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Orchid bees(Apidae: Euglossini) andoil palm plantations (Elaeis guineensis
Jacq.) in eastern Amazon changes in species compositiobpdy size and

functional diversity.

ABSTRACT

In this study, we evaliated the role ofegalreservesl(R) andareas of permanent protectiphPP)

in the maintenance of orchidee species, and we tested the influenceabfotic andhabitat
parameteron taxonomic and functionaliversity of this group.In addition, we investigated the
occurrence of phenotypic variations (baydwing size andfluctuatingasymmetry) in response to
environmental stress caused dlypalm plantationsOrchid bee males wergampledn nine areas

(3 RL, 3APP, and 30il palm plantations) in the municipality d&ilandig southeast of the state of
Parda. In each area, we installed six sepaateplingstations 500 m aparteach onevith six scent
traps totaling 36 traps perraa and 108 per habitaype We compared differences observed
abundance andchnessusing a OnaVay ANOVA, we evaluated species composition patterns with
a PCoA, and we also used a species indicator analysis. A partial RDA was applied to evaluate the
influence of habitatattributes space and habitat type on taxonomic and functional parameters of
bees. In additioryve compared body and wirgize variation®of the individualsthroughthe types

of habitat. Our results indicate thadil palm areasare claracterized by the presence of few
individuals and speciegw functional diversityand bylargerbees. Despite this, we recorded four
species associated tdR, which can be useful indicators of orchiide ecbresmunitiesin the
Amazon rainforestThe habitat structure was not a good predictoboth functional and taxonomic
composition, and no levels @tictuatingasymmetryweredetected, bubees fromoil palmshowed
larger wings compared to forest areas. Our research highlightaARatplay an impornt role in
maintainingboth taxonomic and functional composition of orchid bees, which could reinforce the
fact that bees use these areas as displacement corridors in a matrix foraiepaly plantaion.
Thus,both LRs and PPA areadulfill their purpose of protecting the biodiversity of orchid bees

Keywords: areasof permanent protectionoil palm; functional diversity fragmentation;legal

reserve



Abelhas das orquideas (Apidae: Euglossini) &s plantacbesde palma de Oleo
(Elaeis guineensidacqg.) na Amazoénia Oriental: mudancas na composicao de

espécies, tamanho corporal e diversidade funcional.

RESUMO

Neste trabalhdpi avaliadoo papel das reservéegais (RL)e das areas de preservagégrmanente

(APP) na manutencao das espécies de abelaaorquideas testidaa influéncia de parametros
abioticos e estruturais do habitat sobre a diversidade taxonémica e furi@esal grupo. l&m

dissq foi investigadaa ocorréncia deariac6es fenotipicggamanho corpora deasas e assimetria
flutuante) como resposta ao estresse ambiental provopadglantacfesle palma de 6leoOs
machos de abelhas das orquideas foram coletadoswoemareas3 RL, 3 APP e 3plantios de

palma de o6lepno municipio de Tailandia, sudeste do estado do Hard.cada éea foram
instaladasseis estacfes de coleta separadas 500 m entenséndoseis armadilhas odoriferas
totalizando 36 armadilhas pareae 108 por tipo déabitat Foram comparadaas diferencasa
abundancia e riqueza observadas usando uma ANOVAWzZe os padrbes de composicdo de
espéciesforam avaliados através dema PCoA,e tambémpor uma andlise de indicador de
espécie. Uma RDA parciafoi aplicadapara avaliar a influéncide atributos ddabitat,do espaco

e do tipo de hébitasobre paramets taxondmicos e funcionais das abell#adicionalmenteforam
comparadass variagges de tamanhcocorporale de asados individuos em funcdo do tipo de
hébitat Os resultadogleste trabalhindicam que os plantios gelma de 6le®do caracterizados
pelapresenca deoucos individuos e espécies, baixa diversidade funciopait &elhas de maior
tamanhcocorporal Apesar dissoforam registradaguatro espécies associada®RkL, que podem ser
indicadores Uteis de comunidades de abelhas de orquideas dtaflmgazénicaA estrutura do
hébitat ndo foi um bom preditor da composicédo funcional e taxonémit@& éoram detectados
niveis de assimetria flutuante, mas as abelhas dos plantios apresentaram asas maiores comparadz
com agdasareas de florest&stapesquisa destaca que as APPs desempenham um papel importante
na manutencdo da composicédo taxondmica e funcional das abelhas das orquideas, 0 que poderic
reforcar o fato de que as abelhas utilizam essas areas como corredores de deslecamprao
matriz fomada por plantacéo ¢g@lma de OlecAssim,tantoasRLs quantoasPPAs cumprem seu

propésito de proteger a biodiversidade das abelhas das orquideas

Palavraschave: areas de preservacdo permanergalma de Olep diversidade funcionat

fragmentacao; resealegal



INTRODUCAO GERAL

A polinizacdo € um servigo ecossistémico dependente da biodiversidade, sendo uma
atividade essencial para a seguranca alimentgreepetuacaale diversas plantas nativas, além de
sua elevada contribuicgmara aprodutividadede espéciegultivadas (Klein et al. 200Dllerton et
al. 2011).Nas ultimas décadass ac¢des antropicaecorrente dasmudancgas no uso da terra e a
perda de héabitatcom consequenteeducdo ds recursos florais e ab locais para nidificacédo
(Kremen etal. 2007 Hernandez et al. 200%teffanDewenter et al. 20QXKlein et al. 2007 De
Palma et al. 2015Giannini et al. 20150liveira et al. 2016), lmdo ao uso indiscriminado de
pesticidas (Henry et al. 2012gmacarretado o preocupante cenarialddinio das populacdede
diversos grupos de polinizadores em todo o mu@dono resultadogs locais mais impactados séo
caracterizados pela ocorréncia de espépieeralistas e com disperséo elevada, cuja composicéo
sdosubconjuntos as espéciegjue ocorem nos ambientemais conservado@/ellend et al. 2007
Karp et al. 2012).

Contudo, ssagpressfes ambientaiem semprafetam todas as espécies de forma idéntica
e acreditaseque elas sejam mediadas por caracteristicas inerentes a cada &s8e2002. As
respostaslos polinizadores frente as diferentes formas de uso da teffregdentementavaliadas
utilizando métricas de riqueza e/ou abundéncia das espéciesis recentementé&ém sido
enfatizadas e cadeez maistem sidoutilizadas abordans conjuntas dessas caracteristicas com
atributos morfolégicogex. tamanho corporal e comprimento da glogss@pmportamentaigex.
estratégias reprodutivasocialidadee amplitude de nichados polinizadoreg§Williams et al. 2010
Benjamin et al. 2014De Palma et al. 2015). Em geras espécies que apresentam maior
sensibilidade aos processos resultantes da intensificacdo da agricultura e isolamento de habitats sac
aguelas que possuem nicho mais limitado (eslieais) e um nivel organizacional masmplexo
(como as abelhas sociais), quando comparadas com as espécies generalistas e de habito solitari
(Williams et al. 201pKassen 2002).

As mudangas na paisagem podéammbémafetara estabilidadedo desenvolvimento dos
individuos reduzindo a energique serigempregadgara crescimento e reprodug¢gmwovocando
alteracbes no seu arranjo corporgeung et al. 2000Koehn e Bayne 1989Nesse casoas
populacdes de areas alteradasdem aapresentar individuos com menor tamanho corporal, ou
ainda,com modificacées no seplano simétricq como a auséncia de simetfiael Lama et al.
2002 Sanseverino e Nessimian 200Bksainstabilidade do desenvolvimento pode ser expressada
pelo aumento nos niveis de assimetria flutuante (AF) em alguns caracteretoguwé dos

organsmos. Para alguns autores, a AF é definida como um desvio aleatorio e ndo direcional da
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simetria bilatergl sendo suantensidadeassociada a estresses ambientais sofridos pelo individuo
ainda durante o seu desenvolvimento (Palmer e gtk 1986) Essas alteracbes podem ser
provoca@s porvariagdes de temperatura (Bjorksten et al. 204d4zpnalidad€Silva et al. 2008

ou aindapela contaminacéo por pesticidas e poluigdardersere Frampton 1999Abaga et al.
2011).

Em abelhasp arranjo simétricoe o tamanho corporafeste ultimocomumente estimado
através damedida dadistancia intertegular constittem importantesatributcs relacionads
diretamente com a distancia de wwaoapacidade de dispersao dos individuos (Cane 18@jtns
trabalhosddemastrarama relacéo existenentre o tamanho dos polinizadoressemudancgas no uso
da terraindicando que as respostds tamanho de corpde abelhagmaior ou mengrdependem
tanto da proporcdo de habitat natural disponigelanto da escal espacialconsiderada(ex.
paisagem ou localSteffanDewenter et al. 2002Bommarco et al. 201Benjamin et al. 2014).
Além disso, a ocorréncia de altos niveis de AF nas asas pode afetar o forragearugatale
predadores @s comportamentos de ac#émaento (Cordob@guilar 1995, Steware Vodopich
2013).

Uma das principais atividades modificadoras da paisagem na regido Amariidamos
anos tem sido a expans@las areas cultivadas com a palma de déaeis guineeris Jacq.
(Arecaceae), tambénoghecida como dend@lo Brasil,mais de 90% dos plantios implementados
encontrarrse na por¢ao nordestdo estado do Para, que se apresenta como o maior produtor de
0leo de palma do paifNahume Santos2016, Alves et al. 2013)Contudo, diferentemente dos
plantiossituados na Malasia Indonésiapor exemplop estabelecimento de novas areas plantadas
tem ocorrido principalmente petonversaale pastagens, e uma fragdo muito pequena é resultante
da remocéo de florestas naturais intactas (Benami et al). EX<® cenario tem se concretizado a
partir da implementacdo do Programa de Producdo Sustentavel de Oleo déPSamjiniciado
em 2010,submetendo a expansdo do cultivo de palma de él@usivamentea areas ja
antropizadas,obedecendo as regras decuperacdo de &reas degradademnservacao da
biodiversidade= uso racional dos recursos natu(@arvalho et al. 2038rasil PLC N° 119/2013

Apesar disso, as areas de plantespalmade 6leona Amazdniaséo caracterizadas pom
namero reduzido dendividuos e espécies aggunsgruposde insetos aquatisqex. Heteroptera e
EphemeropteraCunha et al. 2015 imaturos de Plecoptera e TrichopteRaiva et al. 2017)
devido principalmentae 0 compr ometi ment o da qual i thegiodaes d o s
plantios em fun¢do denudancas nas caracteristicas figjodmicas da aguadevidoa reducédo da
vegetacdo riparigBleich et al. 2014Juen et al2016. Ainda assim, pesar do baixo valor de

conservacao apresentado pelos plantioggatitea de @oquando comparados com areas de floresta
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(Lucey e Hill 2011 Livingston et al. 2013 evidéncias de qussas areas cultivadas representem
certa permeabilidada organismos terrestresomo passaros, borboletas e formigas (Koh 2008
Lucey e Hill 2011)e mesmo para algumas espécies de abelhas (Rosa et al. 2015)

