assive individuals - able -1. .
28 Peters et al. c Ri 1225 Local floral 213 2859 No d Abund Passi individual Complementary Means Table 3 NA 3 3 191 033
(2013) resources . flowers (categories)
flowering
Number of
29 | Petersetal | oo Rica | 1205 | ocal floral 213 2859 Nodata | Abundance | Passive | individuals | COTPlementary | =~ Means Table3 | NA 3 3 050 | 033
(2013) resources fl . flowers (categories)
owering
Number of
Peters et al. . Local floral . . L Complementary Means
30 (2013) Costa Rica 1225 reSOUICes 213 2859 Social Abundance | Passive |?Id|V|dgals flowers (categories) Table 3 NA 3 3 0.85 0.33
owering
Number of
3y | Petersetal | coaRica | 1205 | ocal floral 213 2859 Social | Abundance | Passive | individuals | COMPlementary | Means Table3 | NA 3 3 048 | 033
(2013) resources . flowers (categories)
flowering
Number of
Peters et al. . Local floral - . S Complementary Means
32 (2013) Costa Rica 1225 resources 21.3 2859 No data Richness Passive mdwndyals flowers (categories) Table 3 NA 3 3 -1.19 0.33
flowering
Number of
33 | Petersetal | oo Rica | 1205 | ocal floral 213 2859 Nodata | Richness | Passive | individuals | COTPlementary |~ Means Table3 | NA 3 3 038 | 033
(2013) resources - flowers (categories)
flowering
34 a?o(ggﬁ?) India 544 Lroezzlufr?ersal 25.7 614 Social Abundance Active ';llgwgfsrc())rf Target crop (ca':ge%?ises) Figure 2 NA 94 32 -0.74 0.01
) inflorescences g
Number of
Boreux et . Local floral . . Means -
35 al. (20133) India 544 resources 25.7 614 Social Abundance Active flowers or Target crop (categories) Figure 2 NA 94 32 -0.72 0.01

inflorescences




Boreux et

Local floral

Number of

Means

36 al. (20133) India 544 1eSOLICES 25.7 614 Social Abundance |  Active ) flowers or Target crop (categories) Figure 2 NA 94 32 -0.02 0.01
inflorescences
Number of -
37 Boreux et India 544 Local floral 25.7 614 Social Abundance Active sites Target crop Mean_s Results section NA 91 28 -0.54 0.01
al. (2013b) resources . (categories) (Text)
flowering
Boreux et - Local floral . . Number of Regression
38 India 544 25.7 614 Social Abundance Active flowers or Target crop (chi- Table 1 113 NA NA 0.21 0.01
al. (2013b) resources .
inflorescences squared)
3o | Samnegdrd | gy | gpq5 | Local floral 17.2 1907 Social | Abundance |  Active ?fﬂwgfsrfrf Targetcrop | Regression | Results section | g NA NA 0.32 0.06
etal. (2014) P resources ' . g P (T-statistic) (Text) ' '
inflorescences
Setyawati et - Local floral . . N umper of Complementary Means
40 Indonesia 447 236 2543 Social Abundance Active individuals - Table 1 NA 3 1 0.42 1
al. (2014) resources . flowers (categories)
flowering
41 | Seyawati et| o oneia | aa7 | Local floral 236 2543 solitary | Abuncance | Active | indinuae | Complementary |~ Means Table 1 NA 3 1 0.49 1
al. (2014) resources ' ry - flowers (categories) '
flowering
Berecha et Local floral Number of Means Figure S1
42 Ethiopia 1635 19.8 1250 Social Abundance Active flowers or Target crop N (Supplementary | NA 10 10 0.86 0.06
al. (2015) resources . (categories) -
inflorescences Material)
Number of Figure S1
43 Efrggise)t Ethiopia 1635 L;Z?Jlufrg:l 19.8 1250 No data | Abundance | Active flowers or Target crop (ca’;geir;ises) (Supplementary | NA 10 10 -0.17 0.06
' inflorescences d Material)
Number of Figure S1
44 Berecha et Ethiopia 1635 Local floral 19.8 1250 Social Abundance | Active flowers or Target crop Mean§ (Supplementary | NA 10 10 -0.12 0.06
al. (2015) resources - (categories) -
inflorescences Material)
Berecha et I~ Local floral . . Number of Means Figure S1
45 Ethiopia 1635 19.8 1250 Social Abundance Active flowers or Target crop Ny (Supplementary | NA 10 10 1.42 0.06
al. (2015) resources . (categories) -
inflorescences Material)
Number of Figure S1
46 Eler?;gise)t Ethiopia 1635 L;Zilufrgsl 19.8 1250 No data | Abundance | Active flowers or Target crop (ca':geir:ises) (Supplementary | NA 10 10 -0.28 0.06
' inflorescences d Material)
Berecha et I~ Local floral . . Number of Means Figure S1
47 Ethiopia 1635 19.8 1250 Social Abundance Active flowers or Target crop . (Supplementary | NA 10 10 -0.19 0.06
al. (2015) resources . (categories) -
inflorescences Material)
Bravo- Local floral Number of Regression Figure S4
48 | Monroy et | Colombia 1668 204 2380 Social Abundance Active flowers or Target crop 9 > (Supplementary | 112 NA NA 0.60 0.01
resources . (R?») -
al. (2015) inflorescences Material)
Bravo- . Local floral . . .N”T“Per of Complementary | Regression Figure S5
49 | Monroy et | Colombia 1668 20.4 2380 Social Abundance |  Active individuals > (Supplementary | 14 NA NA 0.62 0.09
resources - flowers (R? -
al. (2015) flowering Material)
Bravo- . Local floral . . .N”T“Per of Complementary | Regression Figure S5
50 | Monroyet | Colombia 1668 204 2380 Social Abundance Active individuals > (Supplementary | 14 NA NA 0.63 0.09
resources - flowers (R?») -
al. (2015) flowering Material)
Fisher et al. . Local floral . . Flower Correlation
51 (2017) Mexico 930 resources 229 3581 No data Richness Mixed percentage Target crop coefficient Table 1 22 NA NA 0.44 0.05




Fisher et al.

Local floral

Flower

Complementary

Correlation

52 (2017) Mexico 930 reSOLICeS 229 3581 No data Richness Mixed percentage flowers coefficient Table 1 22 NA NA 0.11 0.05
. Number of .
53 | Fisheretal | yyico 930 | Localfloral 229 3581 Nodata | Richness | Mixed | individuals | COMPlementary | Correlation | pp) 4 2 NA NA | 039 0.05
(2017) resources - flowers coefficient
flowering
5g | Fisheretal |y, ico 930 Local floral 229 3581 Social | Abundance | Mixed Flower Targetcrop | COTrelation Table 1 22 NA NA 0.23 0.05
(2017) resources percentage coefficient
g5 | Fisheretal | yiexico | 930 | Local floral 229 3581 Solitary | Abundance | Mixed Flower Targetcrop | COTEIAUOM | rape g 22 NA NA | 020 | o005
(2017) resources ) y percentage Y P coefficient ' '
- Number of .
s | Fisheretal | yoico 930 | “ocalfloral 229 3581 Solitary | Abundance | Mixed | individuals | COmPlementary | Correlation o 22 NA NA | 046 0.05
(2017) resources . flowers coefficient
flowering
57 | Fisheretal | e 930 | Localfloral 229 3581 Solitary | Abundance | Mixed Flower | Complementary | Correlation | ..o 2 NA NA 0.20 0.05
(2017) resources percentage flowers coefficient
Fisher et al. . Local floral . . Flower Correlation
58 (2017) Mexico 930 resources 229 3581 Social Abundance Mixed percentage Target crop coefficient Table 1 22 NA NA 0.74 0.05
. Number of .
5o | Fisheretal | yievico | 930 | Local floral 229 3581 Social | Abundance | Mixed | individuals | COMPlementary | Correlation | g 22 NA NA | 010 | o005
(2017) resources . flowers coefficient
flowering
go | Fisheretal | yovico 930 | “ocalfloral 229 3581 Social | Abundance | Mixed Flower | Complementary | Correlation | .\ 2 NA NA 0.33 0.05
(2017) resources percentage flowers coefficient
Klein et al. - Shade-tree . . Light Regression
61 (2002) Indonesia 1219 cover 205 1820 Social Abundance Active intensity NA (F-statistic) Table 4 30 NA NA -0.44 0.04
g2 | Kleinetal | yonesia | 1219 | Shade-tree 205 1820 Solitary | Abundance | Active Light NA Regression | apje 4 30 NA NA | 043 | 004
(2002) cover ' ry intensity (F-statistic) ’ '
g3 | Klenetal | onesia | 1219 | Shade-ree 205 1820 Solitary | Richness | Active Light NA Regression | tioure 2 NA NA | 112 | 005
(2003a) cover : ry intensity (R?) 9 : '
Klein et al. - Shade-tree . . Light Regression
64 (2003a) Indonesia 1219 cover 20.5 1820 Solitary | Abundance | Active intensity NA (T-statistic) Table 2 24 NA NA -0.38 0.05
Klein et al. - Shade-tree . . Light Regression
65 (2003a) Indonesia 1219 cover 20.5 1820 Social Abundance | Active intensity NA (T-statistic) Table 2 24 NA NA 0.55 0.05
Klein et al. - Shade-tree . - . Light Regression -
66 (2003b) Indonesia 1219 cover 20.5 1820 Solitary Richness Active intensity NA (R?) Figure 1 15 NA NA -0.91 0.08
Klein et al. . Shade-tree . . Light Regression
67 (2003b) Indonesia 1219 cover 205 1820 Social Abundance Active intensity NA (T-statistic) Table 1 15 NA NA 0.68 0.08
Klein et al. . Shade-tree . . Light Regression
68 (2003b) Indonesia 1219 cover 205 1820 No data Richness Active intensity NA (T-statistic) Table 1 15 NA NA -0.63 0.08
Klein et al. . Shade-tree . . Light Regression
69 (2003b) Indonesia 1219 cover 205 1820 Solitary | Abundance Active intensity NA (T-statistic) Table 1 15 NA NA -0.48 0.08
70 Varirc]:r(rg\:eer Mexico 987 Shade-tree 243 4002 No data | Abundance Active Canopy cover NA Means Results section NA 67 57 0.47 0.02
(2009) cover ’ Py (categories) (Text) ’ ’
Jha & Shade-tree Means
71 | Vandermeer Mexico 987 243 4002 Solitary | Abundance Active Canopy cover NA " Figure 2 NA 67 57 0.20 0.02
(2009) cover (categories)
72 Varizgr(rg\:eer Mexico 987 Shade-tree 243 4002 Social Abundance Active Canopy cover NA Means Figure 2 NA 67 57 0.29 0.02
cover ’ Py (categories) 4 ’ ’

(2009)




Jha &

Shade-tree

Means

73 | Vandermeer |  Mexico 987 243 4002 Social Abundance |  Active Canopy cover NA - Figure 2 NA 67 57 0.30 0.02
(2009) cover (categories)
Jha & Shade-tree Means
74 | Vandermeer Mexico 1165 229 3581 No data | Abundance | Passive | Canopy cover NA " Figure 5 NA 12 12 0.58 0.05
(2010) cover (categories)
Jha & Shade-tree Means
75 | Vandermeer |  Mexico 1165 22.9 3581 Solitary | Abundance | Passive | Canopy cover NA - Figure 6 NA 18 13 0.54 0.04
(2010) cover (categories)
Jha & Shade-tree Means
76 | Vandermeer Mexico 1165 229 3581 Solitary | Abundance | Passive | Canopy cover NA " Figure 6 NA 18 11 0.29 0.04
(2010) cover (categories)
Munyuli Shade-tree . . Light Regression ]
7 (2011) Uganda 1191 cover 215 1254 Social Abundance |  Active intensity NA (T-statistic) Table 1 30 NA NA 0.46 0.04
78 | Mumuli o goanda | 1191 | Shadedtree 215 1254 Social | Abundance | Active Light NA Regression | 4p1e 30 NA NA | 028 | 004
(2011) cover ’ intensity (T-statistic) ’ ’
79 | Mumuli o goanda | 1191 | Shadedtree 215 1254 Social | Abundance | Active Light NA Regression | 4pje 30 NA NA | 037 | 004
(2011) cover ’ intensity (T-statistic) ’ ’
go | Munwuli | oanda | 1791 | Shadedree 215 1254 Social | Abundance | Active Light NA Regression | 4pje 30 NA NA | 031 0.04
(2011) cover ’ intensity (T-statistic) ’ ’
gl | Munwuli | oanda | 1791 | Shadedtree 215 1254 Solitary | Abundance | Active Light NA Regression | roh1aq 30 NA NA | 014 0.04
(2011) cover ’ intensity (T-statistic) ’ ’
Munyuli Shade-tree . . Light Regression ]
82 (2011) Uganda 1191 cover 215 1254 Solitary | Abundance Active intensity NA (T-statistic) Table 1 30 NA NA 0.19 0.04
Munyuli Shade-tree . . Light Regression ]
83 (2011) Uganda 1191 cover 215 1254 Solitary | Abundance Active intensity NA (T-statistic) Table 1 30 NA NA 0.28 0.04
Boreux et - Shade-tree . . Means .
84 al. (2013a) India 544 cover 25.7 614 Social Abundance Active Canopy cover NA (categories) Figure 2 NA 32 94 0.74 0.01
Boreux et - Shade-tree . . Means .
85 al. (2013a) India 544 cover 25.7 614 Social Abundance Active Canopy cover NA (categories) Figure 2 NA 32 94 0.72 0.01
Boreux et - Shade-tree . . Means .
86 al. (20132) India 544 cover 25.7 614 Social Abundance Active Canopy cover NA (categories) Figure 2 NA 32 94 0.02 0.01
Boreux et . Shade-tree . . Shade tree Regression
87 al. (2013b) India 544 cover 25.7 614 Social Abundance Active density NA o) Table 1 113 NA NA 0.25 0.01
Boreux et - Shade-tree . . Shade tree Regression
88 al. (2013b) India 544 cover 257 614 Social Abundance | Active density NA o Table 1 113 NA NA 0.32 0.01
89 Ngo et al. Costa Rica 754 Shade-tree 23 2938 No data Richness Passive | Canopy cover NA Means Table 2 NA 4 4 -0.62 0.20
(2013) cover (categories) ' '
g0 | Ngoetal | cogia Rica 754 Shade-tree 23 2938 Nodata | Abundance | Passive | Canopy cover NA Means Table 2 NA 4 4 -131 0.20
(2013) cover (categories) ’ ’
Figure S1
91 Berecha et Ethiopia 1635 Shade-tree 19.8 1250 Social Abundance Active Canopy cover NA Mean_s (Supplementary | NA 10 10 -0.86 0.06
al. (2015) cover (categories) Material)
Figure S1
92 Berecha et Ethiopia 1635 Shade-tree 19.8 1250 No data | Abundance Active Canopy cover NA Mean_s (Supplementary | NA 10 10 0.17 0.06
al. (2015) cover (categories) Material)
Figure S1
Berecha et -~ Shade-tree . . Means
93 al. (2015) Ethiopia 1635 cover 19.8 1250 Social Abundance Active Canopy cover NA (categories) (Supplementary | NA 10 10 0.12 0.06

Material)




Figure S1

94 Berecha et Ethiopia 1635 Shade-tree 19.8 1250 Social Abundance |  Active Canopy cover NA Mean_s (Supplementary | NA 10 10 -1.42 0.06
al. (2015) cover (categories) -
Material)
Figure S1
95 Berecha et Ethiopia 1635 Shade-tree 19.8 1250 No data | Abundance Active Canopy cover NA Mean_s (Supplementary | NA 10 10 0.28 0.06
al. (2015) cover (categories) -
Material)
Figure S1
96 Berecha et Ethiopia 1635 Shade-tree 19.8 1250 Social Abundance Active Canopy cover NA Mean_s (Supplementary | NA 10 10 0.19 0.06
al. (2015) cover (categories) -
Material)
Caudill et . Shade-tree . - . Means
97 al. (2017) Costa Rica 1354 cover 18.6 2818 Social Richness Active Canopy cover NA (categories) Table 2 NA 9 9 0.14 0.07
Caudill et . Shade-tree . . Means
98 al. (2017) Costa Rica 1354 cover 18.6 2818 Social Abundance Active Canopy cover NA (categories) Table 2 NA 9 9 -0.05 0.07
Caudill et . Shade-tree . . Means
99 al. (2017) Costa Rica 1354 cover 18.6 2818 Social Abundance Active Canopy cover NA (categories) Table 2 NA 9 9 -0.34 0.07
Fisher et al. . Shade-tree - . Correlation
100 (2017) Mexico 930 cover 229 3581 No data Richness Mixed Canopy cover NA coefficient Table 1 22 NA NA -0.29 0.05
Fisher et al. . Shade-tree . . Correlation
101 (2017) Mexico 930 cover 229 3581 Social Abundance Mixed Canopy cover NA coefficient Table 1 22 NA NA -0.27 0.05
Fisher et al. . Shade-tree - . Correlation
102 (2017) Mexico 930 cover 229 3581 Solitary | Abundance Mixed Canopy cover NA coefficient Table 1 22 NA NA -0.27 0.05
Fisher et al. . Shade-tree - . Correlation
103 (2017) Mexico 930 cover 229 3581 Social Abundance Mixed Canopy cover NA coefficient Table 1 22 NA NA 0.11 0.05
104 | Kleinetal | onesia | 1219 | Distanceto 205 1820 Social | Richness | Active Forest NA Regression | rioure 2 2 NA NA | 139 0.05
(2003a) natural forest ’ distance (R?» ’ ’
Klein et al. - Distance to . . . Forest Regression .
105 (2003b) Indonesia 1219 natural forest 20.5 1820 Social Richness Active distance NA (R?) Figure 1 15 NA NA 117 0.08
Klein et al. - Distance to - . Forest Regression
106 (2003b) Indonesia 1219 natural forest 205 1820 No data Richness Active distance NA (T-statistic) Table 1 15 NA NA 0.28 0.08
Klein et al. - Distance to . . Forest Regression
107 (2003b) Indonesia 1219 natural forest 20.5 1820 Social Abundance |  Active distance NA (T-statistic) Table 1 16 NA NA 0.58 0.08
Ricketts et . Distance to . . . Forest Means -
108 al. (2004) Costa Rica 689 natural forest 229 2801 Social Richness Active distance NA (categories) Figure 2 NA 4 4 1.90 0.2
Ricketts et . Distance to . - . Forest Means -
109 al. (2004) Costa Rica 689 natural forest 22.9 2801 Social Richness Active distance NA (categories) Figure 2 NA 4 4 1.75 0.2
Ricketts et . Distance to . . . Forest Means .
110 al. (2004) Costa Rica 689 natural forest 22.9 2801 Social Richness Active distance NA (categories) Figure 2 NA 4 4 0.60 0.2
Ricketts et . Distance to . - . Forest Means -
111 al. (2004) Costa Rica 689 natural forest 229 2801 Social Richness Active distance NA (categories) Figure 2 NA 4 4 1.14 0.2
Ricketts et . Distance to . - . Forest Means -
112 al. (2004) Costa Rica 689 natural forest 229 2801 Social Richness Active distance NA (categories) Figure 2 NA 4 4 0.67 0.2
Jha & Distance to Forest ANCOVA
113 | Vandermeer Mexico 987 243 4002 No data | Abundance Active . NA o Table 2 375 NA NA 0.25 0.003
natural forest distance (F-statistic)

(2009)




Vergara-

Distance to

Forest

Regression

Results section

114 Izle.\d(gg% g)t Mexico 1079 natural forest 19.6 1868 Social Richness Active distance NA (R?) (Text) 16 NA NA 0.73 0.08
115 | Muwvuli oy nge | 1101 | Distanceto 215 1254 Social | Abundance | Active Forest NA Regression | rh1a q 30 NA NA | o061 0.04
(2011) natural forest distance (T-statistic)
116 l\?zugﬁ)“ Uganda | 1101 | DS | 5 1254 Social | Abundance | Active | O NA gf{:ﬁ;ﬁ’g Table 1 30 NA NA | -018 | 004
117 '\?;gi’f)" Uganda | 1191 ngtlj::??grteost 215 1254 Social | Abundance |  Active droest NA (F;egt’:ﬁz'tfcn) Table 1 30 NA NA | 019 0.04
118 '\?;gi’f)" Uganda | 1191 ngtlj::??grteost 215 1254 Social | Abundance |  Active droest NA (F;egt’:ﬁz'tfcn) Table 1 30 NA NA | -018 | 004
119 '\?;gi’f)" Uganda | 1191 ngtlj::??grteost 215 1254 Social | Abundance |  Active doest NA (F;egt’:ﬁz'tfcn) Table 1 30 NA NA | 029 0.04
120 '\?;(;‘i’f)" Uganda | 1191 n'zt'j::?‘f:géost 215 1254 Solitary | Abundance |  Active d':;;iscte NA (F;eg{:tﬁz'tfcn) Table 1 30 NA NA 0.29 0.04
121 '\?;gi’f)" Uganda | 1191 n'zt'jgfﬁgé‘;t 215 1254 Solitary | Abundance | Active droest NA (F;egt’:sz'tfc”) Table 1 30 NA NA | -025 | o004
122 '\?;gi’f)" Uganda | 1191 n'zt'jgfﬁgé‘;t 215 1254 Solitary | Abundance | Active droest NA (F;egt’:sz'tfc”) Table 1 30 NA NA | 031 0.04
123 '\?2“6‘{;)" Uganda | 1191 n'zt'jﬁg?‘f’grg’st 215 1254 Solitary | Abundance | Active df;;ensée NA (Féegg;zg‘) Table 1 30 NA NA | 023 | o004
124 Ba(“zkoslzt)a" CostaRica | 199 n'zt'jﬁg?‘f’grg’st 26.1 3257 Social | Richness | Passive df;;ensée NA (ca':ggi?ises) Figue2 | NA 3 3 076 | 033
125 Ba(“zkoslzt)a" CostaRica | 199 n'zt'jﬁg?‘f’grg’st 26.1 3257 Social | Abundance | Passive df;;ensée NA (ca':ggi?ises) Figue3 | NA 3 3 091 | 033
106 | Banksetal | o oo pica | 199 | Distanceto 26.1 3257 Nodata | Abundance | Active Forest NA Means Figure4 | NA 3 3 0.69 0.33
(2013) natural forest distance (categories)
127 Ba(nzkoslgt)al. Costa Rica 199 ngtij:g?‘f:s:eost 26.1 3257 No data | Abundance | Active d'i:s(?[;isé[e NA (ca':g;ir:ises) Figure 4 NA 3 3 -0.59 0.33
128 a'?_"(r;gi‘;?) India 544 ngtljlt’g?‘f:s:eost 257 614 Social | Abundance | Active dfs‘i;sée NA (Ca':ggf:ises) Figure 2 NA 32 94 0.74 0.01
129 a?"ggi‘szt) India 544 n'zt'j:gfﬁgéost 25.7 614 Social | Abundance | Active d':;;scte NA (Ca':g‘;i':ises) Figure 2 NA 32 94 0.72 0.01
130 a?"ggi‘szt) India 544 n'zt'j:gfﬁgéost 25.7 614 Social | Abundance | Active d':;;scte NA (Ca':g‘;i':ises) Figure 2 NA 32 94 0.02 0.01
131 M?);E:\cl)())/_et Colombia 1668 ngtij:g?‘f:s:eost 20.4 2380 Social Abundance | Active d'i:s(?[;isé[e NA Reg(’F‘ji)s ion (Su';ig Ig'n‘e_(esrft)ary 12 NA NA -0.75 0.11
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Table S2. Heterogeneity statistics for the three-level meta-analytical random-effects models.

