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That these [bees] and other insects, while pursuing their food in the flowers, at the same
time fertilize them without intending and knowing it, and thereby lay the foundation for
their own and their offspring's future preservation, appears to me to be one of the most

admirable arrangements of nature.

Christian Konrad Sprengel, 1793



SUMARIO

RESUMOL . .o oot e e e 7
ABSTRACT . « . e et et e e e e e e e e 8
INTRODUGAO . . .ottt e e e e e e e e e e .9
REVISAO CRITICA. .« oo ettt et e e e e e e e e e e 11
CAPITULO L. . oot e e e e e e i 17
CONCLUSOES GERAIS. .« vt ot e e e e e e e e e e e e e e e e e e e s 58
BIBLIOGRAFIA COMPLETA « . .« v ettt e e e e e e e e e e e e e e e e e e e e e 59

Tabelas e figuras

TABELA L. .o s 44
TABELA 2. . oo 45
LEGENDAS DAS FIGURAS. . .« ¢ e ettt ittt ettt e et e e e ettt e e e e et 49
FIGURA L. 51
FIGURA 2 o ottt e e e e e e e e s 52
FIGURA B . o s 53
FIGURA 4 . 54
FIGURA S o e e 55
FIGURA 6. . oo e s 56
APENDICE « . . ettt ettt et e e e e e e e e e .46



Resumo - Conjuntos de tragos refletindo adaptagdes a certos polinizadores sao conhecidos
como "sindromes de polinizagao". Estudos sobre morfologia floral e sindromes de
poliniza¢do fundamentaram o nosso conhecimento sobre as interagdes planta-polinizador.
Ainda sabemos pouco sobre como as formas florais mudaram na evolugdo, mas esta lacuna
pode ser preenchida com abordagens filogenéticas. Estudamos tracos florais, sindromes de
polinizagdo, e filogenia de espécies lenhosas de cerrado com as perguntas: (1) As sindromes
de polinizagdo sdo consistente?; (2) Quais as caracteristicas associadas a cada sindrome?; (3)
Os tragos florais apresentam sinal filogenético?; (4) Ha padrdes globais e locais na filogenia?;
(5) A diversidade de tragos estd expressa em um ou em poucos nos da filogenia?; (6) A
diversidade de tragos estd agrupada perto da raiz ou das folhas da arvore? Respondendo as
primeira e segunda perguntas, corroboramos a existéncia de duas grandes sindromes de
polinizacgdo: "abelhas", associada a maiores didmetros da base da corola, e "insetos
pequenos", associada a grandes concentragdes de néctar. A terceira pergunta, verificamos que
todas os tracos florais apresentam sinal filogenético, a maioria deles com valor negativo. A
quarta questdo, encontramos tanto padrdes globais como locais da evolucao dos tragos.
Finalmente, as quinta e sexta questdes, descobrimos que a diversidade de tragos esta
concentrada em alguns nos ao longo da arvore filogenética. As interacdes entre flores e
polinizadores parece ter tido um papel importante na diversificacdo das plantas do cerrado. A
diversidade de tragos florais podem ser atribuidos, em parte, a adaptacdo das angiospermas
aos primeiros polinizadores do Cretaceo e, em parte, as adaptacdes ao ambiente de

polinizagdo cerrado.

Palavras-chave: cerrado; diversidade de tracos; ecologia filogenética; morfologia floral;

neotropicos; polinizacao



Abstract - Sets of floral traits reflecting adaptations to certain pollinators are known as
“pollination syndromes”. Studies on floral morphology and pollination syndromes
fundamented our knowledge on plant-pollinator interactions. There is still little evidence as to
how floral forms have shifted during the evolutionary time, but this gap could be filled with
phylogenetic approaches. We studied floral traits, pollination syndromes, and phylogeny of
cerrado woody species answering the questions: (1) Are pollination syndromes consistent?
(2) Which traits are associated to each syndrome?; (3) Do floral traits present phylogenetic
signal?; (4) Are there global and local phylogenetic structures?; (5) Is trait diversity expressed
in one or is few nodes of the phylogeny?; (6) Is trait diversity clustered near the root or near
the tips of the tree? For the first and second questions, we corroborated the existence of two
major pollination syndromes: “bees”, associated with high corolla base diameter; and “small
generalist insects”, associated with high nectar concentration. For the third question, we
found that all of the traits presented phylogenetic signal, most of them with negative value.
For the fourth, we encountered both global and local patterns of trait evolution. And, finally,
for the fifth and sixth questions, we found that trait diversity is skewed through few nodes of
the phylogenetic tree. We postulate that, in the cerrado, interaction between flowers and their
pollinators seems to has played an important rule in angiosperm diversification. Floral traits
diversity may be atributed partly to early angiosperm adaptation to mid-Cretaceous