Como a demanda poteo depalmatem crescido exponencialmente, é urgente a necessidade
de estabelecer estratégias que minimizem oS impactos ambientais provocados pelas plantacdes
(Butler et & 2009, Fitzherbert et al. 2008) manutencao de areas de florestas netymategidas
nas formas de Reserva Leg#®L) e Areas de Preservacdo Permandgi@P) por exemplo,
configuram alguns dogprincipais mecanismos de protecdo dos servicos ambiesaisireas
agricolasno pais Brasil Lei N° 12.651/2012; Marques e Ranieri 2D1& presenca dessas areas
naturais favorece a ocorréncia de diversas espéciepalmizadoresao proporcionar habitat
disponive] contribundo para o equilibrio dos servicos assistémicas e podendo inclusive
aumentar a produtividade de cultugricolasque dependenda polinizagap situadasem areas
adjacentes aos plantif@e MarcoJr e Coelho 2004Greenleaf e Kremen 200Bywell et al. 201p

As abelhas das orquideas (Apéd Euglossini) constituenmm importante grupo de
polinizadores endémicos da regido Neotropical (Nemésio e Rasmussen 20dr).
aproximadamente 250 espécies distribuidas em cinco gérgjiae (epeletier & Serville, 1825
Eufriesea Cockerell, 1908 Euglosa Latreille, 1802 Eulaema Lepeletier, 1841e Exaerete
Hoffmannsegg, 1817 essas abelhas sdo caracterizadas pelo tegumetdticoe por apresentam
uma forte relagdoomas flores de orquideasnde os machaoso realizarentoleta de fragrancias
acabampolinizandeas (Dressler 1982). Além disso, tanto os machos quanto as f&&eas
responsaveis pela polinizacdo de diversas plantas natileage$ et al. 200ZRamirez et al. 2002
Cavalcante et al. 201RochaFilho et al. 2012).

Alguns estudos tém demoredo que areas bem preservadas e com cobertura vegetal
continuafavorecem a ocorréncia den maior niumero de individuos e espécies de abelhas das
orquideas, e que as areas desmatadas podem representar barreiras ao movimento de alguma
espéciesTonhasca Jet al. 2003 Brosi 2009), sendo muitas consideradas especialistas do interior
de florestas e sensiveis a fragmentacao florestal (Mitdteiro e Schlindwein 2005Por essas
razoes ealiado ao fato de serem facilmente amostradas, os Euglossini térmoa&glderados um
grupo chave nas avaliacfesiddicadores d@erturbacdes ecoldgicasovocadas por mudancas no
uso da terrgSolar et al2015 2016.

Os resultados encontrados poringston et al (2013) e Rosa et .a2015), que avaliaram as
respostasle abelhas das orquideas em plantios de palma cultivados na CostaRiaeneorredor
de Floresta Atlantica no estado da Bahia, respectivamevelamque essas abelhas possuem

respostaespécieespecificascom diferentes niveis de tolerancia e datidade Além dissg os
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Euglossini apresentarmerta mobilidade entres ambientes ddloresta e os plantiognas essas
mudancagstaopossivelmenteelacionadas dase filogenética e funcionglLivingston et al 2013
Rosa et al 2015 Assim, a incorporago de abordagens complementaresmo métricas de
diversidade funcionaldentificando quais atributos (morfolégicos e/ou comportamentais) tornam as
espécies mais vulneraveis as acfes antrgpmadem ser ferramentas Utgisra uma melhor
compreensao deelacdo entre os impactos das plantacdoepalima de d6lee a diversidade de
polinizadores naturais, como as abelhas das orquiddésn de servirem de base para o
direcionamento de prioridades de conservaBaalér et al. 2014.uiza-Andrade et al. 2007

Diante do expostmeste trabalhdoram exploradas as varia¢cdesatributos populacionais
(abundancia e riqueza), da composicao de espécies, assim como dos aspectos morfemétricos
funcionaisde assembleiasadabelhas das orquideammparandaondividuosamostrados erareas
de florestas naturais protegidaas(Reservas Legaisas Areas de Preservacdo Permanente, aqui
tambénreferidascomofir eser vas fl orestai so e AnNeamplandasor es
depalma de 6ledElaeis guineeris Ja@.) no municipio de Tailandiaordestedo estado do Para.

A presente tesé composta por trés artigesda um correspondente a um capjtalgodois
primeircs estio publicad® e o ultimo encontrase submetido No Capitulo 1, foi avaliado o papel
das reervas florestais e dos corredores riparios na conservacao e manutencao da biodidersidade
abelhas das orquideasn umamatriz formada por plantios dpalma de 6leoEsse trabalhdoi
publicado na Revistépidologie (Qualis A2Biodiversidade)com o tith oForést reserves and
riparian corridors help maintain orchid bee (Hymenoptera: Euglossini) communities in oil palm
plantations in Brazi |, n o ramtestdda aé opotess de que(a) a riqueza e abundancia de
abelhas das orquideas sdo maiores nasvias florestais e menores no plantigpdéma de 6lepe
as APPs (Areas de Preservacdo Permanente) apresentam niveis intermediarios de riqueza €
abundanciae (b)queexiste diferenca nos padréesamnposicdo de espécidessas abelhas entre
0s trés tipe de usos da terra avaliados.

No Capitulo 2 foram avaliadas a influéncia de caracteristdashébitat e a resposta da
diversidade funcionalasabelhas das orquideas a diferentes tipdsatbitat(os mesmos utilizados
no capitulo anteriorPara tal, foam testadas as seguintes hipétesesafdd a variacdo de tamanho
de corpodas abelhas quanto a diversidade funcional sdo maiores nas résgaigRL)do que
nos demais tipokabitats (b) individuos de maior tamantae corpoocorrem nas areas de pie
de palma de Oleo comparados com aqueles encontrados nadeafkaesta (RLs e APPsg (c)
gue parametros abidticos e variaveis da estrutura do habitat afetam a abundancia e caracteristicas
funcionais das espécies de abelhas das orquiBsss.cajtulo resultou no manuscrito intitulado

fiEffects ofhabitat typechange on taxonomic and functional composition of orchid bees (Apidae:
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Euglossini) inthe Brazilian Amazoq, o qual esta publicadona revista Journal of Insect
Conservatior(Qualis BL- Biodiversidade)

Por fim, no Capitulo 3, foi investigada a presenca de variagfes fenotfpgssetria
flutuante e tamanho das asa&sh abelhas das orquideasmo respostas ao estresse ambiental
provocado pelo plantio de palma de 6leo. Para tal, foram utkza&xemplareslas espécies
Eulaema(Eulaema meriana(Olivier, 1789)e Euglossa(Glossurg ignita Smith, 1874coletados
nos trés tipos de habitdestetrabalhqgi n t i t Tind vandsoof tWo orchid bee species are larger
but not asymmetrical in oil palmantations of eastern Amaz@rfoi testada a hipotese de que os
individuos de ambas as espécies coletados nas argdantie apresentanmaiores niveis dé&F e
tambémasas maioresquando comparados com individuos das &reas de floRista APP3. O
mantscrito resultante desde capitfln submetido para a revistasectes SociaugQualis B1-

Biodiversidade)
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Forest reserves and riparian corridors help
maintain orchid bee (Hymenoptera: Euglossini)

communities in oil palm plantations in Brazil
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Abstract — Orchid bees (Apidae, Euglossini) are important pollinators in the Amazon forest. In eastern Brazilian
Amazon, secondary forest and pastures are being replaced by oil palm plantations. Here, we tested the role of forest
reserves and riparian cornidors in maintaining orchid bees. We sampled bees in three different sol-type uses,
comparing richness, abundance. and assemblage composition. Estimated richness was lowest in palm plantations
than in forest reserves and ripanan corridors on diversity of orchid bees. Ripanan corridors had the highest
abundance, followed by reserves, and oil palm plantations. Bee assemblage also varied with land cover. with the
reserves having the most distinct composition. We also identified indicator bees for pnimary forest. Our results
demonsirate riparian corridors and forest reserves can maintain orchid bees in oil palm landscapes.

Amazon ! Euglossini / fragmentation / land use / permanent protection areas

1. INTRODUCTION

One of the greatest challenges facing conserva-
tion biologists in an age of rapid agricultural
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expansion for food, fiber, and fuel 1s understand-
ing how to retain biodiversity and associated eco-
system services within sustainable production
landscapes (MEA 2005; Tomich et al. 2011;
Laurance et al. 2014). Pollination 1s a critical
biodiversity-dependent ecosystem service in both
natural and human landscapes that can be nega-
tively impacted by land-use changes (Steffan-
Dewenter et al. 2005; Klem et al. 2007; Giannini
et al. 2015). In tropical plantations, such as coffee
and cacao, proximity to natural areas and forests
can boost farmers” yields by providing habitat to
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wild pollinators that pollinate farmers® crops
(De Marco Jr and Coelho 2004; Greenleaf and
Kremen 2006). However. despite their ecological
and economic importance. pollinators are
declining worldwide due to habitat loss, land-use
changes, and the pervasive use of pesticides
(Henry et al. 2012; Burkle et al. 2013; Oliveira
et al. 2016).

In the Neotropics, orchid bees (Apidae,
Euglossini) compose an important group of
endemic pollinators containing nearly 250 spe-
cies (Nemésio and Rasmussen 2011). They are
known for their striking metallic colors and
males’ scent=collecting behaviors from blooms-
ing orchids and other flowers, which is alleg-
edly used to attract females (Dressler 1982a).
This behavior makes orchid bees ecologically
critical as long-distance pollinators (Dressler
1982a), where individual plants are often wide-
ly spaced at low densities (Janzen 1971). Or-
chid bees pollinate more than 600 species of
plants and are frequent wisitors to hundreds
more {Dressler 1982a; Ramirez et al. 2002;
Rocha-Filho et al. 2012), including economi-
cally important species like Brazil nuts (Maués
2002). Orchid bees are more diverse in
rainforests (Nemésio and Silveira 2007), and
many species are forest-interior specialists and
are sensitive to forest fragmentation (Milet=
Pinheiro and Schlindwein 2005), in contrary
to most bee groups that are usually more di-
verse in xeric and temperate zones (Michener
2007). Consequently, habitat loss, conversion,
and degradation negatively impact orchid bee
assemblages (Brosi 2009).