Model 12 1z
Local floral resources 0.03 | 85.09
Shade-tree cover 0.10 | 87.46

Distance to natural forests | 0.18 | 81.37

*When 12 exceeds 75% (Higgins & Thompson, 2022; Higgins et al., 2003), heterogeneity is high, and moderators

should be analyzed (Blut et al., 2015).
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Figure S1. Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) flow diagram
of the literature search on the effect of management practices within coffee agroforestry systems on

pollinator diversity, showing the records obtained by our search and the number of records that were

eliminated according to our exclusion criteria.
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Abstract

Pollinators are essential in ecosystems and agricultural systems, but their recent declines are jeopardizing
food security. Current research in this area has been exploring questions beyond pollinator taxonomy, such
as those focused on functional diversity, in order to clarify how pollinator traits may respond to
environmental changes (i.e., response traits) and influence ecosystem functioning (i.e., effect traits).
Agroforestry systems can help maintain pollinator diversity and, consequently, food production. Various
local and regional management practices could enhance both pollinator diversity and crop yield in
agroforestry systems. We applied a response-effect framework to evaluate the influence of management-
related variables on the functional diversity of bee pollinators as well as on the yield and quality of acerola
(Malpighia emarginata DC), a crop of economic and cultural significance in northeastern Brazil. We thus
collected data from 10 small agroforestry farms in the Atlantic Forest in the state of Pernambuco. These
farms experience a broad diversity of management-related variables at local scales (e.g., floral resources,
light intensity) and regional scales (e.g., forest coverage). We characterized bee functional diversity and
composition using nine pollination-related traits. To describe fruit yield, we measured fruit set. To describe
fruit quality, we measured maximum length and width, fresh mass, firmness, and sugar content. We found
that decreased light intensity and increased forest coverage influenced pollinator communities. Notably,
they favored the presence of smaller-winged bees. Fruit set increased with higher pollinator visitation rates
and the greater presence of oligolectic bees. Additionally, there was a strong association between acerola
quality and multiple facets of pollinator trait diversity, trait composition, and visitation rates. Ultimately,
the response-effect framework helped identify management approaches that could be used to indirectly
boost fruit quality. Our findings highlight the need to consider ecological interactions when designing land

management strategies so as to better balance ecological health and system productivity.

Keywords: Agroecology; agroecosystems; plant-pollinator interactions; pollination, West Indian cherry
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Introduction

Animal-mediated pollination is a fundamental process in natural and agricultural ecosystems, with
impacts on biodiversity, productivity, and global food security (Ollerton, 2017; Katumo et al., 2022). Over
90% of plant species in certain regions exclusively reproduce via animal-mediated pollination, which is
carried out by insects, birds, and mammals (Kevan & Baker, 1983; Whelan et al., 2008; Ollerton et al.,
2011; Lacker et al., 2019). The result is not only greater plant genetic diversity (Wright, 1946; Wessinger,
2020), but also the increased productivity of crop and non-crop species alike, which means animal-mediated
pollination directly shapes ecosystem functionality (Klein et al., 2007; Vanbergen & the Insect Pollinator
Initiative, 2013: Sluijs & Vaage, 2016). Yet, this vital ecosystem service is under threat (IPBES, 2017).
Worldwide, pollinators are decreasing in abundance and diversity, primarily due to anthropogenic forces
(IPBES, 2017). The latter include intensive agriculture, pesticide usage, pathogens, and climate change
(Steffan-Dewenter & Westphal, 2008; Potts et al., 2010; Winfree et al., 2011; IPBES, 2017). Pollinator
declines are having severe consequences, including lower plant yields (Potts et al., 2010), decreased access
to critical resources for human populations (Sluijs & Vaage, 2016), and dramatic volatility in crop prices,
leading to significant economic losses (IPBES, 2017).

Previous research on the relationship between pollinators and anthropogenic activities has
primarily described pollinator taxonomy and population demography (e.g., Biesmeijer et al., 2006; Brittain
et al., 2010; Carvalheiro et al., 2013; Zattara & Aizen, 2021). However, given the concerns listed
previously, researchers have shifted their focus to examining functional diversity (Gagic et al., 2015). In
general, the objective is to adopt a holistic, functional perspective, otherwise known as a response-effect
framework. More specifically, researchers are considering how the phenological, physiological, and
behavioral traits of pollinators respond to environmental change (i.e., response traits) and/or influence
ecosystem functioning (i.e., effect traits) (Hooper et al., 2000; Tilman, 2001; McGill et al., 2006). Within
this framework, if response traits and effect traits fully overlap, then environmental changes should lead to
alterations in ecosystem services. Conversely, if there is no overlap, environmental changes should not have
a significant impact on ecosystem services.

Understanding pollinator functional diversity is crucial to better understanding levels of ecosystem
resilience and sustainability in the face of anthropogenic impacts (Fontaine et al., 2005). For example,
environmentally heterogenous agricultural landscapes tend to host a greater diversity of pollinator groups,

such as bees and flies, at various spatial and temporal scales (e.g., Hass et al., 2018; Martinez-Nufiez et al.,
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2022; Sciligo et al., 2022). However, more broadly, biodiversity may be positively or negatively impacted
depending on consistency or compatibility among landscape features (e.g., topography, soil composition,
climate) and species ecological requirements (i.e., related to survival and reproduction) (Dronova, 2017).
For instance, biodiversity can be promoted or at least maintained if cover type diversity enhances the
availability of food, nesting sites, and dispersal options (Fahrig et al., 2010). Specifically, factors may be
operating at local and regional scales. At the local scale, pollinators may benefit from shade trees and
diverse floral resources. The former can provide nesting habitat and refuge, ensuring protection against
extreme temperatures and intense wind (Ricketts et al., 2004; Prado et al., 2021). The latter generates a
consistent and abundant food supply, supporting a broader range of pollinators (e.g., Friind et al., 2010). At
the regional scale, greater amounts of area covered by natural forest (i.e., forest coverage) can offer
pollinators a more diverse range of floral resources, non-floral resources, nesting sites, and structural
characteristics that may otherwise be lacking (Montagnana et al., 2021; Ulyshen et al., 2023). As a result,
environmental factors can influence the composition of pollinator communities and, consequently, the traits
represented therein. If specific traits, such as foraging strategies, are favored, the effects could ripple up to
shape overall functional diversity within ecosystems.

Management practices could be used to improve pollinator functional diversity in such a way as
to boost pollination services (Woodcock et al., 2019; Coutinho et al., 2021). Pollination efficiency is closely
linked to the presence of a diverse array of pollinator traits (Phillips et al., 2018; Roquer-Beni et al., 2020;
Stavert et al., 2016). For instance, certain pollinators possess traits that allow more effective exploitation
of certain flower types and, therefore, higher pollination rates. Thus, a diverse pollinator community will
contain a range of traits, which should translate into a broader increase in pollination rates and plant
reproductive success (e.g., Woodcock et al., 2019; Coutinho et al., 2021). In this vein, agroforestry systems
are known to enhance landscape heterogeneity and promote biodiversity, all while allowing sustainable
levels of agricultural productivity (FAO, 2017; USDA, 2019). At the local scale, agroforestry systems
provide more abundant and diverse floral resources as well as more extensive shade-tree cover; at the
regional scale, they contribute to higher levels of forest coverage (Fahrig et al., 2010; Centeno-Alvarado et
al., 2023). One objective of agroforestry management practices is to promote synergies between system
productivity and biodiversity conservation (Centeno-Alvarado et al., 2023). Within agroforestry systems,
levels of floral resources tend to be positively associated with pollinator diversity and crop production, a

relationship that is likely driven by niche complementarity (Centeno-Alvarado et al., 2023). Consequently,
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increasing resource diversity and quantity seems to create an environment conducive to the coexistence of
diverse pollinators (Centeno-Alvarado et al., 2023). Additionally, the presence of shade-tree cover can
further amplify pollination services by promoting pollinator diversity, floral visitation rates, and crop
production (Centeno-Alvarado et al., 2023). It is important to note that, although infrequent, there are cases
in which shade-tree cover and pollinator diversity are negatively related or unrelated (Centeno-Alvarado et
al., 2023). Overall, it is evident that the underlying mechanisms and the precise impacts of the above
relationships remain to be elucidated.

Generally, agroforestry systems are more common in tropical regions, where their implementation
faces fewer social and cultural challenges than in temperate regions. Indeed, these systems have been
spreading at a moderate pace in Brazil in recent years, but an absence of guidance on practices and
techniques (Martinelli et al., 2019) is hampering system adoption and retention among farmers (Martinelli
etal., 2019). This study’s objective was thus to determine how local and regional agroforestry management
may be affecting the functional diversity of bee pollinators and the latter’s impacts on the yield and quality
of acerola (Malpighia emarginata DC.) in the northeastern Brazilian state of Pernambuco. Acerola is a fruit
of great economic and cultural value in this region, and its production largely depends on insect pollination,
primarily by bees (EMBRAPA, 2012; Silva et al., 2012; Dias et al., 2018; BPBES & REBIPP, 2019). We
hypothesized that 1) management-related variables—namely floral resources, light intensity, and forest
coverage—would be positively related to pollinator functional diversity and 2) increased pollinator
functional diversity would positively influence acerola fruit yield and quality. This work underscores how
a functional diversity approach can help identify effective local and regional agroforestry management
practices that can support pollinators, enhance crop production, and promote sustainable agriculture. The
application of a response-effect framework can help highlight specific practices capable of optimizing
ecosystem services, particularly pollination, while simultaneously preserving agricultural productivity and

ecological sustainability.

Materials and Methods
Study sites

Our study was conducted in the northeastern Brazilian state of Pernambuco. This region hosts
humid coastal areas dominated by the wet tropical Atlantic Forest. The latter is particularly fragmented in

Pernambuco because of extensive sugarcane farming (Ranta et al., 1998; Siqueira Filho et al., 2007). In
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northeastern Brazil, smallholdings occupy 36.6% of the over 70 million hectares of agricultural lands
(Aquino et al., 2020). A smallholding is defined as a farmed surface area of less than 4 fiscal modules (i.e.,
1 fiscal module < 90 hectares in this region; Brazilian Family Farming Law 11.326/06). Although 90% of
agricultural production in Pernambuco comes from smallholdings, only 3% of farms utilize agroforestry
(IBGE, 2017). These farms tend to be concentrated in the state’s humid coastal and semi-arid zones (Santos
et al., 2023). The Brazilian government is increasingly promoting the implementation of agroforestry
systems, as can be seen in the Sectoral Plan for Climate Change Adaptation and Low Carbon Emissions in
Agriculture (Plano ABC+) 2020-2030 (Ministério de Agricultura, Pecuéria e Abastecimento, 2021). This
plan describes a national strategy for boosting climate change adaptations and controlling greenhouse gas
emissions in Brazilian agricultural systems (Ministério de Agricultura, Pecuéria e Abastecimento, 2021).
A key objective is to encourage the implementation of agroforestry systems (Ministério de Agricultura,
Pecuaria e Abastecimento, 2021), which could help protect mean agricultural profitability by mitigating the
negative effects of climate change (Schembergue et al., 2017).

We established a total of 10 study sites, each located within a smallholding farm practicing
agroforestry on less than 1 hectare of land (Table S1 — Supplementary Materials). These farms were
distributed across the municipalities of Igarassu, Recife, Rio Formoso, and Sirinhaém (7.8353-8.6944°S;
34.8806-35.2424°W) (Figs. 1 & S1 — Supplementary Materials). At each study site, we established a 20-
m? plot. We had permission from the farmers to access their land, and all field research activities were
approved by the Brazilian Biodiversity Authorization and Information Systems (SISBIO; license number

86051-1).

Study species

We selected acerola (Malpighia emarginata DC., Fam. Malpighiaceae) as our focal study crop
because of its dependence on insect pollination and its economic and cultural value in northeastern Brazil.
There has been scientific debate as to whether acerola is self-compatible (Freitas et al., 1999; Moura et al.,
2018), but it is known that, in the absence of pollination, fruit formation is rare or absent (Freitas et al.,
1999). Indeed, acerola strongly relies on insects, mainly bees, for pollination (BPBES & REBIPP, 2019).

Brazil is the foremost producer, consumer, and exporter of acerola (Sazan et al., 2014). Acerola
cultivation is particularly widespread in northeastern Brazil because the crop can be grown under various

climatic conditions and displays resistance to pests (Freitas et al., 1999; Dias et al., 2018; Moura et al.,
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2018; Lima et al., 2019). Acerola flowers typically bloom in the early morning, just before dawn, and then
persist for one day (Freitas et al., 1999). This species has the remarkable ability to flower year-round
(Gomes et al., 2001), ensuring a nearly continuous cash flow for smallholders.

In addition, acerola is a fruit of high nutritional value, whose cultivation could promote regional
food security. First, acerola is one of the richest natural sources of ascorbic acid in the world (Prakash &
Baskaran, 2018). Second, it possesses substantial levels of phytonutrients with myriad biofunctional
properties, such as anti-aging effects and multidrug resistance-reversing activity (Prakash & Baskaran,
2018). Third, it contains high levels of anthocyanins, carotenoids, and vitamin C (EMBRAPA, 2012; Silva
etal., 2012; Dias et al., 2018), making it a popular dietary supplement taken by pregnant women, children,

athletes, and manual workers, among others (EMBRAPA, 2012).

Local management-related variables

Local management practices frequently affect variables such as shade-tree cover and floral
resources. We thus measured light intensity and floral cover in each study plot as proxies. Light intensity
was characterized using a luxmeter (KIBOULE, a digital illuminance meter with four measurement ranges
from 0 to 1999 W m—2) under standardized conditions. Measurements were obtained at ground level on
sunny days between 700 and 1000 hours at 20 randomly selected points within each study plot. A mean
value was then calculated (Table S1 — Supplementary Materials). To measure floral cover, we employed a
grid-based method. First, each study plot was equally divided into 100 subplots. Next, at each subplot
intersection point (i.e., N =81; Fig. S2 — Supplementary Materials), we assessed flower presence or absence
for two distinct strata: (1) the woody layer (i.e., trees and bushes) and (2) the herbaceous layer. Next, we
calculated percentage floral cover for each stratum and for the combined strata by dividing the number of
intersection points where flowers occurred (Table S1 — Supplementary Materials) by the total number of
intersection points sampled. When both strata displayed flowers at a given intersection point, we considered
both data points.

We used Spearman rank correlation to examine the associations between stratum-specific levels
of floral cover. There was no correlation between floral cover for the woody and herbaceous layers. Given
that total floral cover seemed to be largely driven by herbaceous floral cover (Spearman p = 0.86, P = 0.001;

Table S2 — Supplementary Materials) and not by woody floral cover (Fig. S3 — Supplementary Materials),



198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227

we decided to use herbaceous floral cover in the subsequent analyses. There was no correlation between

floral cover and light intensity (Spearman p = 0.50, P = 0.14).

Regional management-related variables

Regional management practices frequently affect landscape configuration. We thus characterized
two related metrics in each study plot: (1) natural forest connectivity (effective mesh size in m2) and (2)
forest coverage (%). More specifically, effective mesh size estimates landscape connectivity by determining
the likelihood that two randomly selected points within a region are connected (i.e., not separated by any
physical barriers), indicating that they exist within the same landscape patch (Moser et al., 2007). These
two metrics are directly associated with the probability that native pollinator populations can become
established, remain viable, and encounter suitable habitat (Kuussaari et al., 2007; Bailey et al., 2014; Griffin
& Haddad, 2021; Ganuza et al., 2022). Using the Quantum GIS Landscape Ecology Analysis (LecoS)
plugin (v. 2.0.7; Jung, 2016), these metrics were calculated by applying buffer radii of 500 m, 1 km, and 2
km to 2021 MapBiomas land cover maps for Pernambuco (spatial resolution = 30 m; Table S1 —
Supplementary Materials) (Souza et al., 2020; MapBiomas Project, 2021). We then used Spearman rank
correlation to assess the associations between the landscape metrics across buffer radii. Since the metrics
were highly correlated within and across radii (Spearman p > 0.7), we decided to only use forest coverage
at a buffer radius of 500 m in subsequent analyses (Table S3 — Supplementary Materials). We chose this
buffer scale because it corresponds to the typical foraging range of wild bees (Gathmann & Tscharntke,

2002; Steffan-Dewenter et al., 2002; Zurbuchen et al., 2010).

Pollinator surveys

We conducted pollinator surveys between November 2022 and January 2023, with one day
allocated to each study site. This time span coincided with the peak flowering period of acerola in the region
(Gomes et al., 2001). The daily surveys proceeded as follows. First, we recorded the number of open flowers
per individual acerola plant. When there were fewer than 100 open flowers, we used manual counting.
Otherwise, we estimated flower number by counting the number of open flowers on five flowering branches
and multiplying that figure by the total number of flowering branches. Second, we documented pollinator
presence. We randomly selected five individual plants within each study plot and spent 15 min observing

all the insects that landed on the flowers and that came in contact with the flowers’ reproductive parts. This
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work was carried out during sunny weather conditions between 700 and 1400 hours. Overall, we conducted
75 minutes of observations per study plot. Following each observation period, insects were captured using
sweep nets for subsequent identification. In some cases, we were able to visually identify pollinators in the
field. Using the survey data, we calculated the overall abundance of each pollinator species (number of
individuals visiting flowers/5 plants/75 minutes) and the overall pollinator visitation rate (number of

visits/100 flowers/5 minutes) per study plot.

Acerola fruit yield and quality

To assess pollination services, we measured acerola fruit yield and quality. In each study plot, we
randomly selected five acerola plants, which served as a representative sample of the plot’s acerola
population (i.e., there were never more than 10 acerola plants per plot). We tagged a total of 70 flowers
across the 5 plants, which were then monitored to determine the onset of fruit formation (approximately 25
days later; Carrington & King, 2002). Fruit yield was estimated by determining fruit set: we divided the
total number of fruits formed by the original number of tagged flowers. Additionally, we collected 50 fruits
from the 5 plants (10.9 + 0.3 fruits per individual), which were all harvested at the same stage of ripening
(i.e., when bright red). We then characterized fruit quality, performing all measurements within 3 hours of
fruit harvest to ensure consistency in our results and to limit any bias due to water loss and post-harvesting
metabolic processes (see Klatt et al., 2014). We specifically measured (1) maximum length, (2) maximum
width, (3) fresh mass, (4) firmness, and (5) sugar content, which are established indicators of fruit quality
(e.g., Alvarez-Fernandez et al., 2003; do Régo et al., 2009; Kumar et al., 2010; Garratt et al., 2014). Length
and width were measured using a digital caliper, and fresh mass was obtained to the nearest 0.01 g using
an EP-05-29 analytical balance. Firmness was quantified using a fruit penetrometer (GY-03), and sugar

content was measured using a refractometer (0 to 32 Brix; Kasvi K52-032).