pollinators, and partly to adaptations to the cerrado pollination environment.

Key-words: flower morphology; Neotropics; phylogenetic ecology; pollination; savanna;

trait diversity



INTRODUCAO

O sucesso reprodutivo das angiospermas depende diretamente da polinizacao (Potts et al.
2010). Os vetores de polen, agentes responsaveis pelo deslocamento do grao de pélen entre
as flores de uma espécie, podem ser tanto abidticos (4gua e vento), quanto bidticos (animais;
Faegri & van der Pijl 1979, Endress 1996). Os agentes bioticos incluem animais tanto
generalistas, que obtém nutrientes a partir de diversas fontes alimentares, quanto
especialistas, que dependem exclusivamente de recursos florais para sobrevivente (como as
abelhas, e algumas aves e morcegos; Machado & Oliveira, 2000). A polinizagdo por animais
tem uma importancia especial para angiospermas: as familias com polinizadas bioticamente
sdo mais diversas do que as abioticamente polinizadas, e as maiores extingdes desse grupo de
plantas seguiram a quedas da diversidade de polinizadores (Labandeira 2002, Labandeira et
al. 2002, Kay et al. 2006).

Alguns tracos florais podem ser interpretados como sinais que facilitam comunicacao
animal-planta: quando se trata de polinizacdo, estes sinais podem atrair os animais,
desencadeando neles um comportamento de forrageio (Schaefer et al. 2004). Conjuntos de
tracos florais que, hipoteticamente, refletem adaptacdes a certos tipos de polinizadores sdo
conhecidos como "sindromes de polinizagao" (Faegri & van der Pijl 1979). O conceito de
sindromes de polinizagdo € util para organizar a diversidade de angiospermas de acordo com
tragos florais, e inferir qual vetor polinizagao foi responsavel por mediar a adaptagao floral de
uma dada espécie (Orlleton et al. 2009). As sindromes de polinizagdo mais comumente

distinguidas sdo (Faegri & van der Pijl 1979, Endress 1996, Martén-Rodrigues et al. 2010):



ABELHAS — as flores sdo diurnas, geralmente azuis, amarelas ou ultravioletas; muitas vezes
com guias de néctar. Flores zigomorfas e com tubos curtos sao frequentes. O néctar pode
estar escondido, e flores que oferecem podlen apresentam anteras poricidas.

BESOUROS — as flores apresentam cores palidas, o aroma ¢ forte e desempenha um papel
na atragdo. S@o estruturalmente fortes, e produzem grandes quantidades de polen e tecidos
nutritivos. Podem servir como abrigo aos animais, e ter metabolismo termogénico.

MOSCAS — muitas moscas se alimentam do néctar presente em flores abertas, generalistas.
Mas plantas adaptadas a polinizagdo por moscas devem apresentar cores apagadas, com
manchas ou listras escuras; perianto com estruturas alongadas, e emitir odores almiscarados.

BORBOLETAS — flores diurnas, com cores vivas (laranja, vermelho, rosa, ou varias cores
contrastantes na mesma flor); podem ocorrer guias de néctar. Plataformas de pouso sdo
comuns, € os nectarios sdo escondidos em tubos estreitos ou espordes.

ESFINGIDEOS — as flores abrem ao entardecer ou a noite, sdo brancas ou de cor clara; ndo
ha guias de néctar. O odor ¢ importante, sendo muitas vezes fortes e doces. O néctar &
relativamente abundante, e esta presente em tubos ou espordes muito longos e estreitos.