In the tropics. oil palm (Elaeis guineensis
Jacq.) 15 one of the of the most important com-
modity plantations, as the oil has multiple uses
from food to cosmetics to biofuel (Fitzherbert
et al. 2008). Oil palm plantations now cover more
than 14.5 million hectares worldwide, and contin-
ue to rapidly expand (Foster et al. 2011;
Livingston et al. 2013). Most o1l palm is in South-
east Asia, but Neotropical ol palm plantations are
expanding, particularly in Brazil where oil palm
production doubled from 46,000 ha m 2001 to
109,000 ha in 2009 (FAO 2013). The great ma-
jonty of o1l palm plantations in Brazil are located
in the State of Pard. within the Belém Endemism
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Center biodiversity hotspot (Gascon et al. 2001;
Brandio and Schoneveld 2015). In general, con-
ventional oil palm plantations have low conserva-
tion value due to the loss of biodiversity and
simplification of habitats compared to native for-
ests (Turner and Foster 2009; Foster et al. 2011).
Further. oil palm plantation insect assemblages are
typically dominated by a few abundant general-
1sts, non-forest species, and pests (Chey 2006;
Fitzherbert et al. 2008).

Some studies in the Neotropics found that or-
chid bee communities are sensitive to oil palm
plantations and increasing isolation from forest
habitat. as well as other landscape changes
(Livingston et al. 2013; Powell and Powell 1987,
respectively). To mitigate some of these effects,
Brazilian law requires land owners to preserve
forest reserves and ripanian comdors (permanent
protection arcas or “Areas de Preservagdo
Permanente” in Portuguese, henceforth APPs),
believing that these refuges may maintain biodi-
versity and cormdors can connect fragmented pop-
ulations (Brazilian Law n® 12,651 2012; Marques
and Ranieri 2012).

In this study, we examined the role of forest
reserves and riparian comidors in conserving and
maintaining orchid bee biodiversity in the oil palm
landscape in the Brazilian State of Pard, the most
important agricultural frontier for oil palm in the
region (Fitzherbert et al. 2008; Butler and
Laurance 2009). Since some orchid bees species
are very sensitive to fragmentation and do not use
the matrix environment summounding forest frag-
ments to disperse throughout their habitats (Milet-
Pinheiro and Schlindwein 2005; Rosa etal. 20135),
we hypothesized that orchid bee richness and
abundance would be greatest in the forest reserves
and lowest in the palm plantation, with the APPs
containing intermediate levels of nchness and
abundance.

2. MATERIALS AND METHODS
2.1. Study site
The study was camied out in o1l palm plan-

tations, forest reserves, and APPs at the
Agropalma Industrial Complex, near the
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municipality of Taildndia, in the southeast of the
state of Pard. Brazil (Figure |). approximately
02°20" and 02°40'S by 48°30" and 49%0"W.
Agropalma consists of 107,000 ha where
64,000 ha are preserved as forest reserves and
the other 40,000 ha are conventional palm plan-
tation (the remainder being company infrastruc-
ture). The region’s climate is hot and humid,
with two well-defined seasons, a dry season
between June and November, when orchid bee
sampling took place. and a rainy season, be-
tween December and May. Mean annual precip-
itation 15 2451 mm, mean temperature approxi-
mately 26 °C, and relative humidity around
88.5% (Albuquerque et al. 2010) and according
to the Kippen classification is defined Af and
Am (Peel et al. 2007; Alvares et al. 2014).
Agropalma has eight large forest reserves in
the region and forested APPs connecting them.
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2.2. Orchid bee sampling

We sampled male orchid bees from 12 July to
28 July 2015 in three areas (sites) of each land-use
type (3 forest reserves, 3 APPs, and 3 oil palm
plantations) (Figure 1), totaling nine sampling
days. This rapid survey approach is appropnate
for this group of bees, and short sampling periods
have been demonstrated to be nearly as effective
in revealing community patterns as year-long sur-
veys (Roubik 2004; Livingston et al. 2013). We
sampled one site per day using 36 scent traps,
displaced in groups of six, constituting a subsams-
pling station, similarly to what has been previous-
ly done by Silva and De Marco Jr (2014) in
Cerrado areas. The six subsampling stations with-
in the same site were separated from one another
by 500 m (Figure 1). The distance between palm
plantation sites ranged from 5 to 10 km; APPs

Agropalma porimener
Rivers
: Ol e ol it Lo
I Foren rosories
Sampleng locavionm
#  Fores fserve
& APP

B Comessonal palm

Subsamplirg slalioee

Figure 1. Map of sudy region near Tailindia in State of Pard, Brazil. and image of forest reserves, oil palm
plantation and APPs, the dominant land uses in the region sampled. The aerial landscape photo shows the oil palm
plantations, APPs (“Areas de Preservacio Permanente™ or permanent prolection areas), and forest reserves. The
second photo shows an example of an APP with a wide, meandering stream. Podnts on map represent the sampled
sites; each point on the map was further subsampled with 6 subsampling stations (below). each with 6 scents. (Photo
credit: Agropalma Industrial Complex, upper feft ; C. Phifer, lower lefi )
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sites were separated from 10 to 11 km apart from
each other, and the distance between forest sites
ranged from 10 to 19 km. Though proximity
between different land-use types was often 1-
2 km and maximum distance was approximately
20 km. Traps were built from empty 2-L PET
plastic bottles with three openings as conceived
by Campos et al. (1989). At each subsampling
station, six scent traps were used and each trap
contained a cotton swab dipped in one of six
scents: vanillin, eucalyptol, methyl cinnamate,
methyl salicylate, benzyl acetate, and eugenol
(Nemésio 2009).

Each land-use type site was sampled three
times, with the sampling location haphazardly
selected based upon existing trails and roads. All
oil palm plantation sites were =2 km from the
edze of the nearest forest reserve. For the forest
sites, we walked along established trails in three
large forest reserves (the smallest 4200 ha; the
largest 16,700 ha, Figure 51), setting one sam-
pling station near the edge, and then every 500 m
along the trail, penetrating approximately 2.5 km
into the forest reserves. Weather was warm with
no rain during the sampling period and palm
flowermg was universally low. Traps were hung
for 24 h (sampling effort of 2592 trap h™") and
then, bees were sampled, pinned, and identified to
species level using taxonomic keys (Dressler
1982b; Roubik and Hanson 2004; Moure 2000;
MNemésio 2009; Oliveira 2006). All bees were
compared with specimens previously confirmed
by Dr. André Nemésio and Dr. Marcio Oliveira,
deposited in Entomology Museum of the
Embrapa Amazdma Onental and Museu Paraense
Emilio Goeldi. Specimens were deposited at the
Entomology Museum of the Embrapa Amazonia
Omental.

2.3, Statistical analysis

We calculated estimators of species richness
based on firsteorder Jackknife using EstimateS
Win9. 10 software (Colwell 2013) for each site,
and we compared the differences between land
uses (APP, forest reserve, and palm plantations)
by performmg a Kruskal-Wallis test due to the
non-normality nature of our data. We also per-
formed accumulation curves of species to each
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land-use types, considering the random method
with 9999 permutations. Differences in observed
species abundance and richness among sites were
compared using a one-way ANOVA, with abun-
dance from each subsampling station log 10 trans-
formed. We performed post hoc compansons of
significant ANOVA results by Tukey test.

To assess the distance dependence among sub-
sampling stations on bee assemblage composi-
tion, richness, and abundance, we performed a
Mantel test. The Mantel test provides a correla-
tion coefficient value (r) of compansons be-
tween the attmbutes of the orchid bees and the
distance of each subsampling station. Patterns of
species composition were evaluated with a prin-
cipal coordinates analysis (PCoA), an ordination
technique where species abundances of each site
(subsamplng station) were log (x + 1) trans-
formed to balance values, and applied the
Bray—Curtis index. To test for differences in
species composition between land uses, we used
a permutational multivariate analysis of vanance
(PERMANOVA) and to compare differences
within groups and determine the effect of hetero-
geneity (dispersion) on significant
PERMANOVA results, we performed pairwise
comparnsons of dispersion using Pnmer 6 soft-
ware (PERMDISP; Anderson 2006). We also
performed a nonmetne multidimensional scaling
(NMDS) only as a complementary analysis,
since contrary to PCoA, this ordination method
does not provide explanation values of each or-
dination axis. We complemented our PCoA anal-
ysis with a species indicator analysis (IndVal;
Dufréne and Legendre 1997; Caceres and
Legendre 2009} to evaluate potential land-use
associations for each species with the three land
uses at our study site. A perfect indicator species
should oceur only in sampling units from a given
category (specificity) and in all sampling units of
that given category (fidelity).

Lastly, we evaluated the patterns of scent
sampling efficiency with a Kruskal-Wallis test,
and these are detailed in the supplementary
material (Figure 51 and Table 52). We follow-
ed the assumptions for all statistical tests,
transforming the data when necessary. We also
assumed an o value of 0.05 mn all analyses. We
performed all analyses using R (20016).
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Figure 2. Cumulative curves of species {solid lines ) with standard deviation {dashed lines ), of orchid bees sampled
at Agropalma, Tailindia municipality, State of Pard, Brazil Land-use codes: APP “Areas de Preservacio
Permanente™ (permanent protection areas), Pafm oil palm plantations, Forest forest reserves.

3. RESULTS

During our sampling period, we collected 2867
male euglossine bees from 25 species belonging
to four genera Ewlaema (EL), Eufriesea (Ef ),
Euglossa (Eg.), and Exaerete (Ex.) (Table 81),
respectively, abbreviated for clanty and brevity
throughout the text. In all three land uses, El
cingulata and El meriana accounted together
for =60% of all bees collected. These two species
were the dominant species in APPs and palm
plantation. In contrast, Eg. chalvbeata was the
most abundant species in forest reserves.

Observed species nichness was greatest in the
forest reserves and APPs, and lowest n palm plan-
tations (Fz sy = 22.577, F < 0.001). Ol palm
plantations had about 14 species less than forest
reserves (P oy, < 0L001) and an amount of 13
species less when compared to APPs (P
Tukey < 0.001). Jackknife species nchness estimates

20

m forest reserves averaged 2161 £ 1.34 (mean =
standard deviation), 17.44 = 443 in APPs, and
7.67 £ 0.16 in palm plantations. Accumulation
curves of species sampled n forest fragments and
APPs were similar, while oil palm areas showed low
values (Figure 2). Species richness estimated of
forest reserves and APP areas were not different
from one another (H g y=o = 7260, P = 0.036)
{Figure 3). Observed abundance patterns were dif-
ferent from species nichness patterns for each land
use. Surprisingly, total abundance of orchid bees
was highest m APPs (382 mdividuals), followed
by foresis (244 mdividuals) and palm (241 mdmvid-
uals) (Online Resource: Table 1), even though these
differences were not significant (Fo 5, = 1.303;
P =0280).