Pollinator functional diversity

We characterized a set of response and effect traits for the acerola pollinators identified during the
survey to describe their functional diversity. This response-effect framework can provide valuable insight
into how local and regional agroforestry management practices may influence pollinators and pollination
services. We chose bee traits that, based on previous research and/or existing knowledge, have a

demonstrated influence on pollinator responses to environmental conditions (response: R), pollinator
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effectiveness (effect: E), or both (response-effect: R-E) (for details, see Table S5 — Supplementary
Materials). The response-only traits were forewing aspect ratio (Fig. S4 — Supplementary Materials),
nesting location or substrate (i.e., aboveground, belowground, or both), sociality (i.e., social or solitary),
and voltinism (i.e., univoltine or multivoltine). Ultimately, we did not use voltinism, as all the species were
multivoltines. The effect-only traits were pollen transportation structure (i.e., corbicula or leg scopa) and
resource specialization (i.e., resin collector, oil collector, or non-specialist). The response-effect traits were
body length (Fig. S4 — Supplementary Materials), intertegular span (Fig. S4 — Supplementary Materials),
dietary specialization (i.e., lecty: polylactic or oligolectic), and hairiness (i.e., dense or sparse). For each
quantitative trait, we calculated a species-specific mean (n per species: range: 1—13 individuals; mean +
SE: 5 + 3.6 individuals) using any specimens collected (Table S6 — Supplementary Materials). For the
categorical traits, we determined average trait values based on information in the scientific literature (Table
S6 — Supplementary Materials). We then calculated the functional dispersion (FDis) values for each
individual trait and trait group (i.e., response, effect), which served as a measure of trait diversity.
Additionally, we calculated the community-weighted mean (CWM) for each trait as a measure of trait
identity. These metrics collectively expressed the functional diversity of acerola pollinators in each study
plot. Our calculations were performed in R (v. 4.1.3; R Core Team, 2022) using the function dbFD in the
package FD (v. 1.0-12.1; Laliberté et al., 2022). FDis conveys the mean distance of each species from its
community centroid in multidimensional space, which is determined by the values of one or more traits
(Laliberté and Legendre, 2010). In our study, FDis was the extent of trait diversity among a particular
pollinator community, where higher FDis values indicated that a wider range of traits were present,
implying that the pollinator community was more functionally diverse. We calculated FDis values for (1)
each individual trait, (2) the response traits (i.e., response traits + response-effect traits), (3) the effect traits
(i.e., effect traits + response-effect traits), and (4) the response-effect traits. The CWM expresses the
distribution of trait values within a species assemblage (Garnier et al., 2004; Ricotta & Moretti, 2011). In
our study, it revealed the dominant traits displayed within a particular pollinator community. For continuous
traits, the CWM is the mean trait value across all species within the community and is calculated while
accounting for relative species abundance (Ricotta & Moretti, 2001). For categorical traits, the CWM is the

proportion or percentage of individuals within each trait category.

Statistical analyses
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Applying our response-effect framework, we first analyzed how variables related to agroforestry
management practices influenced the functional diversity of bee pollinators. Next, we analyzed how the
functional diversity of bee pollinators influenced pollination services by exploring the former’s association

with acerola fruit yield and quality.

Influence of management-related variables on pollinator functional diversity

To explore the influence of management-related variables on pollinator functional diversity, we
ran a set of generalized linear models (GLMs; Gaussian distribution) in which the response variables were
as follows: FDis for the individual response traits, FDis for the response traits as a group, FDis for the
response-effect traits as a group, and CWM for the individual response traits. Only the model with CWM
of nesting location — belowground as a response variable could not be performed because trait values were
zero in 8 of the 10 study plots. In all the models, the explanatory variables were light intensity and
herbaceous floral cover (i.e., local management-related variables) and forest coverage (i.e., regional
management-related variable). The study plots were the replicates. We also included the quadratic term for
light intensity in the models because both high and low values could have a negative influence on pollinator

visitation rates (Xu et al., 2021).

Influence of pollinator functional diversity on acerola traits

To explore the association between pollinator functional diversity and acerola traits, we employed
a combination of GLMs and generalized linear mixed models (GLMMs). We used a Gaussian distribution
in all models, with the exception of the fruit set models, in which a binomial distribution was utilized (fruit
vs. no fruit). We conducted separate analyses for fruit yield and fruit quality. All the traits tended to have
significantly correlated FDis and CWM values (Tables S10-S11 — Supplementary Materials).
Consequently, we focused on two FDis to describe trait diversity: one for the effect traits as a group and
the other for dietary specialization. To describe trait identity, we focused on two CWMs: one for dietary
specialization (specifically oligolectic) and the other for resource specialization (specifically oil collectors).
We deemed these traits to be most crucial in the pollination of Malpighiaceae species. Malpighiaceae
occupies a unique ecological role since it is one of the oldest plant families known to offer oils as a floral
resource (Renner & Schaefer, 2010). Many species within Malpighiaceae rely on bee pollinators that

specialize in oil collection, namely those in the tribe Centridini, whose larvae developmentally depend on
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the oil (Vogel, 1990; Mello et al., 2013). Moreover, these specialist bees often have mutualistic
relationships with plant families whose members have oil-producing flowers (Machado, 2004; Mello et al.,
2013; Rabelo et al., 2014; Pacheco-Filho et al., 2015).

In the analyses focused on trait diversity, we conducted a GLM in which fruit yield (i.e., fruit set)
was the response variable. The explanatory variables were the FDis for the effect traits as a group, the FDis
for dietary specialization, and the pollinator visitation rate. The study plots were the replicates.
Additionally, we performed a set of GLMMSs in which each fruit quality trait was a response variable:
maximum length, maximum width, fresh mass, firmness, and sugar content. The explanatory variables in
these models were the FDis for the group of effect traits, the FDis for dietary specialization, and the
pollinator visitation rate. Plant identity was included as a random factor to control for the multiple
measurements taken from individual plants. The fruits were the replicates.

In the analyses focused on trait identity, we again conducted a GLM with fruit yield (i.e., fruit set)
as the response variable. The explanatory variables were the CWM for dietary specialization (specifically
oligolectic), the CWM for resource specialization (specifically oil collection), and the pollinator visitation
rate. The study plots were the replicates. Additionally, we conducted a set of GLMMSs in which each fruit
quality trait was a response variable. Model structure was the same as described above. Pollinator visitation
rate was a covariable in these models, as previous studies have shown that increased flower visitation
frequency increases the chances of cross pollination and can therefore influence both fruit formation and
quality (Schneider et al., 2009; Chauta-Mellizo et al., 2012; Stein et al., 2017; Boff et al., 2018, Maclnnis
& Forrest, 2020).

In both the trait diversity and identity models, we included the quadratic terms for the FDis for the
effect traits as a group, the FDis for dietary specialization, and the CWM for dietary specialization
(specifically oligolectic), in case the relationships were unimodal. We made this choice for several reasons.
First, FDis could display unimodal relationships because functional trait space might not follow a linear
pattern along environmental gradients (Faith, 1989; Faith, 2015). Second, oligolectic bees could display a
unimodal relationship given their pollination efficiency patterns. In certain cases, oligolectic bees have a
foraging advantage over polylectic bees because the former’s morphological and behavioral adaptations
facilitate the collection of pollen from specific plants (Schlindwein, 2004). However, in other instances,
oligolectic bees act as pollen thieves, a behavior that may adversely impact pollination success

(Schlindwein, 2004).



348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377

We assessed whether assumptions of normality and homoscedasticity were met by graphically
evaluating model residuals. In models where these assumptions were not met, the response variables were
log transformed. Additionally, we verified that the variance inflation factor (VIF) was lower than 5 for all
models. Furthermore, we detected outliers using Cook's distance criterion (outlier = any point with a Cook's
distance > 4/N; Cook, 1977), and they were excluded from the analyses. A model selection approach was
then employed to identify the best-supported models. We started with the full models (i.e., each response
variable with all possible combinations of the explanatory variables) and conducted comparisons using
Akaike’s information criterion with small-sample correction (AlCc) (Burnham & Anderson, 2002) (Table
S10 - Supplementary Materials). Models were considered to be well supported when AAICc <2 (Burnham
& Anderson, 2002). Afterward, we considered that the variables of greatest relevance were those included
in the best-supported models. However, when a null model was one of the best-supported models, then
none of the variables were of relevance (Burnham & Anderson, 2002). Finally, we confirmed the absence
of any spatial autocorrelation by conducting individual Moran's | tests on the residuals of each full model
(Table S13 — Supplementary Materials).

All analyses were conducted in R. The GLMs were performed using the stats package (v. 4.4.0; R
Core Team, 2022), and the GLMMs were performed with the nlme package (v. 3.1-162; Pinheiro et al.,
2023). Model selection was carried out using the MuMIn package (v. 1.47.5; Barton, 2023), and the Moran’s
| tests were conducted with the spdep package (v. 1.2-8; Bivand et al., 2023). During model selection, all

relevant relationships were plotted using the effects package (v. 4.2-2; Fox, 2003; Fox et al., 2022).

Results
Pollinators

We observed a total of 1,223 bees visiting the acerola flowers (Table S4 — Supplementary
Materials). Overall, there were representatives of nine species. Most of these bees (44.89%) were members
of three species in the genus Centris: C. analis, C. tarsata, and C. flavifrons. The next most abundant species
were Trigona spinipes (32.38%), Tetragonisca angustula (12.10%), and Plebeia flavocincta (4.42%). The
least abundant species were Paratetrapedia sp. (2.94%), Apis mellifera (2.70%), and Frieseomelitta
doederleini (0.57%). However, in terms of occurrence, Centris analis was the most abundant species (found
in 90% of plots), followed by Trigona spinipes (70% of plots), Centris tarsata (50% of plots), Apis mellifera

(50% of plots), and Paratetrapedia sp. (30% of plots). Four species—Centris flavifrons, Frieseomelitta
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doederleini, Plebeia flavocincta, and Tetragonisca angustula—were found in 20% of plots. Pollinator
visitation rate ranged from 0.17 to 4.38 visits/100 flowers/5 min across the study sites (Table S9 —

Supplementary Materials).

Acerola fruit yield and quality

Fruit set varied across study sites, ranging from 28.6% to 68.6% (Table S9 — Supplementary
Materials). There was also variability in fruit quality (mean +SE) across study plots. Fruit maximum length
ranged from 13.4 + 0.5 mm to 21 = 0.3 mm, while fruit maximum width ranged from 17 = 0.3 mm to 23.8
+ 0.5 mm. Fruit fresh mass ranged from 2.6 £ 0.2 g to 6.9 + 0.4 g, fruit firmness ranged from 1.1 + 0.1
kg/cm? to 2.4 + 0.1 kg/cm?, and sugar content ranged from 5 + 0.2 Brix to 8.4 + 0.3 Brix (Figure S5; Table

S9 — Supplementary Materials).

Influence of management-related variables on pollinator functional diversity

We only observed one relationship between management-related variables and pollinator
functional diversity: light intensity and forest coverage explained the CWM of the forewing aspect ratio
(Table S12 — Supplementary Materials). At very low light intensities, there were slightly smaller
proportions of bees with larger wings; as light intensities increased, so did proportions of bees with larger
wings (Fig. 2A; Tables 1 & S12 — Supplementary Materials). As forest coverage increased, the proportion

of bees with larger wings decreased (by ~36%) (Fig. 2B; Tables 1 & S12 — Supplementary Materials).

Influence of pollinator functional diversity on acerola fruit traits

We found that fruit set was explained exclusively by the CWM of oligolectic bees and the
pollinator visitation rate (Tables 1 & S12 — Supplementary Materials). A unimodal relationship was
observed between fruit set and the CWM of oligolectic bees. Initially, the relationship was negative;
however, as the proportion of oligolectic bees reached 0.25, there was a slight increase in fruit set (Fig.
3A). There was a positive association between fruit set and pollinator visitation rate (Fig. 3B).

Acerola quality was explained by all the metrics of pollinator trait diversity and identity as well as
by the pollinator visitation rate. Our findings revealed several notable patterns. First, greater trait diversity
(FDis for all the effect traits) exhibited a positive and then negative association with fruit maximum length,

width, fresh mass, and firmness (Figs. 3C, H, M, Q). Conversely, fruit sugar content initially decreased and
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then increased (Fig. 3V). Second, diversity in dietary specialization (FDis) mostly had a positive
relationship with fruit maximum length, width, fresh mass, and firmness (Figs. 3D, I, N, R). In contrast,
there was a largely negative unimodal relationship with fruit sugar content (Fig. 3W). Third, as community
proportions of oligolectic bees increased, there was a slight decrease and then increase in fruit maximum
length, width, and fresh mass (Figs. 3F, K, O). However, the relationship was reversed for fruit firmness
and sugar content (Figs. 3T, Y). Fourth, as community proportions of oil-collecting bees increased, fruit
maximum length, maximum width, fresh mass, and firmness decreased (Figs. 3G, L, P, U); in contrast,
sugar content increased (Fig. 3Z). Fifth, there was a positive association between pollinator visitation rate
and maximum fruit length, width, and firmness (Figs. E, J, S); the association was negative with sugar

content (Fig. 32); and there was no relationship with fresh mass.

Taken together, these results suggest that management practices are indirectly influencing acerola
quality by shaping the functional diversity of bee pollinators. A significant positive correlation was present
between the CWM of the forewing aspect ratio and the CWM of oil-collecting bees. The CWM of the
forewing aspect ratio changed in response to light intensity and forest coverage, and bee functional diversity
was revealed to influence various aspects of acerola quality. There are therefore likely to be significant ties

among management practices, pollinator functional diversity, and acerola quality.

Discussion

Overall, we found that variables related to local and regional agroforestry management practices
influenced the functional diversity of the bees that pollinate acerola flowers. More specifically, light
intensity and forest coverage had different relationships with pollinator functional diversity. Furthermore,
reflecting the system’s dynamic interdependence, pollinator functional diversity was associated with
acerola fruit yield and quality.

Our results show that local management-related variables can have an influence on pollinator
functional diversity. We observed that increasing levels of shade (i.e., reduced levels of light intensity) led
to acommunity shift toward bees with smaller wings, perhaps as a result of bee thermal tolerance. In shadier
environments, temperatures may be lower due to reduced radiance (e.g., Armson et al., 2012), and bees
with shorter wings may be better able to tolerate lower temperatures as they experience slower rates of

energy loss (Peters et al., 2016). Although we did not see a relationship between floral resources and
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pollinator functional diversity, past research suggests that the relative representation of bee functional traits,
such as individual length, individual hairiness, and community diversity, are positively impacted by
enhanced floral resources (Hevia et al., 2021; Roquer-Beni et al., 2021). In this vein, effective local
management practices include the use of floral strips with melliferous herbaceous plants or the
establishment of habitats rich in floral resources (Hevia et al., 2021; Roquer-Beni et al., 2021).

Our results also emphasize that regional management-related variables can affect pollinator
functional diversity. Past studies have shown that levels of forest coverage are linked to specific bee traits.
Notably, smaller bees appear to be more vulnerable to deforestation (Campbell et al., 2021). Furthermore,
the functional trait diversity of bee communities is influenced by forest cover in surrounding areas (Martins
et al., 2025). Here, we found that increases in forest coverage were associated with reduced forewing aspect
ratio values, which means more forested areas contained communities with a greater relative abundance of
smaller-winged bees. It may be that, compared to larger-winged bees, smaller-winged bees can more
efficiently maneuver through forested habitats (Mountcastle et al., 2016). Smaller-winged bees may be
more effective foragers in more densely vegetated landscapes, given that their compact morphology enables
them to better exploit narrow openings in the vegetation (Mountcastle et al., 2016) and access less apparent
floral resources. Larger-winged bees might struggle under such environmental conditions, with spatial
constraints and complex vegetative structures disrupting their flight patterns (e.g., Murua et al., 2011) and
limiting their foraging effectiveness.

We observed a strong association between the functional traits of the bee pollinators and the traits
of acerola fruit. Previous work has underscored this relationship in the context of pollination services, using
such metrics as fruit and seed set, fruit mass, and seed mass (e.g., Woodcock et al., 2019; Chase et al.,
2023). First, non-overlapping trait distributions were found to be positively associated with fruit yield in
oilseed rape (Woodcock et al., 2019). Second, for several plant species worldwide, pollinator body length,
diet breadth, nesting patterns, and sociality are traits associated with pollination services (Chase et al.,
2023). Increased pollinator trait diversity has been observed to enhance niche segregation (e.g., Frind et
al., 2013), which can, in turn, boost pollination and thereby improve fruit quality (e.g., size and mass). This
effect could be mediated by traits such as foraging behavior and dietary preferences (e.g., Woodcock et al.,
2019; Chase et al., 2023). However, at a certain point, functional diversity could lead to increased
competition. Lower levels of functional diversity imply that there is a greater degree of niche overlap among

the species present, which may be experiencing more intense competition for shared resources (e.g., Arceo-
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GOmez & Ashman, 2014; Fornoff et al., 2017; Lazaro et al., 2008). The consequences may be reduced fruit
size and mass. Here, we found that higher degrees of dietary specialization tended to have positive impacts
on fruit quality. If a pollinator community contains species with diverse dietary preferences, resource
utilization might be more effective (IPBES, 2017), which can have positive influences on fruit quality,
including fruit maximum length, maximum width, fresh mass, and firmness.

It was only in communities where oligolectic bees exceeded 17% representation that we saw
benefits for fruit formation, maximum length, maximum width, and fresh mass. Additionally, there was a
non-linear relationship between the relative representation of oligolectic bees and the firmness and sugar
content of acerola fruit: it first increased, then decreased. Thus, fruit quality could be improved by ensuring
that pollinator communities contain a threshold percentage of dietary specialists. The pattern we observed
could arise if increased flower homogeneity provokes behavioral changes in more specialized bees, thus
enhancing pollination effectiveness (Larsson, 2005; Perfectti et al., 2009; Bluthgen & Kilein, 2011).
Furthermore, we found that fruit traits were distinctly impacted when there was a greater relative abundance
of pollinators specializing in oil collection. The latter have adapted to extract oils from the unique floral
structures of Malpighiaceae flowers (Mello et al., 2013). Research on the foraging behavior of these
specialists has shown that they dedicate a significant portion of their flights to collecting oil, a resource that
is important in both nest construction and offspring rearing (e.g., Aguiar & Gaglianone, 2003; Aguiar &
Gardfalo, 2004; Camillo, 2005; Oliveira & Schlindwein, 2009; Schaffler & Détterl, 2011). However, as
abundances of oil-collecting bees increase, so could foraging pressure on oil resources, potentially leading
to fewer visits by other efficient bee pollinators and, subsequently, diminished overall levels of pollination.
In turn, fruit size, mass, and firmness could decline. Pollination dynamics have also been found to influence
the nutritional composition of fruit (Samnegard et al., 2019). For instance, in apples, mass can influence
concentrations of potassium, zinc, and magnesium because of resource allocation dynamics (Samnegard et
al., 2019). We suggest that, here, the greater relative presence of oil-collecting bees might have had indirect
impacts on acerola development, where reductions in fruit size, mass, and firmness led to shifts in resource
allocation patterns, leading to higher sugar content.

Pollinator visitation rates also influenced acerola fruit yield and quality. Higher visitation rates can
exert diverse effects on plant reproductive success and fruit traits. Pollinators play a vital role in transferring
pollen among flowers, leading to successful fertilization and fruit formation (Klein et al., 2007; Garibaldi

et al., 2011; Ollerton et al., 2011). Higher levels of pollination result in a greater number of flowers



498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527

successfully transforming into fully developed fruits (Chauta-Mellizo et al., 2012), which ultimately leads
to larger fruit yields (e.g., Klatt et al., 2014). Pollination influences the maturation of fruit tissues because
it has effects on important cellular mechanisms, such as cell division and expansion, and could thus drive
the development of heavier, firmer fruits (e.g., Klatt et al., 2014). However, fruit traits are also impacted
by certain plant-specific metabolic shifts, such as those related to ovary enlargement (Shinozaki et al.,
2020). These dynamics can potentially result in lower levels of sugar accumulation within the fruits. This
finding contrasts with those of research demonstrating that pollination could increase sugar concentrations
in cucumber (Gajc-Wolska et al., 2011), muskmelon (Al-Mefleh, Samarah, Zaitoun, & Al-Ghzawi, 2012),
oilseed rape (Bommarco, Marini, & Vaissiéere, 2012), strawberries (Klatt et al., 2014), and watermelon
(Sawe et al., 2020).

In conclusion, this study has delved into the multifaceted ways that agroforestry management
practices could affect agricultural production using the acerola study system. We observed that the
functional diversity of bee pollinator communities displayed different responses to variables related to local
and regional agroforestry management practices and that, in turn, pollinator trait diversity influenced fruit
quality in a complex manner. Our response-effect framework has revealed that management practices could
have significant indirect effects on fruit quality. This work thus offers practical guidance to farmers:
agroforestry management practices could be used to enhance acerola fruit quality by strategically shaping
pollinator functional diversity. Pollinator community diversity can be augmented by increasing amounts of
shade (i.e., reducing light intensity) and maintaining varying levels of forest coverage in surrounding areas.
Going forward, it is imperative to conduct research focused on other species of economic and cultural
significance in northeastern Brazil, such as caji (Spondias lutea), mango (Mangifera indica), pitanga
(Eugenia uniflora), and seriguela (Spondias purpurea) (Cerqueira et al., 2009). In this way, we can develop
broader food security strategies and design more effective agroforestry regimes. The latter must be carefully
tailored to preserve biodiversity and ensure crop production resilience in the face of ongoing ecosystem

changes.
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Table 1. Summary of the best-supported models examining the associations between (1) management-
related variables and pollinator functional diversity and (2) pollinator functional diversity and acerola
(Malpighia emarginata DC.) fruit traits. The data were collected in smallholder agroforestry systems in the
humid coastal areas of Pernambuco, northeastern Brazil. Indicated below are the names for the full models
(model ID — response variable), the structure of the full models, the explanatory variables retained in the
best-supported models (see Table S12 — Supplementary Materials for details about the model comparisons).