AVES — as flores sdo diurnas e sem cheiro, a corola geralmente ¢ vermelha brilhante, e
pode ter tons de amarelo. As flores podem ser longas e tubulares, mas sdo mais largas que as
flores de mariposas. Os estames e estigmas sdo expostos, € o néctar ¢ abundante.

MORCEGOS — a antese € noturna, a corola apresenta cores brancas ou palidas. O cheiro
lembra odores de material em fermentagdo. As flores apresentam tubos largos tubulares e
oferecem néctar e polen em quantidades copiosas.

VENTO — o perianto ¢ reduzido, as flores sdo pendentes, ¢ a floracdo em massa ¢ frequente.
A proporg¢do pdlen:dvulo ¢ muito elevada, e as anteras podem ser grandes; o pdlen ¢ seco e

pulverulento, os estigmas sdo secos. As flores ndo oferecem recompensas.
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Os organismos interagem por meio de seus fenotipos, os quais nao sao distribuidos
aleatoriamente na filogenia: as diferengas fenotipicas entre as espécies relacionadas de uma
comunidade sdo o resultado de modificagdes que ocorreram a partir de seu ancestral comum.
As relagdes filogenéticas sdo reconhecidas como uma das principais fontes de variagdo
bioldgica e, por um longo periodo de tempo, as restri¢cdes filogenéticas foram interpretadas
como uma fonte de ruidos (Jombart ef al. 2010). Mas, no estudo de comunidades, a
abordagem filogenética nos permite estudar a manutencao da diversidade sob uma nova
perspectiva, porque ela evidencia similaridades e diferengas entre as espécies coocorrentes
(Webb et al. 2002). Assim, podemos esperar que a diversidade filogenética de uma
comunidade seja, parcialmente, um produto das interacdes entre as espécies (Webb et al.
2002, Vamosi et al. 2009). Se pudermos entender a organizagdo das comunidades sob um
contexto evolutivo, os estudos de ecologia de comunidades podem ser complementados com
informacodes sobre as relagdes evolutivas entre as espécies coocorrentes (Webb et al. 2002).

Estudos comparativos sobre morfologia floral e sindromes de polinizagao fundamentaram
0 nosso conhecimento sobre ecologia e evolugdo de interagdes planta-polinizador (Smith
2010). As espécies vegetais apresentam muitas caracteristicas relacionadas a polinizagdo, e
tais caracteristicas devem influenciar ocorréncia de espécies em comunidades (Oliveira &
Gibbs 2000), mas ainda conhecemos pouco sobre como as morfologias florais mudaram ao
longo do tempo evolutivo (Alcantara & Lohmann 2010). Neste trabalho, nosso objetivo foi

entender melhor os padrdes evolutivos pelos quais a diversidade floral do cerrado evoluiu.
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REVISAO CRITICA

Um dos fundadores da ecologia da polinizacdo, e o primeiro pesquisador a associar tragos
florais a atrac¢do de polinizadores, foi Christian Konrad Sprengel. Em um trabalho publicado
em 1793, ele descreve, por exemplo, o néctar como recompensa aos insetos polinizadores, a
fun¢do dos guias de néctar, a corola como um 6rgdo de atragdo visual, e as adaptacdes mutuas
entre flores e seus polinizadores (Sprengel, 1793). Depois de algum tempo sem grandes
avangos no campo da ecologia da polinizagao (Faegri & van der Pijl 1979), Darwin (1862)
publicou sua investigacdo sobre orquideas, trazendo uma abordagem evolutiva ao estudo das
formas e fungdes florais.

Segundo Waser et al. (2011), a raiz historica mais clara do conceito moderno de sindromes
de polinizagao sindrome ¢ uma monografia de Federico Delpino, publicada em 1873-1874.
Os esquemas que Delpino criou para classificar as flores foram modificados em trabalhos
mais recentes, como o de Vogel (1954) e o de Faegri e van der Pijl (1979), levando ao
surgimento do conceito moderno de sindrome de polinizacao.