The composition of the orchid bee assem-
blage vaned with land use. Both PCoA and
NMDS tests revealed a clear difference between
forest sites and two other land uses based on the
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32 H iy neg) =7-260, P=0.036
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Land use type
Figure 3. Comparison of the estimated species richness of euglossine bees by land use in Tailindia municipality,
State of Pard, Brazil, based on first-order jackknife method. Center represents the mean and the bars represent 95%
confidence intervals. Land-use codes: APP “Areas de Preservacio Permanente™ (permanent protection areas), Palm
oil palm plantations, Forest forest reserves.

sample composition (Figure 4a and Figure 52), results from PEEMANOVA and PERMDISP
with the formation of two distinct species groups  tests showed significant differences in the com-
within these areas (Figure 4b). Additionally, munity composition between land uses, except

a b
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PCoAl(31.31) PCoAl(31.31)

Figure 4. The principal coordinates analysis (PCoA) for data ordered by samples (a ) and englossine species (b)), Land-
use codes: APP “Areas de Preservacio Permanente™ (permanent protection areas), Palm oil palm plantations, Forest
fiorest reserves. Species codes: spf | Eufitesea ommata | gp2 |, Englossa amazonica ; sp3 | E. augaspis ; spd ., E bidentata ;
sp3 ., E. chalybema © sp6 |, E. crassipuonctata s sp7 , E. dgnita s spd | E imperialis © sp@ | E. intersecta ; spl0), E. modestior ;
spdl | E orellana ; spl2 | E parvulda ;. spi 3, E. securigera ; spld | Euglossa sp.l; spd 5| E townsendi ;. spl6 . Enlgema
bombiformes : spl 7| E cingulata : spl 8, E. meriana ;. spl9 . E mocsanyd © sp20. E nigrita ; sp2d, E. polyzona ; 5p22
E. psewdocingulata , sp23 , Exaerete frontalis | sp24 . E. lepeletieri | sp235, E. smaragding.
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between APP and palm plantation {pairwise
Monte Carlo test; Table I; Figure 4). Finally,
the species indicator analysis revealed five spe-
cies as potential environmental bioindicators
(Table II). Although Eg. bidentata, Eg.
securigera , and Eg imperialis were unique to
forest (Table S1), other four species were indi-
cated as potential indicators of forest reserves
(Eg. amazonica, Eg. augaspis, Eg. bidentata
and Eg. imperialis). Euglossa chalybeata was
considered indicator of preserved areas (APP
and Forest), despite it has been recorded m all
land-use types (Table I, see also Table S1).
Euglossa modestior. Eg. chalvbeata , Eg. ignita,
Eg. augaspis, El bombiformis, El. cingulata,
El meriana, EI. mocsaryi, and El. nigrita were
found in all three land uses, and oil palm plan-
tation was the only land use with none unique
bee species (Figure 5).

We observed an effect of subsampling distances
on bee abundance (Mantel » = 0.12, P = 0.006),
observed richness (Mantel r = 0,10, P = 0.015)
and on the vanation on assemblage similarity
iMantel » = 0.11, P = 0.013). However, as the
explanation of the geographic space on the attri-
butes evaluated was low (Mantel r values <15%),

Table I. Results of PERMANOVA and PERMDISP
tests based on Bray—Curtis dissimilarities (25 species;
o008 permutations). The analysis did not provide values
for the missing cells in the table

df Ms

Source® Pscudo-F
Habitat 2 11,547 7568 ™
Reesiduals 51 15258
Total 53

Groups” T
APP vs palm 34 1.495™
APP vs forest 34 2.494™
Palm vs forest 34 1632™

s not sigmiticant

w0 i) 0]

* Main tests

B Pairwise COMpansons
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m subsequent analyses, we assumed that sites rep-
resented independent samples.

4. DISCUSSION

In this study, we found significant differences
in the orchid bee assemblages present in forest
reserves, APPs. and oil palm plantations. Contrary
to our hypothesis, APPs did not show intermedi-
ate levels of richness and abundance of orchid
bees. but had an approximately equally diverse
assemblage to forest reserves. The Amazon basin
contains an estimated 127 species of euglossine
bees (Wemésio and Silveira 2007), and we sam-
pled more than 20% of this species pool in a short
time during the dry season when catch rates are
about 38 species (Mateus et al. 2015). Overall, the
community we sampled was dominated by a few
species, with El cingulata and El. meriana ac-
counting for =60% of the total orchid bee abun-
dance. Nevertheless. in both forest and APP areas
the species accumulation curves never plateaued,
indicating that the communities are under-
sampled in land-use type, while sampling in the
oil palm plantation seemed to have reached its
peak nichness.

The sampled APPs mamtamed high levels of
euglossing bee richness and amdance, and we
sampled 20 of the 23 forest species within the APPs,
as well as all the species sampled within the palm
plantations. This suggests that these comdors are
being effectively used by the orchid bees as dispersal
routes, and that they are potentially connecting all
the large forest reserves. In the Atlantic rain forest,
riparian stnps and small forest patches were also
found to be effective stepping-stones or comdors
for orchid bees (Rosa et al. 2015), and APPs are
believed to explain the presence of some Amazonian
orchid bees within the Brazihan savanna (Silva et al.
2013; Martins et al. 2016). Similar results were also
found in northeastern Brazilian humid tropical for-
ests, where riparian forests of the Sio Francisco
River function as biocomdors, providing refuge
arcas and mamtanmg orchid bee species (Moura
and Schlindwein, 2009). Edge-dominated forests,
like the APPs. in Costa Rica also supported diverse
orchid bee communities (Brosi 2009). Throughout
the plantation, the APPs’ width varnied from 50 to
250 m. depending on the size of the stream, habitat
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Table 1L Indicator values (IndVal) for euglossine species collected at different land uses in the municipality of

Tailindia (State of Pard, Brazil)

Species IndVal P Association
Enfriesea ornata 0236 1.000

Englossa (Englossa) amazonica 1.438 0035 Forest
Euglossa (Englossa) bidentata a.zor 0.005 Forest
Englossa (Euglosza) modestior 0236 NA

Euglossa (Englossa) securigera 0236 1.000

Englossa (Englossa) sp. 1 0332 0.345

Englossa (Euglossa) townsendi 0408 0200

Euglossa (Glossura) chalvbeata 0.808 0.5 APP + forest
Englossa ((losnura) ignita 0.707 NA

Euglossa ((lossura) imperialis 0.707 0.5 Forest
Englossa (Clossura) orelfmna 0333 0.570

Euglossa ((lossurela) augaspis 0555 0.035 Forest
Euglossa (Glossurella) crassipunctata 0236 1.000

Englossa ((lossurela) parvila 0451 0060

Euglossa (Glossuropoda) intersecta 0.333 0545

Evlgema (Apeulaemal cingulata 0.933 NA

Ewlaema (Apeulacma) mocsaryi 0304 NA

Evlgema (Apeulaema) nigrita 0512 0110

Evlgema (Apeulaema) prewdocingulaia 0298 0.610

Ewlaema (Ewlaema) bombiformis 0,60 0,050

Eulaema (Eulaema) meriana 0892 NA

Evlaema (Eulaema) polvoona 0289 0.750

Exaerete frontalis 0527 0.075

Exaerete lepeletieri 0236 1000

Evaerete smaragding 0238 100

Ital values mdicate specics as potential environmental biomdicators

NA non-significant values

complexity and intactness, and habitat heterogeneity,
habitat features that may also explain the wider
standard deviation for observed species nchness in
this land-use type in our study area. Other
invertebrate-nparian comdor studies have shown
that these forest comidors can benefit bindiversity,
even if spill-over into palm matrix is low, and forest
maintains greater diversity (Gray et al. 2016).
Forest fragments have been shown to be impor-
tant landscape components for some euglossine
bees. and it has been suggested that some of these
species indeed do not leave the fragments to use
the surrounding matnix (Milet-Pinheiro and
Schlindwemn 2005). Individual male euglossine
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bees routinely travel widely, especially outside of
small fragments that are unlikely to provide all the
life-history requirements needed for stable popula-
tions of several species of large. fast-flying bees
{Tonhasca Jr et al. 2003; Brosi 2009). Additionally.
orchid bees are known to fly long distances
{~30 km in a single day), especially the larger ones
(Janzen 1971; Raw [989; Becker et al. 1991;
Wikelski et al. 2010; Pokomy et al. 2015). Thus,
some EFulaema species (e, El cingulata, El
mocsarvi . El. meriana, and El. bombifarmis )
should be more capable of leaving forest fragments
than smaller bees, as was observed for other large

body size species {e.g.. El migrita) (Raw 1989;
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APPs

583

Forest

Ex. lepelelieri
Ex. smaragdina
Eg. lownsend

El. polyzona

Palm
Figure 5. Venn diagram of species composition in the three land uses in Tailindia municipality, State of Pard, Brazil.
Asterisks refer to species identified as indicators of forest reserves (¥), indicators of preserved areas (forest reserves +
APPs) (**) by the indicator analysis IndVal. No unique species was identified as being part of the oil palm plantation.

Wikelski et al. 2010; Pokomy et al. 2015). The
remarkably simple orchid bee assemblages found
in o1l palm plantations, regarding species nchness,
abundance, and composition, seems to confirm the
importance of forest patches to populations of these
bees in the area.

Our species indicator analysis identified four
euglossine bee species associated with forest re-
serves and one species occurred n both forested
areas (forests and APPs), suggesting they are not
tolerant to disturbance. Therefore, these species
may be useful indicators of intact Amazoman
forest orchid bee communities. Euglossa analis
and Eg. sapphirina are known to be associated
with forest interiors. while other species may not
be affected by habitat loss (Tonhasca Jr et al.
2002; Nemésio and Silvemra 2006). Contrary to
what we expected, based on other studies, EI
nigrita was not identified as an indicator of
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Eg. crassipunciala

Eg. areflana Eg. bidentata”

Eg. panaia Eg. gam.rrig&:ra

Eg. infersecta Eg. imperalis
El. pseudocingulala

Eg. augaspis®

Eg. modestion
Eg. ignifa

Eg. chalybeala™

El. bombiformis

Ef. cingiulata

El. meriana

El. mocsanyi

El. migrita

No unigque species

Ex. fronfalis

disturbed areas, such as the plantations we sam-
pled. Given the ability of this species to occur in
disturbed landscapes and its high flight capacity,
habitat loss is not expected to cause populational
decreases of this species (Silva and De Marco Jr
2014). Nonetheless, this species 15 expected to
benefit in future scenanos of climate change and
deforestation in this biome, what may facilitate its
expansion to Central Amazonia (Silva et al.
2015).

Owerall, our results should still be carefully
mterpreted. This is one of the first studies of its
kind in Amazonian oil palm plantations (e.g..
Shimano and Juen 2016), and we considered only
three coarse land-use types. Future studies should
also consider how land use affects dispersal pat-
terns of orchid bees in the region, including fine-
scale habitat features that may also influence bee
communities, as well as temporal vanations. We
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believe that previous radio-tracking studies in-
volving bees in general (Wikelski et al. 2010;
Hagen et al. 2011) may improve our understand-
img on how these species disperse in oil palm
plantation embedded within landscapes with nat-
ural vegetation.