Abbreviation: E: effect traits.

Best-
Explanatory variables
supported
Full model retained
models
CWM (forewing aspect ratio)
light intensity? +
CWM (forewing aspect ratio) = floral cover + light intensity + 1
regional forest cover
light intensity? + regional forest cover
Fruit set — trait diversity
Fruit set = FDis (E) + FDis (E)? + FDis (dietary pollinator visitation
1
specialization) + FDis (dietary specialization)? + pollinator rate
visitation rate
Fruit set — trait identity
CWM (oligolectic) +
CWM (oligolectic)? +
Fruit set = CWM (oligolectic) + CWM (oligolectic)? + CWM 1

pollinator visitation
(oil collectors) + pollinator visitation rate
rate

Log (maximum fruit length + 1) — trait diversity




Log (maximum fruit length + 1) = FDis (E) + FDis (E)? +
FDis (dietary specialization) + FDis (dietary specialization)? + 1

pollinator visitation rate

FDis (E) + FDis (E)? +
FDis (dietary
specialization) + FDis
(dietary specialization)?
+ pollinator visitation

rate

Log (maximum fruit length + 1) — trait identity

Log (maximum fruit length + 1) = CWM (oligolectic) +
1,2
CWM (oligolectic)? + CWM (oil collectors) + pollinator

visitation rate

CWM (oligolectic) +
CWM (oligolectic)? +

CWM (oil collectors)

Log (maximum fruit width + 1) — trait diversity

Log (maximum fruit width + 1) = FDis (E) + FDis (E)? + FDis
1,2
(dietary specialization) + FDis (dietary specialization)? +

pollinator visitation rate

FDis (E) + FDis (E)? +
FDis (dietary
specialization) + FDis
(dietary specialization)?
+ pollinator visitation

rate

Log (maximum fruit width + 1) — trait identity

Log (maximum fruit width + 1) = CWM (oligolectic) + CWM
(oligolectic)? + CWM (oil collectors) + pollinator visitation

rate

CWM (oligolectic)? +

CWM (oil collectors)

Log (fruit fresh mass + 1) — trait diversity




Log (fruit fresh mass + 1) = FDis (E) + FDis (E)? + FDis

(dietary specialization) + FDis (dietary specialization)? +

pollinator visitation rate

FDis (E) + FDis (E)? +
FDis (dietary
specialization) + FDis

(dietary specialization)?

Log (fruit fresh mass + 1) — trait identity

Log (fruit fresh mass + 1) = CWM (oligolectic) + CWM

(oligolectic)? + CWM (oil collectors) + pollinator visitation

rate

(oligolectic)? + CWM

(oil collectors)

Log (fruit firmness + 1) — trait diversity

Log (fruit firmness + 1) = FDis (E) + FDis (E)? + FDis

1,2,3

(dietary specialization) + FDis (dietary specialization)? +

pollinator visitation rate

FDis (E) + FDis (E)? +
FDis (dietary
specialization) + FDis
(dietary specialization)?
+ pollinator visitation

rate

Log (fruit firmness + 1) — trait identity

Log (fruit firmness + 1) = CWM (oligolectic) + CWM

(oligolectic)? + CWM (oil collectors) + pollinator visitation 1

rate

CWM (oligolectic) +
CWM (oligolectic)? +
CWM (oil collectors) +
pollinator visitation

rate

Log (fruit sugar content + 1) — trait diversity
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Log (fruit sugar content + 1) = FDis (E) + FDis (E)? + FDis

1,2

(dietary specialization) + FDis (dietary specialization)? +

pollinator visitation rate

FDis (E) + FDis (E)? +
FDis (dietary
specialization) + FDis
(dietary specialization)?
+ pollinator visitation

rate

Log (fruit sugar content + 1) — trait identity

Log (fruit sugar content + 1) = CWM (oligolectic) + CWM

(oligolectic)? + CWM (oil collectors) + pollinator visitation

rate

CWM (oligolectic) +

CWM (oligolectic)? +
CWM (oil collectors) +

pollinator visitation

rate
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FIGURE LEGENDS

Figure 1. (A) Map of Brazil with the state of Pernambuco shown in black. (B) Study zone within
Pernambuco indicated by a red rectangle. (C) The 10 study plots (20 m?) numbered 1 to 10. They
experienced different management practices, which affected floral cover, light intensity, and forest
coverage. The lower panel shows the relative values of these variables for each of the plots (plot number

beneath the pie and bar graphs).

Figure 2. Associations between management-related variables and pollinator functional diversity (i.e.,
response traits) for acerola (Malpighia emarginata DC.) grown in smallholder agroforestry systems in the
humid coastal areas of Pernambuco, northeastern Brazil. These results came from the best-supported
models; the blue lines indicate the model-fitted values. Abbreviations: FDis: functional dispersion; CWM:

community-weighted mean; FW: forewing.

Figure 3. Associations between pollinator functional diversity (effect traits) and acerola (Malpighia
emarginata DC.) yield and quality for smallholder agroforestry systems in the humid coastal areas of
Pernambuco, northeastern Brazil. These results came from the best-supported models; the blue lines
indicate the model-fitted values. Abbreviations: FDis: functional dispersion; CWM: community-weighted

mean; lecty: dietary specialization; m: maximum; c: content.
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Supplementary Material

Using a response-effect framework to identify agroforestry practices for increasing pollinator functional

diversity and improving acerola fruit yield and quality

This document contains 13 tables and 5 figures.



Table S1. Local and regional characteristics of smallholder agroforestry systems in humid coastal areas of Pernambuco, northeastern Brazil.

Forest connectivity (effective mesh size; m?)

Forest land cover (%)

Floral cover (%)

Light
Area Herbaceous _ _
Plot 0.5 km 1 km buffer 2 km buffer 0.5 km 1 km buffer 2 km buffer Trees and intensity
(ha) Total ground
buffer radius radius radius buffer radius radius radius bushes (Lux)
cover
1 0.5 5138.78 3638.26 11964.39 9.75 9.49 12.33 40 5 35 58115
2 0.5 135.63 14774.22 21168.72 2.69 16.26 17.72 575 0 57.5 23245
3 0.2 0 0 30.53 0 0 0.28 8.75 3.75 5 1405
4 1 244,98 282.10 2710.51 2.45 2.20 5.11 3.75 0.00 3.75 15505
5 1 75597.91 147630.14 1997093.35 32.25 30.72 45,24 35.00 1.25 33.75 8850
6 1 169284.51 894060.47 1859014.58 48.83 55.42 42.39 36.25 3.75 32.50 35465
7 0.3 1678.85 10874.85 9270.17 11.92 15.50 11.74 41.25 10.00 31.25 40110
8 1 104871.82 148215.27 135177.26 40.88 28.76 26.91 22.50 1.25 21.25 7805
9 1 29124 .42 31057.33 89542.92 31.40 22.06 24.10 33.75 7.50 26.25 3975
10 0.5 0.85 2335.08 78563.85 0.09 6.34 20.46 37.50 2.50 35.00 11315




Table S2. Results of Spearman rank correlation (p) tests for stratum-specific floral cover. Significant

associations are in bold (P < 0.05).

Variable 1 Variable 2 p n P

Total floral cover Floral cover from herbaceous 0.86 10 0.001

ground cover

Floral cover from trees and 0.23 10 0.52
bushes
Floral cover from trees and Floral cover from herbaceous -0.03 10 0.93

bushes ground cover




Table S3. Results of Spearman rank correlation (p) tests for landscape metrics across spatial scales.

Significant associations are in bold (P < 0.05).

Variable 1 Variable 2 p n P

Forest effective mesh size Forest effective mesh size 0.89 10 0.001

within a 0.5 km buffer within a 1 km buffer radius

radius
Forest effective mesh size 0.77 10 0.014
within a 2 km buffer radius
Forest land cover percentage 0.98 10 <0.001
within a 0.5 km buffer radius
Forest land cover percentage 0.88 10 0.002
within a 1 km buffer radius
Forest land cover percentage 0.77 10 0.01
within a 2 km radius

Forest effective mesh size Forest effective mesh size 0.88 10 0.002

within a 1 km buffer radius within a 2 km buffer radius

Forest land cover percentage 0.95 10 <0.001

within a 0.5 km buffer radius

Forest land cover percentage 0.99 10 <0.001

within a 1 km buffer radius

Forest land cover percentage 0.87 10 0.002

within a 2 km radius

Forest effective mesh size Forest land cover percentage 0.79 10 0.01

within a 2 km buffer radius within a 0.5 km buffer radius

Forest land cover percentage 0.90 10 0.001

within a 1 km buffer radius

Forest land cover percentage 1 10 <0.001

within a 2 km radius




Forest land cover
percentage within a 0.5 km

buffer radius

Forest land cover percentage 0.94 10

within a 1 km buffer radius

<0.001

Forest land cover percentage 0.79 10 0.010
within a 2 km buffer radius
Forest land cover Forest land cover percentage 0.90 10  <0.001

percentage within a 1 km

buffer radius

within a 2 km buffer radius




Table S4. Description of the pollinator community associated with acerola (Malpighia emarginata DC.)

based on flower visitation surveys conducted in smallholder agroforestry systems in humid coastal areas of

Pernambuco, northeastern Brazil.

Plots

Species 1 2 3 4 5 6 7 8 9 10
Apis mellifera L. 1758 0 7 0 9 0 0 0 7 2 8
Centris (Heterocentris) analis

93 32 64 37 17 38 134 0 16 27
(Fabricius, 1804)
Centris (Centris) flavifrons

15 0 0 0 0 0 2 0 0 0
(Fabricius, 1775)
Centris (Hemisiella) tarsata

0 0 0 18 0 13 0 6 32 5
Smith, 1874
Frieseomelitta doederleini

0 3 0 0 0 4 0 0 0 0
(Friese, 1900)
Paratetrapedia sp. 0 0 0 0 0 0 6 20 10 O
Plebeia flavocincta (Cockerell,

15 0 39 O 0 0 0 0 0 0
1912)
Tetragonisca angustula

0 0 0 43 105 0 0 0 0 0
(Latreille, 1811)
Trigona spinipes (Fabricius,

16 2 9 0 237 112 0 6 0 4

1793)




Table S5. Description of the focal functional traits of pollinators associated with acerola (Malpighia emarginata DC.). Abbreviation; SE: standard error.

Trait type (Q:

quantitative, C:

Units /
Categories

(n species)

Trait function

Procedure / Source

mm

Bee body size, such as length, responds to environmental changes and effects pollination
through foraging behavior. On the one hand, bees with larger bodies might be less
susceptible to habitat fragmentation due to the disconnection between nesting and foraging
sites (Gathmann & Tscharntke, 2002, Greenleaf et al., 2007, Wright et al., 2015). On the
other hand, body size has been linked to the foraging range of bees and their capacity to
carry pollen loads (Ramalho et al., 1998; Goulson et al., 2002; Alcock et al., 2005; Greenleaf
et al., 2007; Kerr et al., 2019). Research has documented a higher prevalence of smaller-
sized bees in areas characterized by limited resources, whereas the opposite trend has been
observed in sites with increased floral resources (Persson & Smith, 2011). This finding
suggests that an increase in floral resources could lead to elevated demand for foraging loads

(Persson & Smith, 2011).

We measured the distance from
the tip of the head to the tip of
the  abdomen, excluding
appendages. For bees with a
body length > 5 mm, a digital
caliper was utilized for
measurements. On the other
hand, bees with a body length <
5 mm were measured using a

stereomicroscope  with a

micrometer at 35X.

No. Trait categorical; R:
response, E:
effect)
1  Body length Q R-E
Inter-tegular
2 Q R-E

span

mm

The inter-tegular span is considered a proxy for bee dry mass (Cane, 1987). It can be
influenced by environmental conditions and can affect pollination effectiveness. The

availability of resources can influence the bees' ability to accumulate dry mass (e.g., Peterson

We measured the distance

between the two tegulae using a




& Roitberg, 2006). Furthermore, dry mass can impact plant reproductive success, as bees
with higher dry mass may have higher absolute metabolic rates, enhancing their foraging

activity (e.g., Brodschneider et al., 2009).

stereomicroscope  with a

micrometer at 35X.

Forewing aspect ratio, which is the ratio of maximum wing length to maximum wing width,

is closely linked to flight performance in bees (Polidori & Nieves-Aldrey, 2015). In addition,

We measured the maximum

length and width of the
Forewing insects living in different habitats and climates may exhibit variations in wings as an
Q R index forewing using a
aspect ratio adaptation to their specific environmental conditions (e.g., Tommasi et al., 2022). For
stereomicroscope  with a
instance, wing morphology have been shown to be altered in response to pollutants and
micrometer at 35X.
climatic variation (e.g., Klingenberg et al., 2001; Hoffmann et al., 2002).
Dietary specialization (lecty) is both responsive and influencing of the environment and Michener, 2000; Neto et al.,
pollination effectiveness, respectively. On the one hand, it reflects the adaptive foraging 2007; Oliveira et al., 2008;
Dietary Polylectic or behaviors and preferences of bees in response to floral resources available in their Doreaetal., 2010; Gongalves et
specialization C R-E generalist (8), environment (Ogilvie & Forrest, 2017). On the other hand, it influences key ecological al., 2012; Aguiar et al., 2013;
(lecty) oligolectic (2)  processes such as pollination effectiveness, and thus community structure and ecosystem Ddrea et al., 2017; Barbosa et
functioning. Their dietary preferences can significantly impact the reproductive success al., 2020; Malerbo-Souza et al.,
(e.g., Bogush et al., 2020). 2023; Urquizo et al., 2022
Above-ground Jesus & Gardfalo et al., 2000;
Nesting The availability and suitability of nesting locations and substrates directly impact the
(7), below- Michener, 2000; Alves-dos-
location / C R composition and diversity of bee communities within an ecosystem (e.g., Potts et al., 2005).
ground (1), Santos et al., 2002; Aguiar &
substrate This is due to the varying habitat requirements of different bee species. For example, bee

mixed (2)

Gardfalo, 2004; Velez-Ruiz et




species that rely on tree cavities for nesting have been shown to be correlated to areas with

larger fragments and lower edge (e.g., Brosi et al., 2007).

al., 2013; Martins et al., 2014b;
Coutinho et al., 2021; Vaz et al.,

2021; Maia et al., 2022

Sociality

Social (6),

solitary (4)

Social and solitary bees often exhibit differences in resource utilization and foraging
behavior. Social bees may have larger foraging ranges and more efficient foraging strategies
due to division of labor and communication within the colony (Visscher & Seeley, 1982;
Griter & Hayes, 2022). Solitary bees, as individual foragers, may have narrower foraging
ranges and rely on different floral resources (Griter & Hayes, 2022). Thus, solitary bees
might be more susceptible to habitat intensification (Klein et al., 2008; De Palma et al.,

2015).

Michener, 2000; Ddérea et al.,
2010; Gouw & Gimenes, 2013;
Martins & Melo, 2015;
Cavalcante et al, 2019;
Coutinho et al., 2021; Paixdo et

al., 2021

Hairiness

Sparse (6),

dense (4)

Bee hairiness is responsive to changes in the surroundings through thermoregulation and
affects pollination effectiveness. On the one hand, in cooler temperatures, bees tend to have
denser and longer hair to provide better insulation, reducing heat loss from their bodies
(Jarimi et al., 2020). Conversely, in warmer temperatures, bees may have sparser and shorter
hair, allowing for increased airflow and heat dissipation (Jarimi et al., 2020). On the other
hand, bee hairiness plays a crucial role in the collection and distribution of pollen (Stavert et
al., 2016). For instance, bees with hairier bodies have more surface area for pollen
attachment (e.g., Layek et al., 2022.), enhancing their ability to gather pollen from flowers.

This promotes effective pollination by transferring pollen between flowers.

Michener, 2000; Capellari et al.,

2012; Coutinho et al., 2021




Pollen
transportation

structure

C

Corbicula (6),

leg scopa (4)

Pollen transportation structures have evolved as adaptations to collect, transport, and deposit
pollen (Parker et al., 2015; Portmand et al., 2019), thereby influencing plant reproductive

success.

Alves-dos-Santos et al., 2002;
Martins et al., 2014a; Engel &
Rasmussen, 2020; Coutinho et

al., 2021

Specialization
in obtaining

some resource

Resin collector
(5), oil collector
(4), no specialist

@

Specialization in resource collection can influence ecological interactions and mutualistic
relationships between bees and the plant species they rely on for specific resources. For
instance, bees that are specialized in collecting oils may have coevolved with certain plant
species, forming specialized plant-pollinator mutualisms (e.g., Simpson et al., 1990). These
interactions may have cascading effects on the reproductive success of plants and the

foraging efficiency for specialized bee species.

Michener, 2000; Alves-dos-
Santos et al., 2002; Gaustauer et
al., 2011; Martins & Melo,

2015; Coutinho et al., 2021

10

Voltinism

Multivoltine

(10)

The voltinism of bees is often influenced by environmental cues, such as temperature (e.g.,
Forrest et al., 2019). Different insect species have adapted their life cycles to optimize
reproduction and survival based on specific environmental conditions (Altermatt, 2010;
Buckley et al., 2015; Neff & Simpson, 1992). For example, bees in temperate regions may
become broodless in periods of cold temperatures, while bees in tropical regions may exhibit

continuous or opportunistic breeding patterns (e.g., Feliciano-Cardona et al., 2020).

Michener, 2000; Silva et al.,
2001; Steiner et al.,, 2010;
Magalhdes & Freitas, 2013;
Rocha-Filho & Gardfalo, 2016;

Coutinho et al., 2021
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Table S7. Functional trait diversity metrics of pollinators associated with acerola (Malpighia emarginata DC.). Abbreviations: FDis: functional dispersion; R: response traits; E: effect traits; R-

E: response-effect traits.

FDis
FDis FDis
FDis FDis FDis (Specialization
FDis (Forewing FDis FDis (Pollen
FDis FDis FDis (Inter-tegular (Dietary (Nesting in obtaining
Plot (Body length) aspect (Sociality) (Hairiness) transportation
(R) (E) (R-E) span) specialization) location) some
ratio) structure)
resource)
R-E R-E R R-E R R R-E E E
1 032 03 0.25 0.16 0.14 0.35 0.19 0.44 0.35 0.35 0.35 0.35
2 027 028 011 0.07 0.06 0.36 0 0.4 0.4 0.2 0.4 0.39
3 036 04 0.28 0.2 0.17 0.37 0 0.49 0.49 0.49 0.49 0.49
4 04 042 033 0.2 0.23 0.29 0.28 0.5 0.5 0.48 0.5 0.52
5 0.1 0.08 0.06 0.04 0.05 0.19 0 0.09 0.09 0.09 0.09 0.09
6 032 034 0.26 0.14 0.16 0.29 0.14 0.42 0.42 0.42 0.42 0.42
7 005 001 0.02 0.02 0.02 0.09 0.03 0.1 0 0 0 0
8 031 04 0.29 0.12 0.17 0.05 0.21 0.21 0.5 0.44 0.5 0.53
9 029 011 027 0.09 0.18 0.34 0.5 0.32 0.06 0 0.06 0.06

10 031 0.27 0.16 0.05 0.07 0.44 0.2 0.4 0.4 0.17 0.4 0.4




Table S8. Functional trait identity metrics of pollinators associated with acerola (Malpighia emarginata DC.). Abbreviations: FDis: functional dispersion; R: response traits; E: effect traits; R-

E: response-effect traits.

CWM
Pollen Specialization in
Fore- Dietary
Inter- Nesting location Sociality Hairiness transportation obtaining some
Body wing specialization
Plot tegular structure resource
length aspect
span Poly-  Oligo- Above- Below- Leg
ratio Mixed  Social Solitary Dense  Sparse  Corbicula Resin Qil None
lectic  lectic  ground ground scopa

R-E R-E R R-E R-E R R R R R R-E R-E E E E E E

1 10.9 2.94 5.57 0.89 0.11 0.22 0.11 0.67 0.22 0.78 0.78 0.22 0.22 078 022 0.78 0
2 10.60 2.85 5.61 1 0 0.27 0 0.73 0.27 0.73 0.89 0.11 0.27 073 011 073 0.16

3 8.3 2.19 5.34 1 0 0.43 0 0.57 0.43 0.57 0.57 0.43 0.43 057 043 057 0
4 8.67 2.43 4.97 0.83 0.17 0.49 0 0.51 0.49 0.51 0.6 0.4 0.49 0.51 0.4 051 0.08

5 5.61 1.32 4.04 1 0 0.95 0 0.05 0.95 0.05 0.05 0.95 0.95 005 095 0.05 0

6 7.46 1.98 4.19 0.92 0.08 0.69 0 0.31 0.69 0.31 0.31 0.69 0.69 031 069 031 0

7 11.18 2.97 6.35 0.99 0.01 0.04 0.01 0.94 0 1 1 0 0 1 0 1 0
8 7.63 2.18 3.44 0.88 0.12 0.88 0 0.12 0.47 0.53 0.67 0.33 0.47 053 033 053 014
9 10.92 3.58 4.19 0.47 0.53 0.2 0 0.8 0.03 0.97 1 0 0.03 0.97 0 097 0.03

10 10.84 3.07 521 0.89 0.11 0.27 0 0.73 0.27 0.73 0.91 0.09 0.27 073 009 073 018




Table S9. Pollinator visitation rate and acerola (Malpighia emarginata DC.) fruit yield and quality in smallholder agroforestry systems in humid coastal areas of Pernambuco,

northeastern Brazil. Abbreviation: SE: standard error.