Faegri e van der Pijl (1979) definem as sindromes de polinizagdo como combinagdes de
tracos florais que refletem adaptagdo a determinados tipos de polinizadores, mas reconhecem
que nem todas as espécies de angiospermas devem se encaixar no conceito de sindromes, e
discutem que apresentar flores condizentes com uma sindrome nao € pré-requisito para que a
polinizacao ocorra. Em vez disso, os pesquisadores afirmam que uma maioria significativa
das espécies polinizadas por um dado vetor apresenta a sindrome correspondente, € que a
ocorréncia de uma mesma sindrome em nas mais diversas espécies de angiospermas esta

longe de ser acidental.
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Mais recentemente, Fenster ef al. (2004) reformulou o conceito de sindromes de
polinizacao e de especializagdo floral. Os pesquisadores discutem que os polinizadores
devem ser organizados em grupos funcionais, de acordo com os tipos de pressao seletiva que
eles exercem. Re-analisando os dados de Robertson (1928) sobre 15.172 visitas a 441
espécies de angiospermas, Waser ef al. (1996) observaram que a grande maioria das plantas
recebeu visitas de muitas espécies de polinizadores em potencial, e concluiram que 91 por
cento de 375 espécies estudadas eram generalistas. Mas quando Fenster et al. (2004)
trabalharam com os mesmos dados, concluiram que a maioria das espécies foi polinizada por
apenas um grupo funcional, e que muitas foram polinizadas por dois grupos funcionais que,
provavelmente, exercem pressdes seletivas muito semelhantes. Assim, concluiram que cerca
de 75 por cento das espécies estudadas sdo especialistas em relacdo ao grupo funcional que as
poliniza, uma conclusdo muito diferente daquela a que Waser et al. (1996) chegou.

O fato de as sindromes de polinizagao serem definidas como adaptagdes florais a dado tipo
de polinizador as torna interessante para ser estudadas sob a perspectiva filogenética. De
acordo com Johnson et al. (1998), Tripp & Manos (2008), Martén-Rodrigues et al. (2010) e
Alcantara & Lohmman (2011), a evolug@o convergente do mesmo conjunto de tragcos em
linhagens distantemente relacionados de angiospermas indica fortemente a adaptacdo a uma
sindrome de polinizagdo, pois espécies polinizadas pelos mesmos vetores devem sofrer as
mesmas pressoes seletivas. Assim, um grande nimero de trabalhos visando relacionar
sindromes de polinizagdo a dados filogenéticos foi realizado, € muitos destes corroboraram o
conceito de sindromes de polinizagdo.

Em um estudo cladistico que buscava entender a evolucgao de flores e de sistemas de
polinizagdo em Disa, um género de Orchidaceae, Johnson et al. (1998) constataram que a

polinizag@o por moscas, abelhas, borboletas, mariposas e a auto-polinizagdo provavelmente
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tiveram multiplas origens. Essa pesquisa também mostrou que as espécies polinizadas pelos
mesmos animais compartilham algumas caracteristicas florais. Por exemplo, espécies
polinizadas por borboletas surgiram duas vezes em Disa, e em ambos os grupos as flores
apresentam grandes espordes, sao vermelhas e ofertam néctar; ja as flores grandes, coloridas
e sem néctar, polinizadas por abelhas do género Xylocopa, evoluiram duas vezes; e as flores
noturnas e perfumadas polinizadas por mariposas devem ter tido pelo menos trés origens
independentes. Além disso, Johnson et al. (1998) também constataram que alguns taxons
intimamente relacionados as vezes apresentam grandes diferencas nos tracos florais, o que
pode ser consequéncia da selecdo por polinizadores diferentes. Assim, os autores
corroboraram a radiagdo adaptativa mediada por polinizadores em Disa, ideia que permeia o
conceito sindromes de polinizagdo.

Pesquisas mais recentes sobre filogenias e tragos florais também corroboraram a
adaptacao de flores a polinizadores. Por exemplo, Tripp ¢ Manos (2008), Martén-Rodrigues
et al. (2010), e Alcantara e Lohmann (2010), estudando os grupos Ruellia (Acanthaceae),
Gesneria (Gesneriaceae), e Bignoniae (Bignoniaceae), respectivamente, descobriram que
nesses clados os tracos florais sdo significativamente associados aos sistemas de polinizagao,
e que cada sistema de polinizagdo teve multiplas origens. Todos os trabalhos encontraram
associagoes de tracos florais entre si, e de tragos florais com sistemas de polinizagdo. Tais
correspondéncias indicam que, nestes grupos de angiospermas, as flores evoluiram sob o
conceito de sindrome de polinizacao (Marten-Rodrigues ef al. 2010), e que as interagdes
planta-polinizador desempenharam um importante papel na diversificagdo das espécies
(Alcantara & Lohmann 2010).