We also report some low-level of spatial comela-
tion. There is no consensus on the appropnate spatial
design of sampling euglossine bees, with evidence
that both local and landscape features mfluence
species (Giangarelli et al. 2015; Nemésio et al.
2016). The similanty of the orchid bee assemblage,
nichness, and abundance had some relatedness to the
proximity of the sampled sites, but the percentage of
explanation was low (<15%). This result suggests
that the differences we found are caused by the
evahmted land-use types rather than sampling sites’
distances. Moreover, our community results also
suggest a true divergence between forest and non-
forest bees. Only one study explicitly addressed the
effects of spatial autocorrelation upon orchuid bee
diversity, with similar low levels of comelation
(Brosi 2009). Considering the flight capabilities of
these bees descnbed above, ideally, all sampling
pomnts should be long-distanced from one another.
Still, field logistics and site availability usually do
not allow an optimal distnbution of collecting sites,
particularly when working n agricultural landscapes
such as ours. Since we found a certain degree of
space-dependence between sites, new studies that
address this issue must be performed, although
selecting optimal sites in crop areas, which are
delimited primarily by economic reasons, is a chal-
lenging task.

Our results support the hypothesis that or-
chid bee species diversity would be greatest
in the forest reserves and lowest in the palm,
but., surprisingly. orchid bee abundance was
equal in forest and APPs. Despite the world-
wide negative reputation of oil palm planta-
tions for biodiversity (e.g., Lees et al. 2015),
landowners are interested in mitigating biodi-
versity loss. It 1s, therefore, cntical to provide
research results on the efficacy of different
plantation management strategies for retaining
biodiversity. Our research highlights that
large-scale o1l palm plantations with forest
reserves and connecting APPs can be man-
aged to protect orchid bee biodiversity.
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Supplementary material

Table S1.Complete species name and total abundance of orchid bees collected with
scent traps at the Agropalma Industrial Complex study aneasicipality of Taihdia,
PagSt ate, Brazil in July 2015. APP: fdCreas

Protection Areas).

Conventional Forest

Species APP
oil palm reserve

Eufriesea ornatadMocsary, 1896 0 1 0
Euglossa (Euglossa) amazonideesser, 1982 0 1 6
Euglossa (Euglossa) bidentabaessler, 1982 0 0 15
Euglossa (Euglossa) modestidressler, 1982 1 1 3
Euglossa (Euglossa) securigebeessler, 1982 0 0 1
Euglossa (Euglossap. 1 0 2 0
Euglossa (Euglossa) townser@ckerell, 1904 0 3 3
Euglossa (Glossura) chalybedtaiese, 1925 4 16 46
Euglossa (Glossura) ignit&mith, 1874 15 52 25
Euglossa (Glossura) imperialiSockerell, 1922 0 0 15
Euglossa (Glossura) orellarRoubik 2004 0 2 4
Euglossa (Glossurela) augaspisessler, 1982 1 4 19
Euglossa (Glossurella) crassipunctdéoure,
1968 0 1 1
Euglossa (Glossurella) parvularessler, 1982 0 1 5
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Euglossa (Glossuropoda) intersediatreille,

1817 0 4 2
Eulaema (Apeulaema) cingulafabricius, 180« 137 157 33
Eulaema (Apeulaema)ocsaryiFriese, 1899 1 2 2
Eulaema (Apeulaema) nigrileepeletier, 1841 5 7 2
Eulaema (Apeulaema) pseudocingulata

Oliveira, 2006 0 4 1
Eulaema (Eulaema) bombifornffackard, 186¢ 3 9 13
Eulaema (Eulaema) meriar@livier, 1789 74 108 35
Eulaema (Eulama) polyzondocsary, 1897 0 1 2
Exaerete frontalissuérin, 1844 0 4 7
Exaerete lepeletie®liveira & Nemésio, 2003 0 1 1
Exaerete smaragdin@uérin, 1844 0 1 3
Total individuals 241 382 244
Total species 9 22 23
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Table S2.Euglossine bee specieitracted to bait scents in Tailandia, Para State, Brazil
(BA = benzyl acetate, EC = eucalyptol, EG = eugenol, MC = methyl cinnamate, MS =

methyl salycilate, VA = vanilin).

BA EC EG MC MS VA

Eufriesea ornata 0 0 1 0 0 0
Euglossa amazonica 1 2 4 0 0 0
Euglossa augaspis 0 0 5 0 0 19
Euglossa bidentata 0 0 4 0 6 5
Euglossa chalybeata 3 32 5 2 19 5
Euglossa crassipunctata 0 0 2 0 0 0
Euglossa ignita 67 4 1 17 3 0
Euglossa imperialis 0 0 0 0 15 0
Euglossa intersecta 0 6 0 0 0 0
Euglossa modestior 0 4 0 1 0 0
Euglossa orellana 0 0 1 3 1 1
Euglossa parvula 0 0 0 0 0 6
Euglossa securigera 0 0 0 0 1 0
Euglossasp. 1 0 1 0 1 0 0
Euglossa townsendi 0 0 0 0 0 6
Eulaema bombiformis 10 0 0 2 13 0
Eulaema cingulata 19 0 135 0 0 173
Eulaema meriana 79 2 0 59 69 8
Eulaema mocsaryi 4 0 0 0 0 1
Eulaema nigrita 0 4 0 0 1 9
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Eulaema polyzona 1 0 0 0 2 0
Eulaema pseudocingulata 0O 0 3 0 0 2
Exaerete frontalis 0 6 0 5 0 0
Exaerete lepeletieri 0 2 0 0 0 0
Exaerete smaragdina 0 2 0 1 0 1
Total individuals 184 65 161 91 130 236
Total species 8 11 10 9 10 12
Exclusive species 0 2 2 0 2 2
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Figure S1.KruskalWallis results of abundance (A) and richness (B) of orchid bees
collected using different scent baits in Tailandia municipality, State of Para,.Brazil
Center represents the mean and the bars represent 95% confidence intervals. Scent
codesBA=benzyl acetate, EC=eucalyptol, EG=eugenol, MC=methyl cinnamate,

MS=methyl salycilate, VA=vanilin
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Abstract

Land use change impact species richness and functional diversity (FD). In the Brazilian Amazon. we examined the impacts
of oil palm plantations on orchid bee (Apidae: Euglossini) species using abundance and FD. We collected male orchid bees
in oil palm plantation (PALM), legal reserves (LR ), and riparian corridors ( APP), and then we used morphological and life-
history traits to characterize each species. We evaluated differences in bee body size by comparing intertegular span values.
We tested the influence of habitat on taxonomic and functional parameters of orchid bees by applying a partial redundancy
analysis (pPRDA). We contrasted FD by calculating species richness, functional richness. and functional dispersion. We
sampled 1176 bees from 30 species in 18 sampling days across 2015 and 2016. Males from PALM were 13.6% bigger than
those in LR areas. and bees from APP showed a similar pattern compared to LR and PALM. Less than 15% of the variation
in species composition was related to the distance among sampling sites. and 8% was due to habitat structure. In our pRDA,
the spatial difference explained 6% of the variation in orchid bee traits, but there were no effects of habitat parameters upon
FD. FD was reduced with land use change caused by oil palm plantations. Our findings support the belief that many bees
are impacted by cultivated lands. Nevertheless, the functional similarity between LRs and APPs reflects common structural
elements between them, although we did not find significant relationship between functional composition and habitat struc-
ture that we evaluated.

Keywords Body size - Functional dispersion - Functional diversity - Habitat structure - il palm

Introduction

The conversion of natural areas for agricultural activities
caused the need to monitor and predict how plant and animal
communities vary over these landscape gradients (Williams
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the species’ vulnerability to land-use changes, demonstrat-
ing how human-modified landscapes affects the taxonomic
and functional diversity (FD) of communities (Flynn et al.
2009; Laliberté et al. 2010; Die Palma et al. 2015). Although
there is evidence of loss of taxonomic and FD in amphibians
{Correa et al. 2015), birds (Almeida et al. 2016), and some
aquatic organisms (Luiza-Andrade et al. 2017), there is little
consensus on the actual effects of land-use changes on ter-
restrial invertebrate communities. Still, compelling studies
recently published show that human effects upon insects may
be many times greater than previously reported (Hallmann
etal. 2017).

Bees are one of the main terrestrial insect groups that pro-
vides essential pollination services, promoting food security
and contributing to the persistence of many native plants
and domesticated crops (Klein et al. 2007; Ollerton et al.
2011). However, in recent decades, marked changes in most
terrestrial ecosystems, primarily caused by human activities,
have contributed to widespread biodiversity loss, changes
in the structure of ecological communities, and a decrease
of ecosystem services (Mitchell et al. 2015; Newbold et al.
2015). As a result, the most disturbed sites are characterized
by depopulated species pools and homogenous communities,
with only a subset of original bee species present dominated
by generalist species. with high dispersal abilities compared
to pristine bee communities (Vellend et al. 2007; Karp et al.
2012; Solar et al. 2015).

Land-use changes and the conversion of natural habi-
tats to other habitat types can impact bee communities by
reducing floral and nesting resources (Kremen et al. 2007;
Burkle et al. 2013; Brito et al. 2017). The response of bee
species to different forms of habitats are usually determined
using metrics related to species richness andfor abundance
of bees (Winfree et al. 201 1; Benjamin et al. 2014; De Palma
et al. 2015). In general, species with more specialized niches
(space, ime, phenotype, andfor interspecific interactions)
are more sensitive to the effects of agricultural intensifica-
tion compared to generalist species ( Kassen 2002).

Studies have shown that reduction of vegetation cover
influences the distribution pattern of the local bee fauna
and exerts a selective pressure upon the communities
(Steffan-Dewenter and Tscharntke 1999; Silva and Rebélo
2002; Brito et al. 2017; Campbell et al. 2018). Despite the
fact that more complex environments are usually character-
ized by a higher number of species and diversity of niches,
which are related to the availability of feeding resources
(Tews et al. 2004), differences in bee communities among
habitat types may provide a better understanding of spe-
cies patterns in mosaic landscapes. allowing us to identify
more vulnerable and intolerant species to certain physical
factors (Lovejoy et al. 1986). For insects, habitat structure
and abiotic parameters are important factors influencing
community taxonomic composition (Viana et al. 2006;
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Mendes et al. 2017). In addition, in a more refined way, it
is necessary to identify which environmental conditions
are filtering species with certain traits, in order to know
the mechanisms related to FD changes in communities as
a result of environmental changes (Tilman et al. 1997).

Groups of eusocial and semi-social bees have been
strongly affected by the isolation of natural habitats and
the use of pesticides, compared to solitary bees (Wil-
liams et al. 2010; Milet-Pinheiro and Schlindwein 2005;
Brosi et al. 2008), because of their smaller foraging range
(Greenleaf et al. 2007). In addition, measures of morpho-
logical characters reveal that certain traits can specifically
influence the vulnerability of bees to habitat type. i.e. spe-
cies with a wide foraging area may cover a larger area in
fragmented landscapes, but this could increase the prob-
ability of contamination by pesticides in agricultural land-
scapes (Carvalho et al. 2011; Whitehorn et al. 2012; Rader
et al. 2014). Castilla et al. (2016) highlight the importance
of pollinator body size when evaluating the relationship
between biodiversity and ecosystem function, where even
small-bodied pollinators play an important role in the
maintenance of genetic connectivity in plant populations.
Even so, increased bee body size is often translated into
an improved ability to manipulate complex floral struc-
tures, as seen in many buzz-pollinated plant species (Solis-
Montero et al. 2015).