Maximum Maximum
Pollinator Firmness Sugar content
Fruit Fruit not length width Fresh weight
Plot visitation Fruit-set (kg/cm?; mean (Brix; mean +
formed formed (mm; mean £ (mm; meanx=  (g; mean = SE)
rate + SE) SE)
SE) SE)

1 0.64 48 22 68.57 20.00 £ 0.26 23.59+0.33 6.25+0.25 1.53 £ 0.05 6.21+0.19
2 0.21 23 47 32.86 16.49 £ 0.31 19.29 £ 0.47 3.76+£0.24 1.26 £ 0.04 6.25+0.17
3 1.70 52 18 74.29 19.53+£0.28 22.12£0.32 5.35+0.21 2.08 £ 0.07 6.10 £ 0.17
4 1.37 20 50 28.57 17.60 £ 0.32 19.40 £ 0.43 4.00 £0.26 2.40 £ 0.07 6.60 £0.13
5 1.58 37 33 52.86 21.00£0.29 23.50£0.23 6.70£0.20 1.70 £ 0.05 5.00+£0.17
6 1.09 38 32 54.29 20.70+0.43 23.80+0.50 6.90 £ 0.39 2.20+0.07 570 £0.17
7 4.38 36 34 51.43 15.50 +£ 0.39 18.60 £ 0.35 3.10+0.19 1.40£0.05 5.10+0.20
8 0.56 32 38 45.71 13.36 £ 0.45 16.95 + 0.59 2.55+0.23 1.07 £ 0.09 6.58 + 0.30
9 0.57 37 33 52.86 19.80 £ 0.46 22.80£0.49 5.90 £ 0.35 1.70 £ 0.09 5.50+0.17
10 0.17 22 48 31.43 16.56 £ 0.28 19.90+£0.31 3.87+£0.16 1.89+0.10 8.42£0.31




Table S10. Results of Spearman rank correlation (p) tests for pairs of functional trait diversity metrics.
Significant associations are in bold (P < 0.05). Abbreviations: FDis: functional dispersion; E: effect traits;

R-E: response-effect traits.

Variable 1 Variable 2 p n P

Pollinator visitation rate FDis (E) -0.08 10 0.83
FDis (R-E) -0.1 10 079
FDis (Body length) 0.08 10 0.83
FDis (Inter-tegular span) -0.12 10 0.75
FDis (Forewing aspect ratio) -0.37 10 0.28
FDis (Dietary specialization) -0.37 10 0.29
FDis (Nesting location) 0.54 10 0.11
FDis (Sociality) 0.04 10 0.91
FDis (Hairiness) 0.07 10 0.85

FDis (Pollen transportation -0.18 10 0.61

structure)

FDis (Specialization in obtaining -0.21 10 0.56

some resource)

FDis (E) FDis (R-E) 0.86 10  0.001
FDis (Body length) 0.89 10 0.001
FDis (Inter-tegular span) 0.73 10 0.02
FDis (Forewing aspect ratio) 0.08 10 0.81
FDis (Dietary specialization) 0.24 10 0.5
FDis (Nesting location) 0.76 10 0.01
FDis (Sociality) 0.94 10 <0.001
FDis (Hairiness) 0.96 10 <0.001
FDis (Pollen transportation 0.94 10  <0.001
structure)

FDis (Specialization in 0.92 10 <0.001

obtaining some resource)




FDis (R-E) FDis (Body length) 0.83 10 0.01
FDis (Inter-tegular span) 0.96 10 <0.001
FDis (Forewing aspect ratio) -0.01 10 0.99
FDis (Dietary specialization) 0.58 10 0.08
FDis (Nesting location) 0.6 10 0.07
FDis (Sociality) 0.58 10 0.08
FDis (Hairiness) 0.74 10 0.02
FDis (Pollen transportation 0.77 10 0.01
structure)
FDis (Specialization in 0.77 10 0.01
obtaining some resource)

FDis (Body length) FDis (Inter-tegular span) 0.79 10 0.01
FDis (Forewing aspect ratio) 0.23 10 0.51
FDis (Dietary specialization) 0.25 10 0.49
FDis (Nesting location) 0.87 10 0.001
FDis (Sociality) 0.7 10 0.001
FDis (Hairiness) 0.85 10 0.002
FDis (Pollen transportation 0.7 10 0.02
structure)
FDis (Specialization in 0.7 10 0.03
obtaining some resource)

FDis (Inter-tegular span) FDis (Forewing aspect ratio) 0.07 10 0.85
FDis (Dietary specialization) 0.7 10 0.03
FDis (Nesting location) 0.59 10 0.08
FDis (Sociality) 0.6 10 0.07
FDis (Hairiness) 0.57 10 0.09
FDis (Pollen transportation 0.6 10 0.07

structure)




FDis (Specialization in obtaining 0.59 10 0.07
some resource)

FDis (Forewing aspect ratio)  FDis (Dietary specialization) -0.14 10 0.7
FDis (Nesting location) 0.54 10 0.11
FDis (Sociality) 0.04 10 0.91
FDis (Hairiness) 0.13 10 0.72
FDis (Pollen transportation 0.04 10 0.91
structure)

FDis (Specialization in obtaining 0.03 10 0.93
some resource)

FDis (Dietary specialization) FDis (Nesting location) 0.14 10 0.68
FDis (Sociality) 0.17 10 0.65
FDis (Hairiness) -0.02 10 0.96
FDis (Pollen transportation 0.17 10 0.65
structure)

FDis (Specialization in obtaining 0.19 10 0.6
some resource)

FDis (Nesting location) FDis (Sociality) 0.58 10 0.08
FDis (Hairiness) 0.73 10 0.02
FDis (Pollen transportation 0.58 10 0.08
structure)

FDis (Specialization in obtaining 0.53 10 0.11
some resource)

FDis (Sociality) FDis (Hairiness) 0.91 10 <0.001
FDis (Pollen transportation 1 10 <0.001
structure)

FDis (Specialization in 0.99 10 <0.001

obtaining some resource)




FDis (Hairiness) FDis (Pollen transportation 0.92 10 <0.001
structure)
FDis (Specialization in 0.9 10 <0.001
obtaining some resource)

FDis (Pollen transportation  FDis (Specialization in 0.99 10 <0.001

structure)

obtaining some resource)




Table S11. Results of Spearman rank correlation (p) tests for pairs of functional trait identity metrics.

Significant associations are in bold (P < 0.05). Abbreviation: CWM: community weighted mean.

Variable 1 Variable 2 p n P

Pollinator visitation rate CWM (Body length) -0.09 10 0.81
CWM (Inter-tegular span) -0.32 10 0.37
CWM (Forewing aspect ratio) 0.16 10 0.65
CWM (Polylectic bees) 0.35 10 0.32
CWM (Oligolectic bees) -0.35 10 0.32
CWM (Above-ground nesters) 0.02 10 0.95
CWM (Mixed nesters) -0.11 10 0.76
CWM (Social bees) 0.11 10 0.76
CWM (Solitary bees) -0.11 10 0.76
CWM (Hairiness - Dense) -0.33 10 0.35
CWM (Hairiness - Sparse) 0.33 10 0.35
CWM (Pollen transportation 0.11 10 0.76

structure — Corbicula)

CWM (Pollen transportation -0.11 10 0.76

structure — Leg scopa)

CWM (Resin collectors) 0.33 10 0.35

CWM (Qil collectors) -0.11 10 0.76

CWM  (No specialist in -0.82 10 0.004

resource collection)

CWM (Body length) CWM (Inter-tegular span) 0.94 10 <0.001
CWM (Forewing aspect ratio) 0.7 10 0.04
CWM (Polylectic bees) -0.32 10 0.37
CWM (Oligolectic bees) 0.32 10 0.37

CWM (Above-ground nesters) -0.97 10 <0.001

CWM (Mixed nesters) 0.94 10 <0.001

CWM (Sacial bees) -0.96 10 <0.001




CWM (Solitary bees) 0.96 10 <0.001
CWM (Hairiness - Dense) 0.92 10 <0.001
CWM (Hairiness - Sparse) -0.92 10 <0.001
CWM (Pollen transportation -0.96 10 <0.001
structure — Corbicula)

CWM (Pollen transportation 0.96 10 <0.001
structure — Leg scopa)

CWM (Resin collectors) -0.92 10 <0.001
CWM (Oil collectors) 0.96 10 <0.001
CWM (No specialist in resource 0.12 10 0.74
collection)

CWM (Inter-tegular span) CWM (Forewing aspect ratio) 0.50 10 0.14
CWM (Polylectic bees) -0.42 10 0.22
CWM (Oligolectic bees) 0.42 10 0.22
CWM (Above-ground nesters) -0.9 10 <0.001
CWM (Mixed nesters) 0.91 10  <0.001
CWM (Social bees) -0.89 10 0.001
CWM (Solitary bees) 0.89 10 <0.001
CWM (Hairiness - Dense) 0.93 10 <0.001
CWM (Hairiness - Sparse) -0.93 10 <0.001
CWM (Pollen transportation -0.89 10 0.001
structure — Corbicula)

CWM (Pollen transportation 0.89 10 0.001
structure — Leg scopa)

CWM (Resin collectors) -0.93 10  <0.001
CWM (Oil collectors) 0.89 10 0.001
CWM (No specialist in resource 0.34 10 0.33

collection)




CWM (Forewing aspect CWM (Polylectic bees) 0.37 10 0.29

ratio)
CWM (Oligolectic bees) -0.37 10 0.29
CWM (Above-ground nesters) -0.73 10 0.02
CWM (Mixed nesters) 0.72 10 0.02
CWM (Social bees) -0.7 10 0.04
CWM (Solitary bees) 0.7 10 0.04
CWM (Hairiness - Dense) 0.48 10 0.16
CWM (Hairiness - Sparse) -0.48 10 0.16
CWM (Pollen transportation -0.7 10 0.04
structure — Corbicula)
CWM (Pollen transportation 0.7 10 0.04
structure — Leg scopa)
CWM (Resin collectors) -0.48 10 0.16
CWM (Oil collectors) 0.7 10 0.04
CWM (No specialist in resource -0.08 10 0.83
collection)

CWM (Polylectic bees) CWM (Oligolectic bees) -1 10 <0.001
CWM (Above-ground nesters) 0.16 10 0.64
CWM (Mixed nesters) -0.11 10 0.75
CWM (Social bees) 0.19 10 0.59
CWM (Solitary bees) -0.19 10 0.59
CWM (Hairiness - Dense) -0.36 10 0.3
CWM (Hairiness - Sparse) 0.36 10 0.3
CWM (Pollen transportation 0.19 10 0.59
structure — Corbicula)
CWM (Pollen transportation -0.19 10 0.59
structure — Leg scopa)
CWM (Resin collectors) 0.36 10 0.3




CWM (Qil collectors) -0.19 10 0.59
CWM (No specialist in resource -0.34 10 0.33
collection)

CWM (Oligolectic bees) CWM (Above-ground nesters) -0.17 10 0.63
CWM (Mixed nesters) 0.11 10 0.75
CWM (Social bees) -0.19 10 0.59
CWM (Solitary bees) 0.19 10 0.59
CWM (Hairiness - Dense) 0.36 10 0.3
CWM (Hairiness - Sparse) -0.36 10 0.3
CWM (Pollen transportation -0.19 10 0.59
structure — Corbicula)
CWM (Pollen transportation 0.19 10 0.59
structure — Leg scopa)
CWM (Resin collectors) -0.36 10 0.3
CWM (Oil collectors) 0.19 10 0.59
CWM (No specialist in resource 0.34 10 0.33
collection)

CWM (Above-ground CWM (Mixed nesters) -0.96 10 <0.001

nesters)
CWM (Social bees) 0.96 10 <0.001
CWM (Solitary bees) -0.96 10 <0.001
CWM (Hairiness - Dense) -0.87 10 0.001
CWM (Hairiness - Sparse) 0.87 10 0.001
CWM (Pollen transportation 0.96 10  <0.001
structure — Corbicula)
CWM (Pollen transportation -0.96 10 <0.001
structure — Leg scopa)
CWM (Resin collectors) 0.87 10 0.001
CWM (Qil collectors) -0.96 10 <0.001




CWM (No specialist in resource 0 10 1
collection)

CWM (Mixed nesters) CWM (Social bees) -0.93 10  <0.001
CWM (Solitary bees) 0.93 10 <0.001
CWM (Hairiness - Dense) 0.91 10 <0.001
CWM (Hairiness - Sparse) -0.91 10 <0.001
CWM (Pollen transportation -0.93 10 <0.001
structure — Corbicula)
CWM (Pollen transportation 0.93 10 <0.001
structure — Leg scopa)
CWM (Resin collectors) -0.91 10 <0.001
CWM (Oil collectors) 0.93 10  <0.001
CWM (No specialist in resource 0.17 10 0.64
collection)

CWM (Social bees) CWM (Solitary bees) -1 10 <0.001
CWM (Hairiness - Dense) -0.92 10 <0.001
CWM (Hairiness - Sparse) 0.92 10 <0.001
CWM (Pollen transportation 1 10 <0.001
structure — Corbicula)
CWM (Pollen transportation -1 10 <0.001
structure — Leg scopa)
CWM (Resin collectors) 0.92 10  <0.001
CWM (OQil collectors) -1 10 <0.001
CWM (No specialist in resource -0.08 10 0.83
collection)

CWM (Solitary bees) CWM (Hairiness - Dense) 0.92 10 <0.001
CWM (Hairiness - Sparse) -0.92 10 <0.001
CWM (Pollen transportation -1 10 <0.001

structure — Corbicula)




CWM (Pollen transportation 1 10 <0.001
structure — Leg scopa)

CWM (Resin collectors) -0.92 10  <0.001
CWM (OQil collectors) 1 10 <0.001
CWM (No specialist in resource 0.08 10 0.83
collection)

CWM (Hairiness - Dense)  CWM (Hairiness - Sparse) -1 10 <0.001
CWM (Pollen transportation -0.92 10 <0.001
structure — Corbicula)

CWM (Pollen transportation 0.92 10 <0.001
structure — Leg scopa)

CWM (Resin collectors) -0.1 10  <0.001
CWM (Oil collectors) 0.92 10  <0.001
CWM (No specialist in resource 0.39 10 0.27
collection)

CWM (Hairiness - Sparse) CWM (Pollen transportation 0.92 10 <0.001
structure — Corbicula)

CWM (Pollen transportation -0.92 10 <0.001
structure — Leg scopa)

CWM (Resin collectors) 1 10  <0.001
CWM (Oil collectors) -0.93 10  <0.001
CWM (No specialist in resource -0.39 10 0.27
collection)

CWM (Pollen CWM (Pollen transportation -1 10 <0.001

transportation structure — structure — Leg scopa)

Corbicula)

CWM (Resin collectors) 0.92 10 <0.001
CWM (Oil collectors) -1 10 <0.001
CWM (No specialist in resource -0.08 10 0.83

collection)




CWM (Pollen CWM (Resin collectors) -0.92 10 <0.001

transportation structure —

Leg scopa)

CWM (Oil collectors) 1 10 <0.001
CWM (No specialist in resource 0.08 10 0.83
collection)

CWM (Resin collectors) CWM (Qil collectors) -0.92 10 <0.001
CWM (No specialist in resource -0.39 10 0.27
collection)

CWM (Qil collectors) CWM (No specialist in resource 0.08 10 0.83

collection)




Table S12. Comparisons of the models analyzing (1) the influence of management-related variables on pollinator functional diversity and (2) the influence of pollinator
functional diversity on acerola (Malpighia emarginata DC.) fruit yield and quality in smallholder agroforestry systems in humid coastal areas of Pernambuco, northeastern
Brazil. The best-supported models (in bold) were identified using Akaike's information criterion with small-sample correction (AAICc < 2). Abbreviations: df: degrees of

freedom; R: response traits; E: effect traits; R-E: response-effect traits.

Model ID (Response

Sites  Model No. Explanatory variables selected df AlCc AAICc Weight R?
variable)
FDis (R) 10 1 Null 2 -10.9 0 0.57 0
2 Floral cover 3 -8.5 2.46 0.17 -0.04
3 Light intensity 3 -7 3.96 0.08 -0.01
4 Forest land cover 3 -6.9 3.99 0.07 -0.01
5 Light intensity? 3 -6.8 4.17 0.01 -0.003
6 Floral cover + Forest land cover 4 -2.7 8.22 0.01 -0.04
7 Floral cover + Light intensity 4 -2.5 8.46 0.01 -0.04
8 Floral cover + Light intensity? 4 -2.5 8.46 0.01 -0.04

9 Light intensity + Light intensity? 4 -1.5 9.4 0.01 -0.02



10 Light intensity + Forest land cover -1.3 9.64 0.004 -0.01

11 Light intensity? + Forest land cover -1.1 9.85 0 -0.01
Floral cover + Light intensity + Forest land

12 6.3 17.21 0 -0.04
cover
Floral cover + Light intensity? + Forest land

13 6.3 17.22 0 -0.04
cover
Floral cover + Light intensity + Light

14 6.4 17.31 0 -0.04
intensity?
Light intensity + Light intensity? + Forest land

15 7.2 18.14 0 -0.03
cover
Floral cover + Light intensity + Light

16 21.2 32.04 0 -0.05
intensity? + Forest land cover

FDis (R-E) 1 Floral cover -9.2 0 0.41 -0.11

2 Null -8.8 0.42 0.34 0

3 Light intensity -5.9 3.29 0.08 -0.05

4 Light intensity? -5.9 3.35 0.08 -0.04



10

11

12

13

14

Forest land cover
Floral cover + Light intensity?

Floral cover + Forest land cover

Floral cover + Light intensity

Light intensity? + Forest land cover

Light intensity + Forest land cover

Light intensity + Light intensity?

Floral cover + Light intensity? + Forest land
cover

Floral cover + Light intensity + Light
intensity?

Floral cover + Light intensity + Forest land

cover

-2.6

0.8

0.8

1.2

7.9

8.2

8.4

5.02

6.25

6.44

6.63

10.02

10.03

10.48

17.11

17.44

17.68

0.02

0.02

0.02

0.02

0.003

0.003

0.002

-0.01

-0.12

-0.12

-0.11

-0.06

-0.06

-0.05

-0.13

-0.13

-0.13



Light intensity + Light intensity? + Forest land

15 5 12.8 21.99 0 -0.06
cover
Floral cover + Light intensity + Light

16 6 30.4 39.69 0 -0.15
intensity? + Forest land cover

FDis (Body length) 1 Floral cover 3 -19.7 0 0.5 -0.04

2 Null 2 -18 1.67 0.22 0

3 Floral cover + Light intensity? 4 -17.1 2.61 0.14 -0.05

4 Floral cover + Light intensity 4 -15.8 3.9 0.07 -0.05

5 Forest land cover 3 -135 6.12 0.02 -0.002

6 Light intensity? 3 -13.3 6.41 0.02 -4.48x10*

7 Light intensity 3 -13.2 6.47 0.01 -4.72x107

8 Floral cover + Forest land cover 4 -12.6 7.11 0.001 -0.04

9 Light intensity + Light intensity? 4 -7 12.66 0.001 -0.01
Floral cover + Light intensity? + Forest land

10 5 -6.5 13.17 0.001 -0.1

cover



11 Light intensity? + Forest land cover -6.4 13.28 0.001 -0.003

12 Light intensity + Forest land cover -6.4 13.32 0 -0.003
Floral cover + Light intensity + Light

13 -5.7 14.01 0 -0.1
intensity?
Floral cover + Light intensity + Forest land

14 -4.5 15.12 0 -0.1
cover
Light intensity + Light intensity? + Forest land

15 4.9 24.52 0 -0.01
cover
Floral cover + Light intensity + Light

16 16.3 36.01 0 -0.1
intensity? + Forest land cover

FDis (Inter-tegular span) 9 1 Floral cover -18.1 0 0.48 -0.04

2 Null -17.5 0.66 0.34 0

3 Light intensity -13.2 4.99 0.04 -0.004

4 Floral cover + Forest land cover -13.1 5.09 0.04 -0.05

5 Light intensity? -12.9 5.2 0.03 -0.002



10

11

12

13

14

15

Forest land cover

Floral cover + Light intensity?

Floral cover + Light intensity

Light intensity + Light intensity?

Light intensity + Forest land cover

Light intensity? + Forest land cover

Floral cover + Light intensity? + Forest land
cover

Floral cover + Light intensity + Forest land
cover

Floral cover + Light intensity + Light
intensity?