Mas a ideia de correspondéncia entre tragos florais e polinizadores ¢ muitas vezes

contestada. Uma das criticas mais fortes ao conceito sindromes de polinizagao foi publicada
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por Herrera (1996). Neste trabalho, o autor argumenta que, como as espécies evoluem num
contexto de comunidades, interagindo com varidveis bidticas e com outras espécies de
plantas e de animais, os polinizadores ndo sdo os unicos agentes seletivos que atuam sobre
caracteristicas florais. Também em 1996, Wilson e Thomson discutiram que as flores
divergem por uma gama de mecanismos, como adaptacdo a polinizadores, deriva genética e
pleiotropia. Alguns pesquisadores observaram que animais antagonistas, como ladrdes de
néctar, herbivoros e patdogenos; ou fatores abidticos, como seca, calor e chuva, também pode
atuar como agentes seletivos em tragos florais (Irwin et al. 2004, Strauss & Whittal 2006). Ja
outros autores sugerem que o comportamento dos polinizadores pode variar de acordo com a
composicao de espécies vegetais das comunidades, alterando os padrdes de sele¢ao de tracos
florais (Geber & Moeller 2006). Torres e Galetto (2002), estudando o comprimento da corola
e a composicdo néctar em Asteraceae, também refutaram a existéncia de correlacdes entre
tragos florais e polinizadores. Para esses pesquisadores, os tragos florais parecem ser
conservados na filogenia, com grupos mais basais apresentando corolas mais longas e néctar
com maiores propor¢des de sacarose do que grupos mais derivadas (Torres & Galetto 2002).
Ollerton et al. (2009) testaram e refutaram existéncia de sindromes polinizagcdo em vérias
comunidades espalhados pelo mundo. Os pesquisadores criaram um "espago fenotipico"
multivariado, no qual cada sindrome idealizada, como normalmente descrita, estava
ordenada. Em seguida, eles plotaram espécies vegetais de seis comunidades do mundo nesse
espago, e verificaram que quase nenhuma delas caiu em no espago ocupado pelas sindromes
idealizadas. Os autores também constataram que, em cerca de dois tergos das espécies
estudadas, o polinizador real nao pode ser previsto com sucesso com base na ordenagao.
Assim, o conceito classico de sindromes de polinizacdo tem sido contrariado em algumas

obras: de acordo com alguns estudos, ele ndo pode descrever com sucesso a diversidade de
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fendtipos florais ou os polinizadores da maioria das espécies de plantas (Herrera 1996, Torres
& Galleto 2002, Orlleton ef al. 2009). Este problema pode surgir porque: (1) as mesmas
caracteristicas florais que atraem animais mutualistas, devem também ser Uteis para evitar os
antagonistas (Schaefer et al. 2004.); (2) as caracteristicas florais podem sofrer a influéncia de
processos evolutivos ndo-adaptativos, como efeitos pleiotropicos, efeitos fundadores, deriva
genética, impedimentos genéticos e historicos (Winson & Thomson 1996, Webb et al. 2002,
Schaefer et al. 2004, Ollerton et al. 2009); (3) as escalas também podem interferir nos
resultados dos estudos; por exemplo, estudos feitos com tribos ou géneros geralmente
corroboram as sindromes de polinizadores, enquanto estudos feitos com comunidades nao
(Tripp & Manos 2008); (4) polinizadores de diferentes grupos funcionais visitando as
mesmas flores podem exercer pressoes eletivas em varias dire¢des, influenciando a evolugao
dos tracos florais (Ollerton et al. 2009); (5) por fim, como ja mencionado, fatores abioticos
também podem agir como agentes seletivos (Strauss & Whittal 2006). Portanto, os tragos
florais sao definidos por multiplos fatores bidticos e abioticos.