Orchid bees (Apidae, Euglossini) are a Neotropical
group of bees with a strong relationship with orchid flow-
ers. but most species also pollinate many other plant spe-
cies (Dressler 1982a; Ramirez et al. 2002; Rocha-Filho et al.
2012; Cavalcante et al. 2012). Comprising about 250 species
{(Nemésio and Rasmussen 201 1), these bees are sensitive
to environmental changes, habitat isolation, and fragmenta-
tion {Powell and Powell 19587; Nemésio and Vasconcelos
2013; Brito et al. 2017; Storck-Tonon and Peres 2017). They
can also be easily sampled by using inexpensive scent traps,
making them an ideal proxy for evaluating effects of habitat
disturbances (Solar et al. 2015). In recent studies conducted
in Eastern Amazon, orchid bees showed the highest species
diversity in secondary forests, intermediate levels in primary
forests. and only a few species in agricultural areas (Solar
et al. 2016). However, species composition in forested and
non-forested areas is highly differentiated, with apparently
smaller and more specialist species occurring within forests,
while non-forested areas are dominated by larger generalist
species that have a greater flying capability (Milet-Pinheiro
and Schlindwein 2005; Brito et al. 2017). This pattern of
species occurrence throughout the landscape is not surpris-
ing. considering that large orchid bees have a higher disper-
sal capacity (Janzen 1971; Raw 1989; Wikelski et al. 2010;
Pokorny et al. 2015) and, thus, have a greater ability to for-
age in and colonize new areas, even cross Open expanses
{(Nemésio and Silveira 2007).
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In Brazilian Amazon, oil palm (Efaeis sp. Jacg., Are-
caceae) is becoming in one of the most important commer-
cial crops, by producing several products derived from palm
oil (Miiller et al. 2006a; Alves et al. 2013). Results obtained
by previous studies have shown that orchid bee community
of forest habitats may be replaced by non-forest species. as
the distance from forest patches increases (e.g. Livingston
et al. 2013; Storck-Tonon and Peres 2017). However, to
promote forest conservation, the Brazilian government has
a program for the sustainable production of palm oil, pro-
moting oil palm plantations only in the indicated areas that
exclude native vegetation (i.e. forests) (Brazilian Decree, no
T.1722010: Embrapa 2010). Thus, current areas used for oil
palm plantations in the eastern Amazon, are characterized
by the presence of already deforested areas, differing from
the usual scenario found in Asian plantations, for example
(Bicalho et al. 2016).

Although some orchid bee species show some degree of
permeability through oil palm, particular characteristics,
such as the altered abiotic environment and the rarity of
orchids, made this land-use a low-guality matrix compared
to agroforestry systems (Livingston et al. 2012, 2013). Fur-
ther, even though bee species did not show clear variation
in functional traits in forest and oil palm (Livingston et al.
2013}, the study of functional responses to land-use change
and identifying which morphological traits make species
maore or less vulnerable to human impacts may be useful to
guide conservation priorities (Rader et al. 2014).

In Brazil. to allow for economic development of land
and ensure the maintenance of ecosystem services in the
Amazon Biome, rural landowners are required to maintain
50=80% of their properties as natural areas. These protected
areas can be large blocks of contiguous forest, called legal
reserves (LR). devoted to the conserve and rehabilitate of
ecological processes. and promote biodiversity conservation.
The second, include forest patches or native vegetation aside
riparian corridors, called the areas of permanent protection
(APPs). These APPs promote geological stability, water
filtration, and also act as corridors connecting populations
between forest fragments (Brazilian Law. no 12.651/2012).
These mandatory protected natural habitats are considered
one of the main mechanisms for the protection of environ-
mental services in the country (Margues and Ranieri 2012).

In this study, we evaluated the influence of habitat char-
acteristics and the response of FD of orchid bees to different
habitat types. We selected eight morphological traits that
relate to ecological filtering from 26 species that we col-
lected from LR, oil palm plantations (PALM]), and APP in
the Brazilian Eastern Amazon. If large orchid bees have a
greater flight capacity than smaller ones, and habitat struc-
ture may influence community composition of insects, we
hypothesized that the variation of orchid bee body sizes
and FD' would be greater in RLs than in other habitats.

Additionally, we expected that abiotic parameters and habi-
tat variables structuring habitat type conditions would affect
abundance and traits of orchid bee species.

Materials and methods
Study site and sampling

We sampled orchid bees in the southeastern portion of the
state of Para, Brazil, at a large-scale oil palm plantation
(Agropalma Industrial Complex), near the municipality
of Tailindia (approximately 02720" and 02°40°5 by 48°30’
and 49°0"W). between 12 and 28-July-2015 and 17 and
30-August-2016. We attracted and collected the male orchid
bees with six separate sampling stations with six scent traps
each in nine sampling sites (three LR, three APP, and three
PALM: see Fig. | in Brito et al. 2017), for a total of 36 traps
per site and 108 per habitat type. To attract bees, we hung
six scent traps spaced 2 m apart, at each sampling station
with the following unigue scents: benzyl acetate, eucalyptol,
eugenol. methyl cinnamate, methyl salicylate, and vanillin.
The sampling stations within each site were 500 m apart, and
we sampled one site per day.

The proximity between LRs ranged from 10 to 19 km;
APPs were 10-11 km apart. while PALM areas were sepa-
rated from 5 to 10 km. Sites from different habitat type were
at a minimum distance of 1=2 km. and at a maximum dis-
tance of, approximately, 20 km. In LR sites, we established
the first sampling station near to the edge and the subsequent
along every 500 m in established trails inside forest (in a
previously established trail). while in APP sites. the set of
traps were arranged in the middle of the vegetation that fol-
lowed the streams.

We made the scent traps with 2 L PET plastic bottles con-
taining an internal swab cotton, and three equidistant holes
in the medium portion, with landing platforms for entrance
of bees. We hung the sets of these traps for 48 h in each
sampling site (equal amounts of sampling effort during 2015
and 2016; 216 h). Then we removed, pinned. and identified
the captured (males) bees based on taxonomic keys (Dressler
1982b; Moure 2000; Oliveira 2006; Nemésio 2009), and
using reference entomological collection from Embrapa
Amazdnia Oriental and Museu Paraense Emilio Goeldi. We
deposited the sampled specimens at the Entomological Col-
lection of the Embrapa Amazdnia Oriental. Additional infor-
mation on methodology can be found in Brito et al. (2017).

Orchid bee traits
We measured five morphological traits for each captured

orchid bee species (the pinned specimens): intertegular
span (ITS) (as a measure of body size), wing length (WL).
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wing width (WW). interocular distance (ID), and head width
(HW) (Online Resource 1). We selected all species with total
abundance greater than or equal to two specimens, and no
more than 10 individuals per species were measured. For
species with more than 10 individuals sampled, we made
sure to include representative specimens captured in each
one of the habitat type. We obtained individual pictures for
each specimen with a Motic Cam 5.0 coupled to stereomi-
croscope (Motic SMZ 168, 0.75X), and then we analyzed the
pictures in Motic Images Plus 2.0 software. Additionally, we
compiled data from published literature of three life-history
traits known to be affected by habitat changes: dietary spe-
cialization (pollen-specificity), nest construction behavior
(nest type). and sociality (Table 1). When there was no such
data for one species, we used the life-story traits reported
to the nearest phylogenetic related species (Ramirez et al.
2010; Cameron 2004; Online Resource 2).

We based the choice of morphological traits on evidence
that they directly link organism’s performance with envi-
ronmental conditions or ecosystem processes. For example,
body and wing size are related to flight distance capability
and susceptibility to environmental changes, and variations
on these morphological traits will certainly influence the
amount and composition of resources used by bees (Winfree
et al. 2009; Moretti et al. 2016). ITS is a common body size
measurement obtained in bee studies that is correlated to the
specimen’s body mass and wing muscles (Cane 1987), and
also relates to flight distance capacity and foraging behavior
(Greenleaf et al. 2007; Garibaldi et al. 2011). Finally, eye
morphology may be filtered by environmental conditions

Table 1 Traits of orchid bees used in the analysis

that can reflect prey and/or predator recognition (Morett
et al. 2016).

Habitat characterization

To describe physical habitat conditions within each site,
we established one 55 m plot in each sampling station,
resulting in 150 m? of sampling area for each LR, APP, and
PALM site. This protocol was based on Magalhies et al.
(2014) with some adaptations (Online Resource 3). Within
each plot, we measured 16 habitat characteristics (variables):
(1) number of large trees [Diameter at Breast Height (DBH
onwards) > 15 cm]. (2) small trees (DBH < 15 cm). and per-
cent cover of (3) epiphytes. (4) palm trees, (5) shrubs. (6)
grasses, (7) lianas, (8) and soil plant cover, (9) litter height,
(10) canopy opening, (11) canopy height. (12) number of
clearings, (13) dead trees, (14) fallen trunks, and (15) flow-
ering trees, and (16) temperature.

We measured variables 1=8 by visual estimation and we
assessed the canopy opening using non-hemispherical digi-
tal photos analyzed on Gap Light Analyzer 2.0 (Frazer and
Canham 1999). defined as the average from three randomly
locations in each plot (see details on Online Resource 3). For
variables 12-15, we counted the amount of each variable
inside our 5% 5 plot, and we estimated canopy height based
on the highest tree found in the plots. We assessed the mean
daily temperature of each of our sampling days from the
Agropalma’s Weather Station database. We used the same
mean value of temperature for all sampling stations of the

Trait Type Description

Intertegular span Continuous The distance between the nearest edges of the tegulae, the plates covering the bee's wing bases, in mm.
ITS 15 a proxy for body size and foraging distance in bees

Wing length Continuous Measurement from the beginning of the wing (border of the tegulae) o the distal end, in mm. Only the
left anterior wing was measured

Wing width Continuous Larger wing width, in mm. Only the left anterior wing was measured. Wing size is a functionally essential

trait for flight performance. foraging and dispersal abilities (Wooton 1992)

Interocular distance Continuous

Measure of the distance between the two inner edges of the eye, aligned by the insertion of the antennas,

in mm
Head width Continuous Measure of the distance between the two outer edges of the eye, aligned by the insertion of the antennas,
in mm. Head parameters are proxy to environmental perception and recogmition {Srinivasan ot al. 1991)
Sociality Semi-zocial Social structure. based on the descriptions for each genus of orchid bee (Michener 2007; Zucchi et al.
Solitary 1969)
Pollen-specificity  Oligolectic Trophic specialization defined by the range of pollen species collected by females and males. Oligolectic
Polylectic 15 a pollen specialist species that forages on plants from less than one plant family. Polylectic species
are generalist foragers, collecting pollen from two or more plant families (Ramirez et al. 2002: 20140,
Cameron 2004)
Mest type Excavator Excavators build the nest on stems or twigs in the open or dig the chamber within existing substrate.
Renter Renters construct nests within existing cavities, or tunnels regardless of nest location (under buildings,
Cleptoparasitic  preexisting burrows, termile nests). Cleptoparasitic bees parasitizes the nest or brood of other species
{Michener 2007; Ramirez et al. 2002; Augusto and Gardfalo 2004 Zucchi et al. 1969)
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same sampling site, since samples belonging to the same site
were performed in a single day.