Light intensity + Light intensity? + Forest land

cover

-12.7

-11.3

-11.2

-6.3

-2.5

-1.9

0.5

55

5.41

6.83

6.99

11.8

12.15

12.37

15.61

16.24

18.63

23.65

0.02

0.01

0.001

0.001

0.001

-3.78x10*

-0.04

-0.04

-0.01

-0.004

-0.002

-0.05

-0.04

-0.04

-0.01



Floral cover + Light intensity + Light

16 20.7 38.81 0 -0.05
intensity? + Forest land cover
FDis (Forewing aspect
1 Forest land cover -5.7 0 0.43 -0.16
ratio)
2 Null -5.6 0.13 0.41 0
3 Floral cover -0.9 4.83 0.04 -0.005
4 Light intensity -0.8 4.9 0.04 -0.001
5 Light intensity? -0.8 4.93 0.02 -3.71x10®
6 Light intensity? + Forest land cover 0.6 6.32 0.01 -0.18
7 Light intensity + Forest land cover 1.2 6.94 0.01 -0.17
8 Floral cover + Forest land cover 1.3 6.98 0.01 -0.17
9 Light intensity + Light intensity? 5.9 11.57 0.001 -0.02
10 Floral cover + Light intensity 6.2 11.92 0.001 -0.01



11 Floral cover + Light intensity? 6.3 12.02 0.001 -0.01
Light intensity + Light intensity? + Forest land

12 9.6 15.3 0 -0.24
cover
Floral cover + Light intensity + Forest land

13 11.6 17.35 0 -0.2
cover
Floral cover + Light intensity? + Forest land

14 12.8 18.5 0 -0.18
cover
Floral cover + Light intensity + Light

15 17.2 22.92 0 -0.05
intensity?
Floral cover + Light intensity + Light

16 27.4 33.1 0 -0.31
intensity? + Forest land cover

FDis (Dietary
1 Null -2.6 0 0.53 0
specialization)

2 Floral cover -1 1.64 0.24 -0.18

3 Light intensity 1.1 3.73 0.08 -0.07

4 Light intensity? 1.8 4.45 0.06 -0.02

5 Forest land cover 2 4.65 0.05 -0.01



10

11

12

13

14

15

Light intensity + Light intensity?

Floral cover + Light intensity

Floral cover + Light intensity?

Floral cover + Forest land cover

Light intensity + Forest land cover

Light intensity? + Forest land cover

Floral cover + Light intensity + Light
intensity?

Light intensity + Light intensity? + Forest land
cover

Floral cover + Light intensity + Forest land
cover

Floral cover + Light intensity? + Forest land

cover

5.7

6.1

6.2

8.3

8.9

145

17

17.7

18.1

7.66

8.3

8.74

8.8

10.89

11.56

17.15

19.66

20.29

20.72

0.01

0.01

0.01

0.01

0.002

0.002

-0.24

-0.21

-0.19

-0.19

-0.07

-0.03

-0.33

-0.24

-0.21

-0.19



Floral cover + Light intensity + Light

16 385 41.15 0 -0.33
intensity? + Forest land cover

FDis (Nesting location) 1 Forest land cover -3.4 0 0.5 -0.29
2 Null -2.7 0.77 0.34 0
3 Floral cover 1.4 4.85 0.04 -0.05
4 Light intensity? 2.1 5.54 0.03 -0.002
5 Light intensity 2.1 5.57 0.03 -8.19x10°°
6 Floral cover + Forest land cover 2.5 5.92 0.03 -0.33
7 Forest land cover + Light intensity 3.1 6.57 0.02 -0.31
8 Forest land cover + Light intensity? 3.7 7.08 0.01 -0.29
9 Floral cover + Light intensity? 8.4 11.87 0.001 -0.06
10 Floral cover + Light intensity 8.5 11.95 0.001 -0.05
11 Light intensity + Light intensity? 8.7 12.15 0.001 -0.04



Light intensity + Light intensity? + Forest land

12 11.6 14.98 0 -0.41
cover
Floral cover + Light intensity + Forest land
13 14.3 17.76 0 -0.33
cover
Floral cover + Light intensity? + Forest land
14 14.5 17.92 0 -0.33
cover
Floral cover + Light intensity + Light
15 20.3 23.71 0 -0.07
intensity?
Floral cover + Light intensity + Light
16 355 38.93 0 -0.41
intensity? + Forest land cover
FDis (Sociality) 1 Null 1.9 0 0.59 0
2 Floral cover 3.9 2.07 0.21 -0.45
3 Forest land cover 6.4 4.55 0.06 -0.05
4 Light intensity 6.5 4.67 0.06 -0.03
5 Light intensity? 6.6 4.7 0.06 -0.02
6 Floral cover + Light intensity 10.9 9.02 0.01 -0.49
7 Floral cover + Light intensity? 10.9 9.03 0.01 -0.48



10

11

12

13

14

15

16

Floral cover + Forest land cover

Light intensity + Forest land cover

Light intensity? + Forest land cover

Light intensity + Light intensity?

Floral cover + Light intensity? + Forest land
cover

Floral cover + Light intensity + Forest land
cover

Floral cover + Light intensity + Light
intensity?

Light intensity + Light intensity? + Forest land
cover

Floral cover + Light intensity + Light

intensity? + Forest land cover

111

135

13.5

13.7

22.9

22.9

22.9

255

46.8

9.26

11.61

11.63

11.84

20.97

20.98

21.02

23.61

44.97

0.01

0.002

0.002

0.002

-0.45

-0.07

-0.07

-0.03

-0.49

-0.49

-0.49

-0.07

-0.49



FDis (Hairiness)

10

11

12

Null
Floral cover
Forest land cover

Light intensity?
Light intensity
Floral cover + Light intensity

Floral cover + Light intensity?

Floral cover + Forest land cover

Light intensity + Light intensity?

Light intensity? + Forest land cover

Light intensity + Forest land cover

Floral cover + Light intensity? + Forest land

cover

2.9

6.8

6.8

6.8

8.5

8.5

9.7

13.9

14

14

19.3

1.09

5.68

5.79

5.86

5.87

5.96

6.28

12.64

12.97

13.04

15.27

0.49

0.32

0.05

0.05

0.05

0.02

0.02

0.01

0.001

0.001

0.001

0
-0.63
-0.01

-0.001

-1.63x10°®

-0.82

-0.82

-0.68

-0.-2

-0.01

-0.01

-0.95



Floral cover + Light intensity + Forest land

13 19.5 16.05 0 -0.93
cover
Floral cover + Light intensity + Light
14 20.5 17.62 0 -0.83
intensity?
Light intensity + Light intensity? + Forest land
15 25.9 24.64 0 -0.02
cover
Floral cover + Light intensity + Light
16 43.3 38.95 0 -0.95
intensity? + Forest land cover
CWM (Body length) 10 1 Null 46.3 0 0.39 0
2 Forest land cover 47.3 1.04 0.23 0.28
3 Light intensity? 49.1 2.75 0.1 0.14
4 Light intensity 49.1 2.83 0.1 0.14
5 Floral cover 49.6 3.3 0.08 0.1
6 Light intensity + Forest land cover 51.5 5.18 0.03 0.41
7 Light intensity? + Forest land cover 515 5.23 0.03 0.4
8 Floral cover + Forest land cover 51.6 5.25 0.03 0.4



9 Floral cover + Light intensity? 54.5 8.25 0.01 0.19

10 Floral cover + Light intensity 54.8 8.46 0.01 0.17

11 Light intensity + Light intensity? 55 8.75 0.01 0.14
Floral cover + Light intensity? + Forest land

12 59.4 13.11 0.001 0.47
cover
Floral cover + Light intensity + Forest land

13 59.6 13.31 0.001 0.46
cover
Light intensity + Light intensity? + Forest land

14 60.5 14.16 0 0.41
cover
Floral cover + Light intensity + Light

15 63.5 17.17 0 0.19
intensity?
Floral cover + Light intensity + Light

16 74.4 28.06 0 0.47
intensity? + Forest land cover

CWM (Inter-tegular span) 10 1 Null 24.6 0 0.57 0
2 Forest land cover 27.4 2.76 0.14 0.17



10

11

12

13

Light intensity?

Floral cover

Light intensity
Floral cover + Forest land cover

Light intensity? + Forest land cover

Light intensity + Forest land cover

Floral cover + Light intensity?

Floral cover + Light intensity

Light intensity + Light intensity?

Floral cover + Light intensity? + Forest land
cover
Floral cover + Light intensity + Forest land

cover

28.4

28.5

28.5

32.7

32.9

33

34.2

34.3

34.3

41.5

41.6

3.82

3.86

3.95

8.12

8.32

8.42

9.59

9.73

9.75

16.91

17.03

0.08

0.08

0.08

0.08

0.01

0.01

0.01

0.01

0.004

0.004

0.05

0.05

0.04

0.23

0.21

0.2

0.08

0.06

0.06

0.25

0.24



Light intensity + Light intensity? + Forest land

14 41.9 17.29 0 0.21
cover
Floral cover + Light intensity + Light

15 42.9 18.29 0 0.11
intensity?
Floral cover + Light intensity + Light

16 56.2 31.65 0 0.27
intensity? + Forest land cover

CWM (Forewing aspect
1 Light intensity? + Forest land cover 13 0 0.93 1.04
ratio)

Light intensity + Light intensity? + Forest land

2 19.6 6.58 0.04 1.06
cover

3 Light intensity + Forest land cover 20.2 7.19 0.03 0.98
Floral cover + Light intensity? + Forest land

4 24.4 11.43 0.003 1.04
cover

5 Forest land cover 25.3 12.35 0.002 0.66

6 Null 28.9 15.92 0 0
Floral cover + Light intensity + Light

7 30.2 17.26 0 1.08

intensity? + Forest land cover



8 Floral cover + Forest land cover 31.2 18.26 0 0.71

9 Light intensity? 315 18.48 0 0.24

10 Light intensity 31.7 18.68 0 0.22
Floral cover + Light intensity + Forest land

11 32.2 19.18 0 0.98
cover

12 Floral cover 335 20.5 0 0.03

13 Light intensity + Light intensity? 38.7 25.67 0 0.24

14 Floral cover + Light intensity? 38.7 25.68 0 0.24

15 Floral cover + Light intensity 38.9 25.87 0 0.22
Floral cover + Light intensity + Light

16 50.7 37.67 0 0.24
intensity?

CWM (Polylectic) 1 Null -18.7 0 0.67 0

2 Floral cover -15.2 3.47 0.12 -0.01

3 Light intensity? -14 4.69 0.06 -0.001

4 Light intensity -14 471 0.06 -0.001



10

11

12

13

14

Forest land cover
Floral cover + Light intensity

Floral cover + Light intensity?

Floral cover + Forest land cover

Light intensity? + Forest land cover

Light intensity + Forest land cover

Light intensity + Light intensity?

Floral cover + Light intensity + Light
intensity?

Floral cover + Light intensity + Light
intensity?

Floral cover + Light intensity + Forest land

cover

-6.8

-6.8

-6.8

2.9

3.1

3.4

4.78

9.86

10.12

10.6

11.87

11.89

11.89

21.62

21.79

22.03

0.06

0.005

0.004

0.003

0.002

0.002

0.002

-0.0002

-0.01

-0.01

-0.01

-0.001

-0.001

-0.001

-0.02

-0.02

-0.01



Light intensity + Light intensity? + Forest land
15 5 5.2 23.86 0 -0.001
cover

Floral cover + Light intensity + Light
16 6 26.9 45.58 0 -0.02
intensity? + Forest land cover

CWM (Oligolectic) 9 1 Null 2 -18.7 0 0.67 0
2 Floral cover 3 -15.2 3.47 0.12 -0.01
3 Light intensity? 3 -14 4.69 0.06 -0.001
4 Light intensity 3 -14 471 0.06 -0.001
5 Forest land cover 3 -13.9 4.78 0.06 -0.0002
6 Floral cover + Light intensity 4 -8.8 9.86 0.005 -0.01
7 Floral cover + Light intensity? 4 -8.6 10.12 0.004 -0.01
8 Floral cover + Forest land cover 4 -8.1 10.6 0.003 -0.01
9 Light intensity? + Forest land cover 4 -6.8 11.87 0.002 -0.001

10 Light intensity + Forest land cover 4 -6.8 11.89 0.002 -0.001



11 Light intensity + Light intensity? -6.8 11.89 0.002 -0.001
Floral cover + Light intensity + Light

12 2.9 21.62 0 -0.02
intensity?
Floral cover + Light intensity + Forest land

13 3.1 21.79 0 -0.02
cover
Floral cover + Light intensity? + Forest land

14 3.4 22.03 0 -0.01
cover
Light intensity + Light intensity? + Forest land

15 5.2 23.86 0 -0.001
cover
Floral cover + Light intensity + Light

16 26.9 45.58 0 -0.02
intensity? + Forest land cover

CWM (Nesting location -
10 1 Forest land cover 9 0 0.36 1.22
Above-ground)

2 Null 9.4 0.38 0.3 0

3 Light intensity? 121 3.1 0.08 0.48

4 Light intensity 12.2 3.18 0.07 0.45

5 Light intensity + Forest land cover 12.8 3.81 0.05 1.63



10

11

12

13

14

15

Light intensity? + Forest land cover

Floral cover

Floral cover + Forest land cover

Floral cover + Light intensity?

Light intensity + Light intensity?

Floral cover + Light intensity

Floral cover + Light intensity? + Forest land
cover

Floral cover + Light intensity + Forest land
cover

Light intensity + Light intensity? + Forest land
cover

Floral cover + Light intensity + Light

intensity?

12.9

13.2

14

18

18.1

18.1

21.4

215

21.8

27

3.88

4.27

5.03

9.09

9.14

12.46

12.56

12.79

17.99

0.05

0.04

0.03

0.004

0.004

0.004

0.001

0.001

0.001

1.62

0.13

1.41

0.5

0.48

0.46

1.68

1.67

1.63

0.51



Floral cover + Light intensity + Light

16 36.4 27.46 0 1.68
intensity? + Forest land cover
CWM (Nesting location -
10 1 Forest land cover 8.3 0 0.4 1.45
Mixed)
2 Null 8.7 0.38 0.33 0
3 Light intensity 12.1 3.77 0.06 0.33
4 Light intensity? 12.1 3.8 0.06 0.32
5 Floral cover 12.6 4.32 0.05 0.13
6 Light intensity + Forest land cover 13 4.74 0.04 1.74
7 Light intensity? + Forest land cover 13.2 4.93 0.03 1.7
8 Floral cover + Forest land cover 13.4 5.14 0.03 1.65
9 Floral cover + Light intensity? 18 9.68 0.003 0.37
10 Floral cover + Light intensity 18 9.71 0.003 0.36



11 Light intensity + Light intensity? 18.1 9.77 0.003 0.33
Floral cover + Light intensity + Forest land
12 21.7 13.43 0 1.81
cover
Floral cover + Light intensity? + Forest land
13 21.8 13.47 0 1.8
cover
Light intensity + Light intensity? + Forest land
14 22 13.72 0 1.75
cover
Floral cover + Light intensity + Light
15 27 18.68 0 0.37
intensity?
Floral cover + Light intensity + Light
16 36.7 28.43 0 1.81
intensity? + Forest land cover
CWM (Social) 10 1 Null 8.3 0 0.55 0
2 Forest land cover 10.8 247 0.16 0.72
3 Light intensity? 11.8 35 0.09 0.33
4 Light intensity 12 3.69 0.09 0.25
5 Floral cover 124 4.1 0.07 0.08



10

11

12

13

14

15

Light intensity? + Forest land cover

Light intensity + Forest land cover

Floral cover + Forest land cover

Light intensity + Light intensity?

Floral cover + Light intensity?

Floral cover + Light intensity

Floral cover + Light intensity? + Forest land
cover

Floral cover + Light intensity + Forest land
cover

Light intensity + Light intensity? + Forest land
cover

Floral cover + Light intensity + Light

intensity?

16

16.2

16.5

17.7

17.8

18

24.9

25

25.1

26.6

7.69

7.83

8.15

9.42

9.47

9.67

16.58

16.65

16.75

18.3

0.01

0.01

0.01

0.01

0.01

0.004

0.99

0.95

0.84

0.36

0.34

0.26

1.03

1.01

0.97

0.41



Floral cover + Light intensity + Light

16 39.8 31.44 0 1.08
intensity? + Forest land cover
CWM (Solitary) 10 1 Null 8.3 0 0.55 0
2 Forest land cover 10.8 247 0.16 0.72
3 Light intensity? 11.8 3.5 0.09 0.33
4 Light intensity 12 3.69 0.09 0.25
5 Floral cover 124 4.1 0.07 0.08
6 Light intensity? + Forest land cover 16 7.69 0.01 0.99
7 Light intensity + Forest land cover 16.2 7.83 0.01 0.95
8 Floral cover + Forest land cover 16.5 8.15 0.01 0.84
9 Light intensity + Light intensity? 17.7 9.42 0.01 0.36
10 Floral cover + Light intensity? 17.8 9.47 0.01 0.34
11 Floral cover + Light intensity 18 9.67 0.004 0.26



Floral cover + Light intensity? + Forest land

12 24.9 16.58 0 1.03
cover
Floral cover + Light intensity + Forest land
13 25 16.65 0 1.01
cover
Light intensity + Light intensity? + Forest land
14 25.1 16.75 0 0.97
cover
Floral cover + Light intensity + Light
15 26.6 18.3 0 0.41
intensity?
Floral cover + Light intensity + Light
16 39.8 31.44 0 1.08
intensity? + Forest land cover
CWM (Hairiness - Dense) 10 1 Null 9.6 0 0.54 0
2 Forest land cover 11.6 2.03 0.2 0.63
3 Floral cover 135 3.92 0.08 0.11
4 Light intensity? 13.6 4.03 0.07 0.08
5 Light intensity 13.7 4.06 0.07 0.07
6 Floral cover + Forest land cover 17 7.4 0.01 0.78
7 Light intensity + Forest land cover 17.4 7.8 0.01 0.68



10

11

12

13

14

15

16

Light intensity? + Forest land cover

Floral cover + Light intensity?

Floral cover + Light intensity

Light intensity + Light intensity?

Floral cover + Light intensity? + Forest land
cover

Floral cover + Light intensity + Forest land
cover

Light intensity + Light intensity? + Forest land
cover

Floral cover + Light intensity + Light
intensity?

Floral cover + Light intensity + Light

intensity? + Forest land cover

17.4

194

19.5

19.6

25.9

26

26.4

28.3

40.9

7.81

9.8

9.85

10.03

16.33

16.36

16.8

18.72

31.28

0.01

0.01

0.004

0.004

0.004

0.68

0.15

0.13

0.08

0.79

0.79

0.68

0.17

0.81



CWM (Hairiness - Sparse) 10 1 Null 2 9.6 0 0.54 0

2 Forest land cover 3 11.6 2.03 0.2 0.63
3 Floral cover 4 135 3.92 0.08 0.11
4 Light intensity? 4 13.6 4.03 0.07 0.08
5 Light intensity 3 13.7 4.06 0.07 0.07
6 Floral cover + Forest land cover 3 17 7.4 0.01 0.78
7 Light intensity + Forest land cover 3 17.4 7.8 0.01 0.68
8 Light intensity? + Forest land cover 4 17.4 7.81 0.01 0.68
9 Floral cover + Light intensity? 4 194 9.8 0.01 0.15
10 Floral cover + Light intensity 4 195 9.85 0.004 0.13
11 Light intensity + Light intensity? 4 19.6 10.03 0.004 0.08

Floral cover + Light intensity? + Forest land
12 5 25.9 16.33 0.004 0.79
cover



Floral cover + Light intensity + Forest land

13 26 16.36 0 0.79
cover
Light intensity + Light intensity? + Forest land

14 26.4 16.8 0 0.68
cover
Floral cover + Light intensity + Light

15 28.3 18.72 0 0.17
intensity?
Floral cover + Light intensity + Light

16 40.9 31.28 0 0.81
intensity? + Forest land cover

Fruit-set — Trait diversity 7 1 Pollinator visitation rate 61 0 0.44 0.97

2 FDis (E) + Pollinator visitation rate 62 2.06 0.26 0.99

3 FDis (E)? + Pollinator visitation rate 63.2 2.28 0.14 0.98
FDis (Dietary specialization) + Pollinator

4 64.2 3.21 0.09 0.98
visitation rate
FDis (Dietary specialization)? + Pollinator

5 64.3 3.38 0.08 0.98
visitation rate
FDis (E) + FDis (E)?+ Pollinator visitation

6 73.4 12.44 0.001 0.99

rate



10

11

12

13

14

15

16

17

FDis (E) + FDis (Dietary specialization) +
Pollinator visitation rate

FDis (E) + FDis (Dietary specialization)? +
Pollinator visitation rate

FDis (E)? + FDis (Dietary specialization) +
Pollinator visitation rate

FDis (E)? + FDis (Dietary specialization)? +

Pollinator visitation rate

FDis (Dietary specialization) + FDis (Dietary

specialization)? + Pollinator visitation rate

FDis (E)?

Null

FDis (E) + FDis (E)?

FDis (E)

FDis (E)? + FDis (Dietary specialization)?

FDis (Dietary specialization)?

4.7

74.7

75.7

75.9

78.2

80.8

81.3

81.4

83.1

83.9

83.9

13.72

13.76

14.74

14.89

17.21

19.85

20.36

20.45

22.13

22.91

22.93

0.99

0.99

0.99

0.99

0.98

0.49

0.8

0.29

0.71

0.21



18

19

20

21

22

23

24

25

26

27

FDis (Dietary specialization)
FDis (E)? + FDis (Dietary specialization)
FDis (E) + FDis (Dietary specialization)?