Apesar de toda a discussdo acerca da existéncia e aplicabilidade de sindromes, varios
autores concordam que o papel desempenhado por polinizadores € central na adaptacao floral
(Fenster et al. 2004, Strauss & Whittal 2006, Harder & Johnson 2009, Smith 2010). De
acordo com uma revisdo feita por van der Niet e Johnson (2012), pelo menos um quarto dos
eventos de divergéncia estudados em angiospermas pode ser associado a mudancas de
polinizadores. Outros autores também concluiram que os caracteres contrastantes de flores
polinizadas por diferentes tipos de animais sdo quase certamente adaptativos (Wilson &
Thomson, 1996); e, apesar da critica ao conceito de sindromes, Orlleton et al. (2009)
reconhecem que algumas espécies polinizadas por certos grupos de animais podem ter flores

compativeis com o conceito de sindromes.
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CHAPTER 1

Artigo padronizado de acordo com as normas do jornal Biotropica
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ABSTRACT — Studies on floral morphology and pollination syndromes fundamented our
knowledge on plant-pollinator interactions. However, there is still little evidence as to how
floral forms have shifted during the evolutionary time, and this gap could be filled with
phylogenetic approaches. We studied floral traits, pollination syndromes, and phylogeny of
cerrado woody species answering the questions: (1) Are pollination syndromes consistent?
(2) Which traits are associated to each syndrome?; (3) Do floral traits present phylogenetic
signal?; (4) Are there global and local phylogenetic structures?; (5) Is trait diversity expressed
in one or is few nodes of the phylogeny?; (6) Is trait diversity clustered near the root or near
the tips of the tree? Using a detrended correspondence analysis and a multivariate analysis of
variance, we corroborated the existence of two major pollination syndromes: “bees”,
associated with high corolla base diameter; and “small generalist insects”, associated with
high nectar concentration. Using the Blomberg’s K, we found that all of the traits presented
phylogenetic signal, most of them with negative value. Making a phylogenetic principal
component analysis, encountered both global and local patterns of trait evolution.
Decomposing trait diversity with a quadratic entropy index, and testing trait diversity
skewness, we found that trait diversity is skewed through few nodes of the phylogenetic tree.
We postulate that, in the cerrado, diversification of floral traits has been driven by pollinators,
and may be atributed partly to early angiosperm adaptation to mid-Cretaceous pollinators,

and partly to adaptations to the cerrado pollination environment.

Key words: flower morphology; Neotropics; phylogenetic ecology; pollination; savanna; trait

diversity
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RESUMO - Os estudos sobre morfologia floral e sindromes de polinizacao fundamentaram o
nosso conhecimento sobre as interagdes planta-polinizador. Contudo, ainda hé poucas
evidéncias sobre como as floraes mudaram durante o tempo evolutivo, e esta lacuna pode ser
preenchida com abordagens filogenéticas. Estudamos tracos florais, sindromes de
polinizagao, e filogenia de espécies lenhosas de cerrado, respondendo as perguntas: (1) as
sindromes de polinizagdo sdo consistente?; (2) que caracteristicas sdao associadas a cada
sindrome?; (3) os tracos florais apresentam sinal filogenético?; (4) ha estruturas filogenéticas
globais e locais?; (5) a diversidade de tragos ¢ melhor expressa em um ou em poucos nos da
filogenia?; (6) a diversidade de tracos esta agrupada perto da raiz ou perto das folhas da
arvore? Usando uma andlise de correspondéncia retificada e uma andlise de variancia
multivariada, nds corroboramos a existéncia de duas grandes sindromes de polinizacao:
"abelhas", associada com valores altos para o didmetro da base da corola, e "insetos
generalistas pequenos", associada a altas concentragdes de néctar. Usando o K Blomberg,
encontramos que todas os tragos florais apresentam sinal filogenético, a maioria deles com
valor negativo. A analise de componentes principais filogenética nos revelou que a evolucao
dos tragos se deu tanto seguinto padrdes globais quanto locais. Decompondo a diversidade
caracteristica com um indice de entropia quadratica, e testando a distribuicdo da diversidade
de tragos, encontramos que tal ¢ distribuida por alguns noés ao longo de toda a arvore
filogenética. Nos postulamos que, no cerrado, a diversificacao de tracos florais ¢ direcionada
pelos polinizadores, € pode ser atribuidos tanto a adaptagdo das angiospermas aos
polinizadores do médio Cretaceo, quando a adaptacdes ao ambiente de polinizagdo do