Statistical analysis

To test the hypothesis that LRs harbor the greatest varia-
tion of orchid bee body sizes. we compared differences in
body size of orchid bees among sites using ITS values with
a One-Way ANOVA. Significant ANOVA results were com-
pared with post hoc Tukey tests with a=10.05. We also per-
formed One-Way ANOVA for the other four morphometric
measures (WL, WW, ID and HW) only as a complementary
analysis. In all analyses., we tested the data for the assump-
tions of normality and homoscedasticity.

We evaluated the influence of habitat characteristics of
habitat types on taxonomy and functional parameters of
orchid bee assemblages by applying a partial redundancy
analysis (pRDA), a multivariate technique that allows the
ordination of a dependent matrix data and its association
with explanatory variables, controlling the covariate effects
(Borcard et al. 2011). We tested the influence of environ-
mental characteristics (habitat), distance among sampling
stations (space), and habitat types (system) on the varia-
tion of taxonomic (species matrix with abundance values)
and functional composition (traits) (Fig. 1). We obtained
the community-weighted trait means (CWM onwards) using
all continuous traits for each site (Garnier et al. 2004) as
measures of functional composition, using the function
“functcomp” from the FD package (Laliberté and Legendre
2010; Laliberté et al. 2014). This method consists of a post-
multiplication of species per site values by traits per species
values, resulting in a matrix of mean traits per site weighted
by species abundances (“traits matrix™; Fig. la).

We used three sets of predictors to understand the pat-
terns of taxonomic and functional composition of orchid
bee assemblages: habitat matrix (i), space matrix (ii), and
system matrix (1i1). First, we initially made a previous choice
of habitat variables using three selection criteria: (a) the
parameters that did not vary among sampling stations were
excluded from the analyses once they contributed little to
the characterization of habitat types analyzed, (b) variables
with > 60% of zeros values in the original data. and (c) cor-
related parameters (r Pearson > 0.60). Thus, among the 16
original habitat variables, a set of nine variables followed the
selection criteria that we established (see details on Online
Resource 4). Because temperature is an important predictor
for bees, we choose to maintain this variable. Therefore,
ten predictors of habitat variables remained, constituting the
“habitat matrix” (Fig. 1b).

Second, to spatially represent the sites, we generated con-
tinuous spatial variables from latitude and longitude data of
each sampling station by calculating principal coordinates of
neighbor matrices (PCNM; Borcard and Legendre 2002; Dray

et al. 2006). The resulting axes orders (“space matrix™) were
used to quantify the influence of space on the variation of bee
assemblages (Fig. lc). This spatial predictor is necessary to
understand the fraction of the results that could be explained
only by the spatial distribution among the collection sites. This
is because 1t is expected that nearby sites may have similar
species composition, and when this is not verified the spatial
autocorrelation could bias the hypothesis tests (Dormann et al.
2007).

In order to include habitat as a predictor, we transformed
the vector of habitat types (LRs, APPs. and PALM) into con-
tinuous numerical axes. We created the new numerical vari-
able by applying the “dudi.hillsmith™ function of the ade4
package (Dray and Dufour 2007) on the data of habitat type
per sample (“system matrix™) (Fig. 1d).

Then, we used stepwise regression models to select habitat
parameters (using the habitat matrix) and space (using PCNM
matrix) related to functional and taxonomic composition of
orchid bees to be used in pRDA (Fig. le). In these selection
maodels, we applied the function “adonis™ of the vegan pack-
age, using the matrix of species composition per site and for
traits matrix, the CWM matrix. Finally, we performed two
PRDA analyses. In the first pRDA, we tested the associations
between orchid bee taxonomic composition as a dependent
variable, and the explanatory variables habitat, space. and sys-
tem as the predictor variables. In the second pRDA, we used
orchid bee functional composition (CWNM) as a dependent var-
iable (Fig. 1f) against the same predictor variables used before.
This analysis considers the dependence among all three data-
set, expressing the individual fraction of variation explained by
habitat parameters [a]. spatial distribution [b], habitat type [c].
the interaction between them [d, e, f. g] and the unexplained
variation [h] (Fig. 1g). The percentages of explanation of each
explanatory variable and the interaction between them were
obtained with adjusted-R* values, by applying the “varpart”
function of the vegan package (Oksanen et al. 2017).

FD was calculated in terms of species richness (richness),
functional richness (FRic) and functional dispersion (FDis)
with Gower distance matrices and using the “dbFD™ function
of the FD package (Laliberté and Legendre 2010; Laliberté
etal. 2014). We used all traits as response variables and habitat
type as a potential predictor variable. We performed a One-
Way ANOVA followed by a post hoc Tukey test (if ANOVA
differences among the habitat types showed differences) to
test for differences in richness. FRic. and FDis among habitat
types. We performed all analyses using R 3.4 (R Development
Core Team 2017).
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Fig.1 General summary of the analysis employed in our study. a
Obtaining the community-weighted trait (CWM) using all continu-
ous traits for each site pondered by species abundance: b habitat vari-
ables selection based on three critena, forming the “habitat matrix™;
¢ calculating principal coordinates of neighbor matrices (PCNM)
using spatial variables of each sampling station; d creation of the new
numerical variable using the data of habitat type per sample (“system
matrix”); ¢ stepwise regression models to select habitat and space

Results

In 18 sampling days across both years, we collected a total
of 1176 male euglossine bees from 30 species (Online
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composition (“traits matrix™) of orchid bees: f applying a partial
redundancy analysis (pRIDA) to test the influence of selected habitat
and space variables, and habitat types (“system matrix™) on the vari-
ation of both taxonomic and functional composition: g partition of
the variance of each explanatory variable and the interaction between
them

Resource 5). Eulaema cingulata Fabricius, 1804 and E.
meriana Olivier, 1789 were the most common species both
in APP and PALM sites, representing 51.2% of all bees sam-
pled. In LR, E. meriana and Fuglossa chalvbeata Friese,
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1925 were the most abundant, accounting for 30% of total
bees. Complete species name and total abundance are avail-
able in Online Resource 5.

Orchid bee body size varied among habitat types
(Fiz_m1=4-u'ﬁ‘?- P=0.019), with males sampled in PALM
being 13.6% bigger than those in LRs (Tukey's HSD,
P=0.037). Individuals from APPs showed a similar pat-
tern in size compared both to LR {Tukey’s HSD, P=0.111)
and PALM (Tukey’s HSD, P=0.797). In PALM, there was
a greater variation in bee body size (Fig. 2a), which can
be verified also when observing the species individually
(Fig. 2b). Also, males from PALM showed heads about
10.2% wider (Fy g4y =4.788, P=0.009; Tukey’s HSD,
P=0.013), and a difference of 8.7% in distance between
eyes when compared to individuals from LR (F 5 jg4,=4.029,
P=0.019; Tukey's HSD. P=0.013) (Online Resource 6).
The comparisons of both wing measures (WL and WW)
between habitats were non-significative (Online Resource 6).

Stepwise regression models selected five habitat param-
eters (large and small trees, shrubs, lianas, and fallen trunks)
and four spatial variables (FCNM 1, PCNM 2, PCNM 3, and
PCNM 13) related to the taxonomic composition of orchid
bee. Additionally, using functional traits as a response vari=
able in stepwise regression models, we found a significant
relationship with two habitat parameters (large trees and
small trees) and three related to space (PCNM 1, PCNM 2
and PCNM 13).

Although we found significant effects, the taxonomic
composition of orchid bees exhibited a weak relationship
with habitat variables (large trees: RZ=0.067, P <0.001;
small trees: R*=0.090. P <0.001; shrubs: R*=0.038,
P=0.016; lianas: R*=0.030, P=0.047; fallen trunks:
R?=0.035, P=0.025) and with spatial parameters (Online
Resource 7). However, when we used orchid bee functional
traits as a response. an intermediate explanatory value was
recorded for large trees (R*=0.186, P=0.001) and small
trees (R2=D.IEE, P <0.001), and one spatial variable
(PCNM 2: R2=0.364, P <0.001) (Online Resource §). The
other variables showed low explanatory power of the vari-
ation in orchid bee traits (PCNM 1: B> =0.088, P=0.003;
PCNM 13: R*=0.115, P=0.001) {Online Resource 8).

The results of pRDA showed that < 15% of the variation
in orchid bee species composition was related to geographic
distance among sampling sites (Fg 4y=3.046: P=0.001),
only 8% of this variation occurred due to habitat structure
variation (Fz.-u=2-u32: FP=0.020), and most of the variation
(about 69%) may be occurring because of unmeasured fac-
tors (residual) (Fig. 3a). Further, there was no effect of habi-
tat types (system) on orchid bee assemblages (F, ,, =0.817:
P =0.564). When we analyzed functional composition as
a response parameter, the three parameters together (habi-
tat, system, and space) explained 34% of the variation in
orchid bee traits, and the space alone responded for only
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Fig.2 One-way ANOVA results of body size companson of orchid
bees by habitat type based on a ITS and b ITS size variation of male
orchid bees by species sampled in the three habitat types (n=196) in
Tailindia mumicipality, State of Pard, Brazil. The center represents
the mean and the bars represent 95% confidence intervals. Habitat
type codes: LR =legal reserves. APP=areas of permanent protec-
ton. PALM=oil palm plantations. Species codes: Ef_aur = Eufrie-
sea auripes, Eg_mix=Euglossa aff. mixta, Eg_ama=E amazonica,
Eg_aug=FE mugaspis, Eg_bid=E_ bidentata, Eg_cha=E chalybe-
ata, Eg_cog=E. cognata, Eg_cra=E. crassipunctata, Eg_jgn=E.
ignita, Eg_imp=E. imperialis, Eg_int=E imtersecta, Eg_lio=F
lioppoda, Eg_mod=E modestior, Eg_vre=E_ orellana, Eg_par=E.
parvula, Eg_tow=E. townsendi, El_bom=Eulaema bombiformis,
El_cin=E. cingulata, El_mer=E. meriana, El_moc=E. mocsaryi,
El_nig=E nigrita, El_pol=E polyzona, El_pse=E prendocingu-
lata. Ex_fro= Exaerete frontalis, Ex_lep=E. lepeletieni. Ex_sma=E.

smaragding

6% of the variation (F; ,,=3.413; P=0.027) (Fig. 3b). The
other parameters evaluated show no effect on bee functional
composition (habitat: F; 45=0.347; P=0.719; system:
F, 45=2.154; P=0.125) (Fig. 3b).