FDis (E) + FDis (Dietary specialization)
FDis (Dietary specialization) + FDis (Dietary
specialization)?

FDis (E) + FDis (E)? + FDis (Dietary
specialization)?

FDis (E) + FDis (E)? + FDis (Dietary
specialization)

FDis (E)? + FDis (Dietary specialization) +
FDis (Dietary specialization)?

FDis (E) + FDis (Dietary specialization) +
FDis (Dietary specialization)?

FDis (E) + FDis (E)? + FDis (Dietary

specialization)? + Pollinator visitation rate

84.4

84.8

86.3

87.1

89.2

94

94.8

96.3

99.1

112.7

23.48

23.84

25.32

26.16

28.2

33.05

33.82

35.34

38.09

51.79

0.14

0.67

0.59

0.54

0.38

0.83

0.81

0.77

0.66

0.99



28

29

30

31

32

FDis (E) + FDis (E)? + FDis (Dietary
specialization) + Pollinator visitation rate
FDis (E) + FDis (Dietary specialization) +
FDis (Dietary specialization)? + Pollinator
visitation rate

FDis (E)? + FDis (Dietary specialization) +
FDis (Dietary specialization)? + Pollinator
visitation rate

FDis (E) + FDis (E)? + FDis (Dietary
specialization) + FDis (Dietary
specialization)?

FDis (E) + FDis (E)? + FDis (Dietary
specialization) + FDis (Dietary

specialization)? + Pollinator visitation rate

113.6

116.7

117.7

131.7

Inf.

52.63

55.71

56.72

70.74

Inf.

0.99

0.99

0.99

0.91

Fruit-set — Trait identity

8

CWM (Oligolectic) + CWM (Oligolectic)? +

Pollinator visitation rate
CWM (Oligolectic)? + Pollinator visitation

rate

80.3

84.7

4.42

0.7

0.22

0.99

0.99



10

11

12

13

CWM (Oligolectic) + CWM (Oligolectic)? +
CWM (OQil collectors) + Pollinator visitation
rate

CWM (Oligolectic)? + CWM (Qil collectors)
+ Pollinator visitation rate

Pollinator visitation rate

CWM (Oligolectic)?

CWM (Oligolectic) + Pollinator visitation rate
CWM (Oil collectors) + Pollinator visitation

rate
CWM (Oligolectic) + CWM (Oligolectic)?

CWM (Oligolectic) + CWM (Qil collectors) +

Pollinator visitation rate

CWM (Oligolectic)
CWM (Oligolectic)? + CWM (Qil collectors)

Null

84.7

85.3

89.7

90.4

90.8

91

93.5

94

945

96

98.9

4.43

4.96

9.36

10.08

10.52

10.72

13.24

13.69

14.19

15.66

18.63

0.03

0.03

0.01

0.01

0.001

0.001

0.001

0.99

0.96

0.95

0.87

0.8

0.9

0.89

0.87

0.72

0.95

0.95



CWM (Oligolectic) + CWM (Qil collectors) +

14 100.1 19.78 0.72
Pollinator visitation rate
15 CWM (Qil collectors) 101.9 21.57 0
CWM (Oligolectic) + CWM (Oligolectic)? +
16 102.7 22.39 0.18
CWM (OQil collectors)
Log (Fruit maximum FDis (E) + FDis (E)? + + FDis (Dietary
length + 1) — Trait 10 1 specialization) + FDis (Dietary -322.2 0 -0.22
diversity specialization)? + Pollinator visitation rate
FDis (E) + FDis (E)? + FDis (Dietary
2 -306.9 15.31 -0.18
specialization)? + Pollinator visitation rate
FDis (E) + FDis (E)? + FDis (Dietary
3 -298.6 23.57 -0.15
specialization) + Pollinator visitation rate
FDis (E) + FDis (E)? + FDis (Dietary
4 specialization) + FDis (Dietary -295.2 26.95 -0.15
specialization)?
FDis (E) + FDis (E)? + FDis (Dietary
5 specialization) + FDis (Dietary -281 41.17 -0.1

specialization)?



10

11

12

13

14

15

16

FDis (E) + FDis (E)?

FDis (E) + FDis (E)? + FDis (Dietary
specialization)

FDis (E)? + FDis (Dietary specialization) +

FDis (Dietary specialization)?

FDis (Dietary specialization) + FDis (Dietary

specialization)?

FDis (E) + FDis (E)? + FDis (Dietary
specialization)?

FDis (E)?

FDis (E) + FDis (Dietary specialization) +
FDis (Dietary specialization)?

FDis (E)? + FDis (Dietary specialization)?
FDis (E)? + FDis (Dietary specialization)?
FDis (E)

FDis (E)? + FDis (Dietary specialization) +
FDis (Dietary specialization)? + Pollinator

visitation rate

-274.9

-272.4

-271.9

-271.7

-271

-270.4

-267.3

-266.9

-266.3

-263.2

-262.3

47.25

49.74

50.26

50.49

51.21

51.78

54.88

55.29

55.84

58.96

59.9

-0.07

-0.07

-0.07

-0.06

-0.07

-0.05

-0.06

-0.05

-0.05

-0.03

-0.07



17

18

19

20

21

22

23

24

25

26

27

FDis (Dietary specialization) + FDis (Dietary
specialization)? + Pollinator visitation rate
FDis (E)? + Pollinator visitation rate

FDis (E) + FDis (Dietary specialization)
FDis (E) + FDis (Dietary specialization)?
FDis (E) + FDis (Dietary specialization) +
FDis (Dietary specialization)? + Pollinator
visitation rate

Null

FDis (E)? + FDis (Dietary specialization) +
Pollinator visitation rate

FDis (E)? + FDis (Dietary specialization) +
Pollinator visitation

FDis (E)? + FDis (Dietary specialization)? +
Pollinator visitation

FDis (E) + Pollinator visitation rate

FDis (Dietary specialization)?

-261.8

-260.5

-259.5

-259

-257.9

-257.4

-257.2

-256.5

-254.5

-253.5

-250.6

60.32

61.62

62.64

63.19

64.28

64.77

64.96

65.63

67.7

68.63

69.14

-0.06

-0.05

-0.04

-0.03

-0.06

0.0001

-0.05

-0.05

-0.01

-0.03

-0.0001



FDis (E) + FDis (Dietary specialization) +

28 -249.6 71.52 0 -0.04
Pollinator visitation rate
FDis (E) + FDis (Dietary specialization)? +

29 -249.4 72.59 0 -0.03
Pollinator visitation rate

30 Pollinator visitation rate -249.5 72.74 0 -0.01
FDis (Dietary specialization)? + Pollinator

31 -245.4 76.8 0 -0.01
visitation rate
FDis (Dietary specialization)? + Pollinator

32 -245.4 76.81 0 -0.01
visitation rate

Log (Fruit maximum CWM (Oligolectic) + CWM (Oligolectic)? +
10 1 -373.4 0 0.56 -0.19
length + 1) — Trait identity CWM (Oil collectors)

2 CWM (Oligolectic)? + CWM (Qil collectors) -372.9 0.49 0.44 -0.18
CWM (Oligolectic) + CWM (Oligolectic)? +

3 CWM (Qil collectors) + Pollinator visitation -363.7 9.61 0.01 -0.19
rate
CWM (Oligolectic)? + CWM (Qil collectors)

4 -362.7 10.62 0.003 -0.18
+ Pollinator visitation rate

5 CWM (Qligolectic) + CWM (Qil collectors) -360.1 13.29 0.001 -0.16



CWM (Oligolectic) + CWM (Qil collectors) +

6 -350.2 23.18 0 -0.16
Pollinator visitation rate

7 CWM (Qil collectors) -345.6 271.77 0 -0.12
CWM (OQil collectors) + Pollinator visitation

8 -336.6 36.79 0 -0.12
rate

9 CWM (Oligolectic) + CWM (Oligolectic)? -299.3 74.03 0 -0.02

10 Null -298.7 74.69 0 -0.003

11 CWM (Oligolectic)? -297.4 76 0 -0.01
CWM (Oligolectic) + CWM (Oligolectic)? +

12 -294.3 79.05 0 -0.03
Pollinator visitation rate

13 CWNM (Oligolectic) -293.7 79.67 0 -0.01

14 Pollinator visitation rate -291 82.34 0 -0.01
CWM (Oligolectic)? + Pollinator visitation

15 -289 84.4 0 -0.01
rate

16 CWM (Oligolectic) + Pollinator visitation rate -285.5 87.82 0 -0.01
FDis (E) + FDis (E)? + FDis (Dietary

Log (Fruit maximum
10 1 specialization) + FDis (Dietary -358.5 0 0.51 -0.12

width + 1) — Trait diversity

specialization)? + Pollinator visitation rate



10

FDis (E) + FDis (E)?

FDis (E) + FDis (E)? + FDis (Dietary
specialization) + FDis (Dietary
specialization)?

FDis (E) + FDis (E)? + FDis (Dietary
specialization)? + Pollinator visitation rate
FDis (E) + FDis (E)? + Pollinator visitation
rate

FDis (E) + FDis (E)? + FDis (Dietary
specialization)?

FDis (E) + FDis (E)? + FDis (Dietary
specialization)

FDis (E) + FDis (E)? + FDis (Dietary
specialization) + Pollinator visitation rate
FDis (E)? + Pollinator visitation rate

FDis (E)? + FDis (Dietary specialization) +
FDis (Dietary specialization)? + Pollinator

visitation rate

-357

-356.3

-352.7

-352.5

-352.5

-351.1

-347.2

-334.7

-331.1

1.54

2.26

5.81

5.99

6.02

7.44

11.27

23.83

27.41

0.24

0.16

0.03

0.03

0.03

0.01

0.002

-0.08

-0.1

-0.09

-0.08

-0.08

-0.09

-0.05

-0.06



11

12

13

14

15

16

17

18

19

20

21

FDis (E)? + FDis (Dietary specialization)? +
Pollinator visitation rate

FDis (E)? + FDis (Dietary specialization) +
Pollinator visitation rate

FDis (E) + Pollinator visitation rate

FDis (E)?

FDis (Dietary specialization) + FDis (Dietary

specialization)? + Pollinator visitation rate

FDis (E) + FDis (Dietary specialization) +

FDis (Dietary specialization)? + Pollinator

visitation rate

Null

FDis (E) + FDis (Dietary specialization) +

Pollinator visitation rate

FDis (E) + FDis (Dietary specialization)? +
Pollinator visitation rate

FDis (E)? + FDis (Dietary specialization)?

Pollinator visitation rate

-330.7

-330.6

-329.4

-329.3

-328.6

-326.9

-325.7

-325.7

-325.5

-325.1

-324.5

27.83

27.92

29.15

29.19

29.91

31.62

32.8

32.85

33.02

33.39

34.05

-0.05

-0.06

-0.05

-0.02

-0.05

-0.06

-0.01

-0.05

-0.05

-0.03

-0.03



FDis (Dietary specialization) + FDis (Dietary

22 -324.4 34.13 0 -0.02
specialization)?

23 FDis (E)? + FDis (Dietary specialization) -323.2 35.28 0 -0.02
FDis (E)? + FDis (Dietary specialization) +

24 -323 35.51 0 -0.03
FDis (Dietary specialization)?

25 FDis (Dietary specialization)? -322.4 36.07 0 -0.01

26 FDis (E) -322.1 36.45 0 -0.01
FDis (Dietary specialization)? + Pollinator

27 -320.1 38.41 0 -0.03
visitation rate

28 FDis (Dietary specialization) -319.7 38.86 0 -0.01
FDis (Dietary specialization) + Pollinator

29 -319.5 39.04 0 -0.03
visitation rate
FDis (E) + FDis (Dietary specialization) +

30 -318.8 39.69 0 -0.02
FDis (Dietary specialization)?

31 FDis (E) + FDis (Dietary specialization)? -318.3 40.23 0 -0.01

32 FDis (E) + FDis (Dietary specialization) -316 4251 0 -0.01

Log (Fruit maximum
10 1 CWM (Oligolectic)? + CWM (Qil collectors) -534.8 0 0.8 -0.1

width + 1) — Trait identity



10

11

12

CWM (Oligolectic) + CWM (Oligolectic)? +
CWM (OQil collectors)
CWM (Oligolectic)? + CWM (Qil collectors)

+ Pollinator visitation rate
CWM (Oligolectic) + CWM (Qil collectors)

CWM (Oligolectic) + CWM (Oligolectic)? +
CWM (Qil collectors) + Pollinator visitation
rate

CWM (Oligolectic) + CWM (Qil collectors) +
Pollinator visitation rate

CWM (Oil collectors) + Pollinator visitation
rate

CWM (Qil collectors)

Pollinator visitation rate

CWM (Oligolectic) + CWM (Oligolectic)? +
Pollinator visitation rate

CWM (Oligolectic)?* Pollinator visitation rate

Null

-531

-528.8

-528.5

-526.8

-521.1

-512.5

-512.1

-472.4

-469.8

-468

-467.8

3.87

6.09

6.39

8.01

13.79

22.36

22.72

62.44

65

66.87

67.05

0.12

0.04

0.03

0.02

0.001

-0.1

-0.09

-0.1

-0.09

-0.08

-0.07

-0.03

-0.03

-0.01

-0.03



13 CWM (Oligolectic) + Pollinator visitation rate -466.1 68.71 0 -0.01

14 CWM (Oligolectic)? -464.9 69.95 0 -0.01

15 CWM (Oligolectic) -462.7 72.1 0 -0.01

16 CWM (Oligolectic) + CWM (Oligolectic)? -461.7 73.12 0 -0.01
FDis (E) + FDis (E)? + FDis (Dietary

Log (Fruit fresh weight +
10 1 specialization) + FDis (Dietary 244.5 0 0.9 0.31
1) — Trait diversity

specialization)?
FDis (E) + FDis (E)? + FDis (Dietary

2 specialization) + FDis (Dietary 249 4.49 0.1 0.31
specialization)? + Pollinator visitation rate

3 FDis (E) + FDis (E)? 257.5 12.95 0.001 0.23
FDis (E) + FDis (E)? + FDis (Dietary

4 260.5 15.96 0 0.24
specialization)
FDis (E) + FDis (E)? + FDis (Dietary

5 260.6 16.13 0 0.23
specialization)?
FDis (E) + FDis (E)? + Pollinator visitation

6 264 19.47 0 0.23

rate



10

11

12

13

14

FDis (E)? + FDis (Dietary specialization) +
FDis (Dietary specialization)? + Pollinator
visitation rate

FDis (E) + FDis (E)? + FDis (Dietary
specialization)? + Pollinator visitation rate
FDis (E) + FDis (E)? + FDis (Dietary
specialization) + Pollinator visitation rate
FDis (E) + FDis (Dietary specialization) +
FDis (Dietary specialization)? + Pollinator

visitation rate

FDis (Dietary specialization) + FDis (Dietary

specialization)? + Pollinator visitation rate
FDis (E)? + FDis (Dietary specialization) +
Pollinator visitation rate

FDis (E)? + Pollinator visitation rate

FDis (E)? + FDis (Dietary specialization)? +

Pollinator visitation rate

264.7

266.2

267.2

268.7

271.2

273.2

274.5

276.2

20.22

21.7

22.71

24.22

26.67

28.69

30.01

31.67

0.25

0.23

0.24

0.21

0.21

0.19

0.19

0.2



15

16

17

18

19

20

21

22

23

24

25

26

FDis (E) + FDis (Dietary specialization) +
Pollinator visitation rate

FDis (E) + Pollinator visitation rate

FDis (E) + FDis (Dietary specialization)? +
Pollinator visitation rate

FDis (E)? + FDis (Dietary specialization) +
FDis (Dietary specialization)?

FDis (Dietary specialization) + FDis (Dietary
specialization)?

FDis (E)?

FDis (E)? + FDis (Dietary specialization)?
FDis (E) + FDis (Dietary specialization) +
FDis (Dietary specialization)?

FDis (E)? + FDis (Dietary specialization)
Pollinator visitation rate

FDis (E)

FDis (Dietary specialization) + Pollinator

visitation rate

277.5

279.2

277.5

279.9

281.1

284.1

285

286

289

289.1

290.3

295.6

32.98

35.43

36.55

39.62

40.46

41.5

44.52

44.6

45.77

51.1

51.32

51.81

0.17

0.18

0.13

0.12

0.1

0.1

0.12

0.1

0.08

0.06

0.06

0.1



27 Null 296.3 52.73 0 0.04

28 FDis (E) + FDis (Dietary specialization)? 297.2 54.08 0 0.07
FDis (Dietary specialization)? + Pollinator

29 298.7 54.13 0 0.08
visitation rate

30 FDis (Dietary specialization)? 299.4 54.88 0 0.04

31 FDis (E) + FDis (Dietary specialization) 300.1 55.62 0 0.07

32 FDis (Dietary specialization) 3014 56.88 0 0.04

Log (Fruit fresh weight +
10 1 CWM (Oligolectic)? + CWM (Qil collectors) 189.8 0 0.58 0.53
1) — Trait identity

CWM (Oligolectic) + CWM (Oligolectic)? +

2 191.8 2.02 0.21 0.53
CWM (Qil collectors)
CWM (Oligolectic) + CWM (Oligolectic)? +

3 CWM (Qil collectors) + Pollinator visitation 193.1 3.29 0.11 0.56
rate
CWM (Oligolectic)? + CWM (Qil collectors)

4 193.5 3.71 0.09 0.55
+ Pollinator visitation rate

5 CWM (Oligolectic) + CWM (Qil collectors) 200.7 10.84 0.003 0.5



CWM (Oligolectic) + CWM (Qil collectors) +

6 206.4 16.55 0 0.51
Pollinator visitation rate
CWM (OQil collectors) + Pollinator visitation

7 230.3 40.47 0 0.41
rate

8 CWM (Qil collectors) 235.3 45.52 0 0.36
CWM (Oligolectic) + CWM (Oligolectic)? +

9 288.5 98.69 0 0.19
Pollinator visitation rate

10 Pollinator visitation rate 293.2 103.43 0 0.14
CWM (Oligolectic)? + Pollinator visitation

11 293.9 104.06 0 0.16
rate

12 CWM (Oligolectic) + Pollinator visitation rate 297.3 107.45 0 0.09

13 CWM (Oligolectic)? 301 111.15 0 0.1

14 CWM (Oligolectic) + CWM (Oligolectic)? 301.9 112.09 0 0.1

15 Null 303 113.22 0 0.07

16 CWM (Oligolectic) 304.2 114.44 0 0.08

Log (Fruit firmness + 1) — FDis (E) + FDis (E)? + FDis (Dietary
10 1 -180.3 0 0.27 -0.39

Trait diversity

specialization)? + Pollinator visitation rate



10

FDis (E) + FDis (E)? + FDis (Dietary

specialization) + Pollinator visitation rate

FDis (E)?

FDis (E) + FDis (E)? + FDis (Dietary
specialization) + FDis (Dietary
specialization)? + Pollinator visitation rate
FDis (E) + FDis (E)?

FDis (E)? + FDis (Dietary specialization)?
FDis (E)? + FDis (Dietary specialization)
FDis (E)? + FDis (Dietary specialization) +
FDis (E) + FDis (Dietary specialization)? +
Pollinator visitation rate

FDis (E) + FDis (E)? + FDis (Dietary
specialization)?

FDis (E) + FDis (Dietary specialization) +

Pollinator visitation rate

-179.2

-179

-177.6

-177.4

-177.3

-176.6

-176

-175.8

-175.7

1.08

1.27

2.72

2.94

3.04

3.69

4.29

4.54

4.55

0.16

0.15

0.07

0.06

0.04

0.03

0.03

0.03

0.02

-0.39

-0.31

-04

-0.31

-0.32

-0.32

-0.37

-0.33

-0.38



11

12

13

14

15

16

17

18

19

FDis (E) + FDis (E)? + FDis (Dietary
specialization)

FDis (E)? + FDis (Dietary specialization) +
FDis (Dietary specialization)?

FDis (E) + FDis (E)?+ FDis (Dietary
specialization) + FDis (Dietary
specialization)?

FDis (E) + FDis (Dietary specialization) +
FDis (Dietary specialization)? + Pollinator
visitation rate

FDis (E)? + FDis (Dietary specialization) +
Pollinator visitation rate

FDis (E)? + FDis (Dietary specialization)? +
Pollinator visitation rate

FDis (E)? + Pollinator visitation rate

FDis (E) + FDis (E)? + Pollinator visitation
rate

FDis (E) + Pollinator visitation rate

-175.4

-174.8

-173.9

-173.7

-173.3

-173.2

-172

-172

-171.7

4.87

5.48

6.39

6.55

6.98

7.14

8.27

8.34

8.59

0.02

0.01

0.01

0.01

0.01

0.004

0.004

0.004

0.003

-0.33

-0.32

-0.34

-0.38

-0.36

-0.35

-0.32

-0.33

-0.33



20

21

22

23

24

25

26

27

28

29

30

31

FDis (E)? + FDis (Dietary specialization) +
FDis (Dietary specialization)? + Pollinator
visitation rate

FDis (E)

FDis (E) + FDis (Dietary specialization)?
FDis (E) + FDis (Dietary specialization)
FDis (E) + FDis (Dietary specialization) +
FDis (Dietary specialization)?

FDis (Dietary specialization) + FDis (Dietary
specialization)?