cerrado.
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PLANT REPRODUCTIVE PROCESSES ARE DETERMINANT TO THE COMPOSITION AND STRUCTURE
OF COMMUNITIES (Oliveira & Gibbs 2000). Among such processes, plant-pollinator
interactions form a cohesive and dynamic subunity of the community (Moldenke & Lincoln
1979). Flowering plant reproductive success depends directly on pollination, and when it is
somehow afected, loss of species or changes in evolutionary processes can occur (Potts et al.
2010). The mutual benefits of plant-pollinator interactions has been determinant to generate
and maintain the terrestrial biodiversity (Armbruster 1997). These benefits can be evidenced
both from data collected in the fossil register and from lists of current fauna and flora:
flowering plants and insects, their major pollinators (Waser 2006), are the two richest extant
groups; biotically pollinated angiosperm families are far more diverse than abiotically
pollinated ones; and the greatest angiosperm extinctions followed pollinator diversity
declines (Bascompte & Jordano 2007, Tripp & Manos 2008, Smith 2010).

Since traits associated to outcrossing have directly afectted reproductive success
(Alcantara & Lohmann 2010), modification of pollination systems has been considered as a
central factor for angiosperm speciation and flower diversification (Harder & Johnson 2009,
Martén-Rodrigues et al. 2010). The success of pollen transfer and the pollinator preferences
are strong selective agents (Alcantara & Lohmann 2010). Thus, changes of ecological niches,
as adaptation to new pollinators, can directly affect angiosperm speciation if they cause plant
reproductive isolation (Tripp & Manos 2008, Harder & Johnson 2009). Sets of floral
attributes that, hypothetically, reflect flower adaptations to certain pollination vectors are
known as “pollination syndromes” (Faegri & van der Pijl 1979). These syndromes are useful
to organise the floral diversity according to their functional traits and to formulate postulates
of which pollination vectors led to the floral adaptation of unstudied species (Ollerton et al.

2009; Alcantara & Lohmann 2010).
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Comparative studies of floral morphology and pollination syndromes underlie our
knowledge on ecology and evolution of plant-pollinator interactions (Smith 2010), but there
is still little evidence as to how floral morphologies have shifted during the evolutionary time
(Alcantara & Lohmann 2010). A phylogenetic perspective to study communities allows us to
shed light into the influence of historical and ecological processes on community assembly
and to complement ecological knowledge with evolutionary information (Webb ez al. 2002).
In this sense, phylogeny represents a source of important biological information that can be
used to identify historical and recent evolutionary strategies (Jombart ef al. 2010).
Information on phylogeny is of crucial importance if the morphology and pollination of
different species are to be compared (Ambruster 1996), and such works gain much in value
when carried out in the natural environment within which traits are expressed and pollinators
choose among species and individuals (Galen 1996).

Studying the phylogenetic patterns of trait variation allows formation of postulates about
the evolutionary pathways that led to the trait values of extant species (Jombart et al. 2010).
Many biological patterns are phylogenetically structured: inheritance from a common
ancestor and phylogenetic inertia may cause trait values to be similar across closely related
species (“positive phylogenetic signal”; Jombart et al. 2010). However, traits might also be
affected by variations relating to ecological conditions experienced by the species, what
might lead closely related species to present dissimilar trait values, or distantly related
species to share similar trait values (“negative phylogenetic signal”; Jombart et al. 2010).
Usually, one can only access phylogenetic signal when dealing with univariate data, but new
methods, such the phylogenetic principal component analysis (Jombart et al. 2010), were
designed to detect phylogenetic structures observable in multivariate data. When using this

approach, global and local phylogenetic structures arise: the former most often results from
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positive phylogenetic autocorrelation and the last, from negative phylogenetic signal
(Jombart et al. 2010).