As expected, species richness, functional richness,
and functional dispersion were significantly reduced with
the differentiation of the habitats (ANOVA Richness:
Fyq=10.212, P<0.001; FRic: Fy 4, =4978, P=0.010;
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Fig.3 Venn diagrams representing the partitioning of the variance in
a orchid bee species, and b functional traits of orchid bees between
sampling sites into fractions explained by habitat. spatal. system dif-
ferences, and the interaction between them. R values (in %) obtained
from pRIDA are given for each fraction. NS non-significant values

FDis: F, ;, =11.980, P <0.001) (Fig. 4). In PALM., there was
a mean decrease of 40% of species compared to LR (Tukey’s
HSD. P <0.001). and of about 28% of species from APP
sites (Tukey's HSD, P=0.008) (Fig. 4a). Functional richness
of orchid bees tended to decline noticeably in PALM (LR vs.

Fig.4 Box plots of FD metrics

(a)

of orchid bees across differ-
ent habitat types in Tailindia
municipality, State of Par,

12

&

PALM: Tukey's HSD, P=0.009) (Fig. 4b). Functional dis-
persion, however, were higher in LR compared both to APP
(LR vs. APP: Tukey's HSD, P=0.032) and PALM areas (LR
vs. PALM: Tukey’s HSD, P <0.001) (Fg. 4c).

Discussion

In a previous study of the same sites, species composition
and richness of orchid bees showed variation with habatat
types, with individuals sampled in forest reserves signifi-
cantly different compared to riparian corridors (APPs) and
o1l palm plantations (Brito et al. 2017). In our current study,
we found additional information about orchid bees at indi-
vidual and species level, with the largest orchid bees occur-
ring in PALM sites, and the smallest individuals present
inside LR areas. According to what we expected, the physi-
cal conditions of the different habitat types analyzed influ-
ence species composition, but the same was not true for FD
of orchid bees in our study area. However, among the three
parameters we analyzed (habitat structure. space, and type
of habitat), the explanation of the variation in both species
composition and functional traits was mainly attributed to
the distance between the sampling sites.

In bees, body size affects characteristics associated with
flight ability and the adaptive value of individuals (Cane
1987; Greenleaf et al. 2007), and some data suggest that
environmental factors, such as rainfall variations, climate
changes, and food availability. may influence body size
heterogeneity in orchid bee populations (Peruguetti 2003;
Silva et al. 2009). This is an important attribute because
it determines the way the organisms perceive the environ-
ment, considering different habitats, environmental gradients
or between distinct regions (Mason et al. 2007). Previous
studies have shown that bees respond in different ways to

Brazil. Boxes show medians and
interguartile ranges; whiskers
extend o values within 1.5x the
interguartile range of the upper
and lower quartiles. a Species
richness, b functional richness,
¢ functional dispersion. Sigmfi-
cant differences are indicated ,
by different letters based on
Tukey's HSDY tests. Habirat
type codes: LK legal reserves,
APP arcas of permanent protec- 7
tion, PALM o1l palm plantations =
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habitat and landscape changes, depending on the mean body
size and the proportion of suitable habitat (Steffan-Dewenter
et al. 2002; Silva et al. 2017). For solitary wild bees, for
example, the species’ perception of the landscape structure
is more affected at local or field spatial scale, and this is
related to their dispersal abilities or foraging ranges (Steffan-
Dewenter et al. 2002).

The large-bodied orchid bees, such as Enlaema ( Enlaema)
and Exaerete species, often use large rainforest areas and
are able to fly across deforested areas (Raw 1989; Tonhasca
et al. 2003; Wikelski et al. 2010) and open-water, with a
range flight of about 5-20 km (Janzen 1971; Wikelski et al.
2010; Storck=Tonon and Peres 2017). This could be related
to the capacity to withstand high temperatures that the larger
euglossine bees produce, compared to the small ones (May
and Casey 1983), and because many small-bodied species
are not able to fly over deforested or degraded areas (Milet-
Pinheiro and Schlindwein 20035). Moreover, these restric-
tions on orchid bee movements may depend on the size and
scale of the habitat change or dispersal barrier, but also on
the presence of high-guality habitat for orchid bees in the
landscape, which could favor dispersal of bees and other
pollinators along them (Pokorny et al. 2015).

There is evidence that isolation of Atlantic Forest islands
and a mainland forest in 7=11 km represents a significant
dispersal barrier for Euglossa cordata Linnaeus, 1758, for
example, leading individuals to genetic differentiation (Boff
etal. 2014). Additionally, for Englossa imperialis Cockerell,
1922, it has been shown that male individuals were recap-
tured at a maximum of 810 m far from the released site
(Pokorny et al. 2015; Opedal et al. 2016). In our study. some
small-bodied species occurred in greater number inside the
forests (although they were also recorded in lower abun-
dances the oil palm areas, see Brito et al. 2017), while most
of them were restricted to forested areas (LR and APPs).
reinforcing the fact that some orchid bee species, mainly the
small bodied ones. seem to be more closely bound to forest
habitats (Milet-Pinheiro and Schlindwein 2005).

Differences in species composition, abundances. and rich-
ness of orchid bees may be associated with small changes in
local abiotic factors (e.g., temperature, humidity and rainfall;
Andrade-Silva et al. 2012; Giangarelli et al. 2014), habitat
characteristics. such as forest canopy, density of understory
and sunlight exposition (Viana et al. 2006), but also with
other unmeasured variables, such as the number and dis-
persal of scents used (Nemésio and Silveira 2006), and the
variation on natural fragrance resources (Armbruster 1993).
Our results demonstrate that, despite a great effort and num-
ber of variables measured, the habitat structure alone is not a
good predictor of the taxonomic and functional composition
of orchid bees. On the other hand, the exclusive presence
of some species we collect in preserved areas (see Online
Resource 5). suggests that even homogeneous plantations of

medium-sized trees, such as the oil palm, may act as barriers
for some Euglossini species, at least for the local fauna of
these bees. Other environmental variables—not measured in
our study=—=likely related to observed patterns of orchid bees
that we documented. The challenge in identifying habitat
structure features that relate to orchid bee communities is
partially because these bees are able to fly long-distances
and just how the bees perceive landscape quality and scale
remains under studied.

Previous research conducted in the same study area found
some low-level of spatial correlation (Mantel r values < 15%)
on abundance, richness, and species composition of orchid
bees (Brito et al. 2017). Brosi (2009) showed that both abun-
dance and community similarity of bees were significantly
spatially autocorrelated, in forest fragments situated in a
matrix of primarily cattle pasture. One potential explana-
tion is that that landscape variables, such as size and shape
of forest fragments and connectivity between them. are the
most important in determining at least abundance of orchid
bees (Brosi 2009; Winfree et al. 2007), while richness and
diversity show negative relationship with increasing edge
index (Storck=Tonon et al. 2013). And given the variety of
resources used by all bees during their life cycle (e.g.. pol-
len. nectar, and nest-construction materials) found in differ-
ent habitats (Miiller et al. 2006b), habitat structure may not
have altered bee communities because adjacent and nearby
forest patches may be able to supplement resources for plan-
tation dwelling bee species (Roberts et al. 2017).

Our findings that land-use change negatively affected
both orchid bee species richness and FD supports the widely
held belief that many bees are significantly impacted by cul-
tivated, human-altered habitats (Livingston et al. 2013; For-
rest et al. 2015). Planting and agricultural land-use provide
changes not only in the species richness and abundance, but
also species and trait compositions of pollinator communi-
ties (Rader et al. 2014). Changes in pollinator communities
occurs because these land uses share some attributes, such
as loss of native plant species and soil compaction, that may
impact distinct functional groups (Forrest et al. 2015). Evi-
dence suggest that in other taxa, areas with intensive agri-
culture leads to a reduced functional-trait diversity (Flynn
et al. 2009; Laliberté et al. 2010). In a study conducted in
the same area of our study, Luiza-Andrade et al. (2017)
demonstrated that both taxonomic and functional richness
of aguatic insect communities (i.e. ephemeropteran, plecop-
teran. and trichopteran) were affected by oil palm plantation,
and the authors emphasize the need of active conservation
measures in order to conserve the diversity of these groups
in streams associated with oil palm plantations. Differences
in heteropteran (Cunha et al. 2015) and bird (Lees et al.
2015; Almeida et al. 2016) communities were also recorded
in 01l palm plantations in eastern Amazonia compared to the
other available land uses.
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In general. species richness as the sole measure of
biodiversity may not be sufficient to describe the species
communities, other parameters that reflect the variation
in species composition are recommended, as we have pre-
sented here (Wilsey 2005). Using species traits is a com-
plementary and refined way of describing biodiversity and
to document at how communities of interacting species
can be affected by land-use change (Cernansky 2017). For
example, Braaker et al. (2017) demonstrated a positive
relationship between species traits and environment vari-
ables. where social bees were positively associated with
green roofs and with flower abundance.

Although we sampled bees using scent traps in a short
period of time. our sampling was sufficient and compara-
ble with other studies, which the expected catch rates is
of < 40 species (Mateus et al. 2015; Storck-Tonon et al.
2009). These rapid. targeted sampling has been demon-
strated to be almost as effective in revealing community
patterns of orchid bees as long-term surveys (Roubik 2004;
Livingston et al. 2013). The use of passive scent traps
remains the standard for landscape-level sampling like
ours, because of the difficult logistics in sampling large
areas at the same time, and because it removes bias inherit
in hand netting {as reported by Ferreira et al. 201 1). None-
theless, additional sampling techniques like hand-netting
may capture additional species not collected with scent
traps (Nemésio and Morato 2004; Nemésio 20012). In our
related work (Brito et al. 2017), we found that the commu-
nity-wide sampling to reveal distinct orchid bee communi-
ties with robust statistical results, and we are confident the
current work reveals true ecological communities.

Ouwr results support the idea of including morphologi-
cal attributes to describe insect communities in ecological
studies. The long-distance flight capacity of the orchid
bees suggests that the large-bodied species could travel far-
ther into oil palm. while smaller bees are more restricted
to forest reserves. Nevertheless, the APPs seem to play
an important role in the maintenance of both taxonomic
and functional composition of orchid bee communities,
since the APPs showed similar patterns to forest reserves
and oil palm plantations. These results suggest that forest
patches and semi-natural habitats connected with the APPs
are being used by the bees as corridors of displacement
between the forest fragments, in a matrix formed by oil
palm. The functional similarity between LRs and APPs
reflects the structural elements common to them, although
relations between the taxonomic and functional composi-
tions have not been verified with the physical structure
of the habitat of the land uses that we evaluated. Future
studies evaluating these gquestions regarding bee species.
habitat structure and dispersal need to be replicated else-
where to check whether our results are also found in other
geographic locations.
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