FDis (Dietary specialization) + FDis (Dietary
specialization)? + Pollinator visitation rate
Null

FDis (Dietary specialization)

FDis (Dietary specialization)?

Pollinator visitation rate

FDis (Dietary specialization) + Pollinator

visitation rate

-171.5

-171.1

-168.8

-168.2

-166.6

-142.8

-133.7

-129.2

-127.5

-125.1

-119.9

-117.8

8.78

9.21

11.48

12.09

13.68

375

46.64

51.13

52.84

55.22

60.41

62.5

0.003

0.003

0.001

-0.36

-0.27
-0.28

-0.28

-0.29

-0.13

-0.13

1.89x1015
-0.02
-4.54x10*

-0.003

-0.02



FDis (Dietary specialization)? + Pollinator

32 -115.8 64.48 0 -0.003
visitation rate
CWM (Oligolectic) + CWM (Oligolectic)? +

Log (Fruit firmness + 1) —
10 1 CWM (Oil collectors) + Pollinator visitation -188.8 0 0.75 -0.38
Trait identity

rate
CWM (Oligolectic) + CWM (Oligolectic)? +

2 -186.5 2.24 0.25 -0.32
CWM (Qil collectors)

3 CWM (Oligolectic) + CWM (Qil collectors) -174 14.82 0 -0.25
CWM (Oligolectic) + CWM (Qil collectors) +

4 -169.4 19.34 0 -0.28
Pollinator visitation rate

5 CWM (Oligolectic)? + CWM (Qil collectors) -166.4 22.4 0 -0.21

6 CWM (Qil collectors) -165.6 23.15 0 -0.18
CWM (Oligolectic)? + CWM (Qil collectors)

7 -158.2 30.54 0 -0.21
+ Pollinator visitation rate
CWM (Oil collectors) + Pollinator visitation

8 -156 32.74 0 -0.18
rate

9 CWM (Oligolectic) + CWM (Oligolectic)? -152.7 36.07 0 -0.12



CWM (Oligolectic) + CWM (Oligolectic)? +

10 -144.8 43.94 0 -0.12
Pollinator visitation rate
11 Null -139 49.77 0 -3.46x10°1°
12 CWM (Oligolectic)? -134.7 54.09 0 -4.61x10*
13 CWM (Oligolectic) -134.7 54.11 0 -0.01
13 Pollinator visitation rate -129.4 59.43 0 -0.01
CWM (Oligolectic)? + Pollinator visitation
15 -125.1 63.64 0 -0.01
rate
16 CWM (Oligolectic) + Pollinator visitation rate -125 63.83 0 -0.01
FDis (E) + FDis (E)? + FDis (Dietary
Log (Fruit sugar content +
10 1 specialization) + FDis (Dietary -287.1 0 0.4 -0.24
1) — Trait diversity
specialization)?
FDis (E)? + FDis (Dietary specialization) +
2 FDis (Dietary specialization)? + Pollinator -285.2 1.90 0.15 -0.25
visitation rate
3 FDis (E) + FDis (E)? -284.5 2.6 0.11 -0.21



10

11

12

FDis (E) + FDis (E)? + FDis (Dietary
specialization) + FDis (Dietary
specialization)? + Pollinator visitation rate
FDis (Dietary specialization) + FDis (Dietary
specialization)? + Pollinator visitation rate
FDis (E) + FDis (Dietary specialization) +
FDis (Dietary specialization)? + Pollinator
visitation rate

FDis (E) + FDis (Dietary specialization) +
FDis (Dietary specialization)?

FDis (E)? + Pollinator visitation rate

FDis (E) + FDis (E)? + FDis (Dietary
specialization)?

FDis (E) + Pollinator visitation rate

FDis (E) + FDis (E)? + Pollinator visitation
rate

FDis (E) + FDis (Dietary specialization) +

FDis (Dietary specialization)?

-284.5

-284.3

-283.7

-283.6

-281.6

-281.2

-280.6

-280.2

-280.2

2.85

3.37

3.48

5.53

5.87

6.48

6.86

6.9

9.42

0.1

0.07

0.03

0.02

0.02

0.01

0.01

0.004

0.003

-0.25

-0.24

-0.25

-0.22

-0.22

-0.21

-0.22

-0.22

-0.21



13

14

15

16

17

18

19

20

21

22

FDis (E)? + FDis (Dietary specialization)? +
Pollinator visitation rate

FDis (E) + FDis (E)?+ FDis (Dietary
specialization)? + Pollinator visitation rate
FDis (E) + FDis (Dietary specialization)?+
Pollinator visitation rate

FDis (E)? + FDis (Dietary specialization) +
Pollinator visitation rate

FDis (E) + FDis (E)? + FDis (Dietary
specialization) + Pollinator visitation rate
FDis (E) + FDis (Dietary specialization) +
Pollinator visitation rate

FDis (E)

FDis (E) + FDis (Dietary specialization)
FDis (E) + FDis (Dietary specialization)?
FDis (E)? + FDis (Dietary specialization) +

FDis (Dietary specialization)?

2777

-277.6

-276.6

-276.2

-275.4

-275

-274.7

-274.4

-272.7

-271.2

9.48

10.5

10.92

11.71

12.05

12.41

12.71

14.41

15.91

16.84

0.002

0.002

0.001

0.001

0.001

0.001

0.001

-0.22

-0.22

-0.22

-0.22

-0.22

-0.22

-0.18

-0.19

-0.18

-0.18



FDis (Dietary specialization)? + Pollinator

23 -270.3 24.56 0 -0.17
visitation rate

24 FDis (E)? -262.5 24.69 0 -0.14

25 Pollinator visitation rate -262.4 25.56 0 -0.15

26 FDis (E)? + FDis (Dietary specialization) -261.5 25.74 0 -0.15
FDis (Dietary specialization) + FDis (Dietary

27 -261.4 26.11 0 -0.15
specialization)?

28 FDis (E)?+ FDis (Dietary specialization)? -261 28.03 0 -0.15
FDis (Dietary specialization) + Pollinator

29 -259.1 31.36 0 -0.15
visitation rate

30 Null -255.7 61.17 0 -0.01

31 FDis (Dietary specialization) -225.9 62.66 0 -0.03

32 FDis (Dietary specialization)? -224.4 65.59 0 -0.01
CWM (Oligolectic) + CWM (Oligolectic)? +

Log (Fruit sugar content +
1 CWM (Oil collectors) + Pollinator visitation -306.3 0 0.99 -0.27
1) — Trait identity

rate
CWM (Oligolectic)? + CWM (Qil collectors)

2 -296.2 10.07 0.01 -0.23

+ Pollinator visitation rate



10

11

12

13

14

15

CWM (Oligolectic) + CWM (Oligolectic)? +
Pollinator visitation rate

CWM (Oligolectic) + CWM (Oil collectors) +
Pollinator visitation rate

CWM (Oligolectic)? + Pollinator visitation
rate

CWNM (Qil collectors) + Pollinator visitation
rate

Pollinator visitation rate

CWM (Oligolectic) + CWM (Oligolectic)? +
CWM (Qil collectors)

CWM (Oligolectic) + Pollinator visitation rate
CWM (Oligolectic) + CWM (Oligolectic)?
Null

CWM (Oligolectic)? + CWM (Qil collectors)
CWM (Oligolectic)?

CWM (Qil collectors)

CWM (Oligolectic)

-291.7

-281.6

-279

-273.9

-273.7

-271.5

-271.2

-270.3

-237.6

-235.5

-235.2

-233.6

-231.8

14.6

24.72

27.29

32.35

32.59

34.76

35.05

36.03

68.71

70.76

71.11

72.71

74.45

-0.21

-0.17

-0.16

-0.14

-0.15

-0.15

-0.13

-0.01

-0.04

-0.02

-0.01

-0.01



16 CWM (Oligolectic) + CWM (Qil collectors) 5 -228 78.28 0 -0.02




Table S13. Results of Moran’s | autocorrelation test of model residuals. Observed and expected Moran’s |

values are shown. P-values > 0.05 indicate a lack of spatial autocorrelation.

Model ID (Response

Moran’s | observed Moran’s | expected P

variable
FDis (R) -0.47 -0.12 0.81
FDis (R-E) -1.26 -0.22 0.96
FDis (Body length) -0.52 -0.18 0.72
FDis (Inter-tegular

-0.51 -0.17 0.71
span)
FDis (Forewing aspect

-0.28 -0.01 0.83
ratio)
FDis (Dietary

-0.73 -0.12 0.97
specialization)
FDis (Nesting location) 0.25 -0.01 0.18
FDis (Sociality) -0.35 -0.17 0.35
FDis (Hairiness) -0.22 -0.17 0.53
CWM (Body length) 0.27 -0.12 0.16
CWM (Inter-tegular

0.2 -0.12 0.2
span)
CWM (Forewing

-0.41 -0.22 0.62
aspect ratio)
CWM (Polylectic bees) 0.19 -0.12 0.24
CWM (Oligolectic

0.19 -0.12 0.24
bees)
CWM (Above-ground

-0.08 -0.12 0.46
nests)
CWM (Mixed nests) -0.11 -0.12 0.49
CWM (Social bees) 0.43 -0.12 0.08

CWM (Solitary bees) 0.43 -0.12 0.08



CWM (Hairiness -
Dense)

CWM (Hairiness -
Sparse)

Fruit-set (Trait
diversity)
Fruit-set (Trait

identity)

0.58

0.58

0.21

-0.66

-0.12

-0.12

0.97

-1.72

0.05

0.05

0.55

0.33




Figure S1. Location of the study plots, which varied in management-related variables: herbaceous floral
cover (%), light intensity (Lux), and forest coverage (%): 1 (7.8353°S — 34.8864°W); 2 (7.8426°S —
34.8806°W); 3 (8.0504°S — 34.9492°W); 4 (8.4756°S — 35.2424°W); 5 (8.5999°S — 35.2344°W); 6

(8.6044°S — 35.2266°W); 7 (8.6658°S — 35.0793°W); 8 (8.6847°S — 35.1330°W); 9 (8.6889°S —

35.1508°W); and 10 (8.6944°S — 35.1234°W). See Fig. 1 for further details.




Figure S2. Grid-based method used to systematically measure floral cover within each study plot. In red

are the intersection points of the subplots; the blue lines delineate the subplots.
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Figure S3. Floral cover associated with (A) the woody layer (i.e., trees and bushes), (B) the herbaceous
layer, and (C) both strata in smallholder agroforestry systems in humid coastal areas of Pernambuco,

northeastern Brazil. Each gray bar represents the relative amount of floral cover (black bar = 100%).
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Figure S4. The (A) body length, (B) intertegular span, (C) forewing maximum length, and (D) forewing
maximum width of the bee Centris (Heterocentris) analis (Fabricius. 1804) (Hymenoptera: Apidae:

Centridini).
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Figure S5. Acerola (Malpighia emarginata DC.) fruits at the same stage of ripeness.
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6. CONSIDERACOES FINAIS
6.1. Principais conclusdes

Nossos resultados destacam que, em geral, os niveis de servicos de polinizagdo podem
ser semelhantes ou até maiores em sistemas agroflorestais do que em sistemas agricolas
convencionais, se os fatores locais e regionais forem adequadamente gerenciados. Assim, os
servicos de polinizagdo em sistemas agroflorestais podem ser otimizados principalmente pela
melhoria dos recursos florais locais, aumento da cobertura de sombra e redugdo da distancia
entre os fragmentos agroflorestais e as florestas naturais proximas. No entanto, esses efeitos

podem ser amplamente influenciados por fatores climaticos.

Primeiramente, nossa revisao (capitulo 1) revelou que os servigos de polinizagdo podem
ser maiores em sistemas agroflorestais em comparagdo com sistemas agricolas convencionais,
ou pelo menos equivalentes entre ambos. Até agora, café e cacau tém sido as culturas mais
extensivamente estudadas, provavelmente devido a sua significancia econdmica e dependéncia
de polinizadores. No entanto, isso enfatiza a urgéncia de investigar outras espécies de culturas,
J& que os sistemas agroflorestais poderiam oferecer uma alternativa sustentavel para culturas
economicamente importantes geralmente cultivadas através da agricultura intensiva. Nao
surpreendentemente, as abelhas t€ém sido o foco da maioria dos estudos, destacando seu papel

critico nos sistemas agroflorestais.

Além disso, utilizando o extenso corpo de literatura publicada disponivel, nossa meta-
analise (capitulo 2) forneceu evidéncias robustas que apoiam a ideia de que o aumento dos
recursos florais locais em agroflorestas de café aumenta a diversidade de polinizadores de
abelhas. No entanto, esse efeito pode ser influenciado por diversos fatores, incluindo condi¢des
climaticas, comportamento social dos polinizadores e as métricas usadas para avaliar os
recursos florais. Embora a cobertura de arvores de sombra e a distincia para as florestas naturais
ndo paregam afetar diretamente a diversidade de polinizadores, sua relacdo pode depender das
condicdes climaticas. O aumento nos niveis de precipitagdo e temperatura € o principal fator
que modera negativamente essa relacdo, embora ndo seja o unico. Esses resultados devem ser
considerados prioritariamente em relacdo aos cendrios futuros de mudancas climaticas. Por
exemplo, em certas regides, temperaturas mais altas em areas mais imidas podem levar a uma
precipitacdo ainda maior, apagando os efeitos positivos dos recursos florais locais e da

cobertura de arvores de sombra na diversidade de polinizadores.

Por tltimo, nossa abordagem de resposta-efeito (capitulo 3) demonstrou que a

composicao de tragos funcionais das abelhas responde de forma diferente as praticas de manejo
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agroflorestal locais e regionais, enquanto a diversidade de tragos funcionais dos polinizadores
impacta a qualidade das frutas de maneiras complexas e divergentes. Esses resultados sugerem
que as praticas de manejo agroflorestal influenciam indiretamente a qualidade das frutas ao
moldar a diversidade funcional dos polinizadores por meio do manejo agroflorestal. Portanto,
para otimizar a qualidade das frutas, ¢ essencial manter niveis reduzidos de intensidade de luz
e preservar diferentes graus de cobertura florestal natural ao redor das areas agroflorestais,
apoiando uma comunidade de polinizadores diversificada e promovendo praticas de

polinizacao sustentavel.

6.2. Contribuicdes teoricas e/ou metodologicas da tese

A tese sintetizou, por meio de diferentes abordagens, que o manejo agroflorestal ¢é
crucial para manter ou aumentar os servigos de polinizacao sustentaveis. Determinamos que o
manejo da quantidade de recursos florais, da intensidade da luminosidade e da paisagem
florestal sdo praticas essenciais a serem consideradas para manter diferentes facetas da
diversidade de polinizadores e, assim, gerenciar os servicos de polinizacdo. As condigdes
climaticas locais podem mediar esses efeitos, por isso também devem ser consideradas.
Especificamente, o aumento dos recursos florais locais, dentro do sistema agroflorestal,
geralmente aumenta a diversidade taxondmica de polinizadores. No entanto, em cenarios de
aumento de temperatura e precipitacdo, o efeito dos recursos florais pode ser enfraquecido,
tornando as estratégias de mitigacdo das mudangas climdticas antropogénicas cruciais. Por
outro lado, embora a cobertura de arvores de sombra e a paisagem florestal (por exemplo, a
distancia até florestas naturais) ndo tenham um efeito global significativo na diversidade
taxondmica, demonstramos que, a nivel local, ¢ imperativo manter niveis reduzidos de
intensidade luminosa e preservar diferentes graus da paisagem florestal (por exemplo, cobertura
de floresta natural) ao redor das areas agroflorestais para promover uma alta diversidade
funcional de polinizadores e otimizar a qualidade dos frutos. Concluimos que o manejo
agroflorestal, aliado a estratégias de mitigacdo climatica, ¢ vital para a sustentabilidade dos

servicos de polinizagdo e para a qualidade e rendimento da produgao de frutos.

6.3. Principais limitagdes do estudo

A principal limitacdo deste estudo foi a escassez de financiamento, o que limitou nossa
capacidade de realizar trabalhos de campo mais extensivos. Embora tenhamos nos esfor¢ado

para coletar o maximo de dados possivel dentro dos recursos alocados, o apoio financeiro
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limitado restringiu a coleta de dados in sifu a apenas um capitulo da tese. Essa limitagao
dificultou nossa capacidade de explorar uma gama mais ampla de localidades, estender a
duracdo dos esfor¢os de amostragem ou empregar metodologias mais sofisticadas. Além disso,
proibigdes devido a crise de emergéncia de saide da doenga coronavirus 2019 (COVID-19)
restringiram os esfor¢os de amostragem. Apesar dessas limitagdes, acreditamos que os

resultados deste estudo ainda oferecem descobertas valiosas.

6.4. Propostas de investigacoes futuras

No geral, sugerimos que sejam conduzidas mais pesquisas para avaliar os efeitos das
praticas de manejo agroflorestal sobre a diversidade taxondmica, funcional e filogenética dos
polinizadores. Observamos que as pesquisas sobre varias praticas, como irrigagao, configuragao
da paisagem e tratamentos agroquimicos em sistemas agroflorestais, permanecem limitadas.
Além disso, € crucial que tais avaliagdes ndao apenas avaliem diretamente os efeitos nas varias
facetas da diversidade de polinizadores, mas também considerem seu impacto nos servigos de

polinizagdo e suas consequéncias econdmicas.

6.5. Orcamento
Este estudo foi financiado por:

1. Fundagdo de Amparo a Ciéncia e Tecnologia do Estado de Pernambuco (FACEPE)
através de uma bolsa de doutorado (no. IBPG-0068-2.05/21) concedida ao estudante
Diego Centeno Alvarado.

2. Universidade Federal Rural de Pernambuco (UFRPE) e Coordenagdao de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES) através do Programa de Apoio
a Pos-Graduacdo (PROAP) com recursos concedidos ao estudante Diego Centeno
Alvarado e ao Prof. Dr. Xavier Arnan.

3. Organization for Tropical Studies (OTS) através da bolsa de entomologia Hovore-Horn
(no. 523/573) concedida ao estudante Diego Centeno Alvarado.

4. Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq) através da
Bolsa de Produtividade em Pesquisa (no. PQ2: 307385/2020-5) concedida ao Prof. Dr.

Xavier Arnan.

As despesas de amostragem incluiram a compra de material de escritorio e de campo,

aluguel de carro, combustivel, hospedagem e alimentagdo. Aproximadamente R$ 10.225,44
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foram gastos ao longo de 90 dias de coleta, representando um custo médio de RS 113,62 por

dia.
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Outras ressalvas

[1 ] CBC Brasilia-DF

Locais onde as atividades de campo serdo executadas

# |Descricéo do local Municipio-UF Bioma Caverna? Tipo
1 | Sitio de Seu Jaciel Rio Formoso-PE Mata Atlantica Nao Fora de UC Federal
2 | Sitio de Dona Cristina Sirinhaém-PE Mata Atlantica Nao Fora de UC Federal
3 [ Sitio de Seu Mauro lgarassu-PE Mata Atlantica N&o Fora de UC Federal
4 | Instituicdo SERTA Gléria do Goita-PE Mata Atlantica Nao Fora de UC Federal
Atividades
# |Atividade Grupo de Atividade

Captura de animais silvestres in situ Fora de UC Federal
2 | Coleta/transporte de espécimes da fauna silvestre in situ Fora de UC Federal

Atividades X Taxons

Atividade Taxon Qtde.
1 |Coleta/transporte de espécimes da fauna silvestre in situ Diptera 1000
2 | Captura de animais silvestres in situ Diptera -
3 | Coleta/transporte de espécimes da fauna silvestre in situ Hymenoptera 1000
4 | Captura de animais silvestres in situ Hymenoptera -
5 | Coleta/transporte de espécimes da fauna silvestre in situ Coleoptera 1000
6 | Captura de animais silvestres in situ Coleoptera -
7 | Coleta/transporte de espécimes da fauna silvestre in situ Lepidoptera 1000
8 | Captura de animais silvestres in situ Lepidoptera -

A quantidade prevista s6 é obrigatdria para atividades do tipo "Coleta/transporte de espécimes da fauna silvestre in situ". Essa quantidade abrange uma porgao
territorial minima, que pode ser uma Unidade de Conservagéo Federal ou um Municipio.

A quantidade significa: por espécie X localidade X ano.
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Materiais e Métodos

# |Tipo de Método (Grupo taxonémico) Materiais

1 |[Método de captura/coleta (Insetos) Captura manual, Coleta manual, Pucga, Rede entomoldgica

Destino do material biolégico coletado

# |[Nome local destino Tipo destino

Universidade de Pernambuco - Campus Garanhuns Laboratério
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Registro de coleta imprevista de material bioldgico

De acordo com a Instrugdo Normativa n&ordm;03/2014, a coleta imprevista de material biolégico ou de substrato ndo
contemplado na autorizagdo ou na licenga permanente devera ser anotada na mesma, em campo especifico, por ocasido

da coleta, devendo esta coleta imprevista ser comunicada por meio do relatdrio de atividades. O transporte do material biol6gico ou
do substrato deverda ser acompanhado da autorizagdo ou da licenga permanente com a devida anotagdo. O material
biologico coletado de forma imprevista, devera ser destinado a instituicdo cientifica e, depositado, preferencialmente, em
colecéo biologica cientifica registrada no Cadastro Nacional de Cole¢des Biologicas (CCBIO).

Taxon* Qtde. Tipo de Amostra Qtde. Data

* |dentificar o espécime do nivel taxonémico possivel.
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