Besides the pattern of distribution of trait values through a phylogenetic tree, one could
also be interested in finding out how the functional diversity of traits is structured in the
phylogeny. If so, trait diversity could be decomposed through the tree nodes by using the
quadratic entropy index proposed by Pavoine et al. (2010). If the rate of evolution is
drastically high in a single branch of the tree or if the rate of evolution was higher in the past,
trait diversity can be organised so that only one node expresses the whole diversity. When
few groups have high contributions to trait diversity while many have low or no
contributions, trait diversity can be evenly distributed across few nodes. When diversification
rate was higher in the past, trait diversity can be clustered near the root, but when
diversification rate was higher more recently, trait diversity can be clustered near the tips.

The Brazilian cerrado is a vegetation type ranging from grassland to woodland, but in
which savannic formations are predominant (Bourliere & Hadley 1983). In the savanna
formations of the cerrado vegetation, the herbaceous component is almost continuous,
interrupted only by shrubs and trees in variable densities; fire is frequent and important; and
there is a strong climatic sasonality, with alternating wet summers and dry winters (Bourliere
& Hadley 1983, Williams et al. 1997). In the cerrado, as in other vegetation types, plant-
pollinator relationships seem to involve plant species guilds associated to certain pollinator
groups (Oliveira & Gibbs 2000). Oliveira and Gibbs (2000) and Martins and Batalha (2006)
classified cerrado woody species into the following pollination syndromes: (1) “bees”, (2)
“small generalist insects”, (3) “beetles”, (4) “moths”, (5) “birds”, (6) “bats”, and (7) “wind”.
Although many animal groups are important to cerrado species, bees and small generalist

insects are the more frequent pollinators (Oliveira & Gibbs 2000, Gottsberger & Silberbauer-
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Gottsberger 2006, Martins & Batalha 2006).

We studied the relationships between floral traits associated to pollination, pollination
syndromes, and the phylogeny of cerrado woody species, trying to answer the following
questions: (1) Are pollination syndromes consistent? Since Martins and Batalha (2006),
working with woody cerrado species, corroborated the consistency only of rare syndromes,
we expected the “bees” and “small generalist insects” syndromes to be indistinguishable from
each other when taking all floral traits simultaneously into account; (2) Which traits are
associated to each syndrome? We expected “bees” and “small insect syndromes” to be
associated to higher nectar concetration, and to be open or present short corolla lenghts;
“beetle flowers” to present large proportions; “moths” flowers syndrome to have low nectar
concentration, and to have a long and narrow tube; “bird flowers” to be related to low nectar
concentration, and slightly narrow tubular corollas; “bat flowers” to present large and wide
tubular morphologies; and “wind” syndromes to be associated small sizes and no nectar
(Faegri & van der Pijl 1979, Endress 1996, Tripp & Manos 2008, Martén-Rodrigues ef al.
2010); (3) Do floral traits present phylogenetic signal? Because of phylogenetic inertia, we
expected traits to present positive phylogenetic signal; (4) Extracting synthetic variables, are
there global and local phylogenetic structures? We expected both global and local structures
to be present, both phylogenetic inertia and pollinator-driven adaptation must be important to
determine floral morphologies; (5) Are trait values of the species in the phylogeny organised
so that one or few nodes express the whole trait diversity? We expected trait diversity to be
concentrated in few nodes, corresponding to shifts in pollinator syndromes; (6) Are trait
values organised within the phylogeny so that trait diversity is clustered near the root or near
the tips? Since, among cerrado species, trait diversity of vegetative traits was higher in mid-

Cretaceous, coinciding with the major species diversification of angiosperms (Batalha ef al.
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2011), we expected trait diversity to be clustered near the root.

METHODS

The study area is located in Sdo Carlos, Sdo Paulo State, southeastern Brazil, approximately
at 21°58°05”’S and 47°52°10”W, 890 m high (Silva and Batalha 2011). Regional climate is
classified as Cwa (Koppen 1931), that is, warm temperate with dry winters and wet summers.
Total annual rainfall and mean annual temperature are 1,339 mm and 22.1°C, respectively
(Oliveira and Batalha 2005). The area is covered by woodland cerrado (“cerrado sensu
stricto” sensu Coutinho 1978), growing on Oxisol (Silva & Batalha 2011). We placed a grid
with 100 contiguous quadrats, each with 5 m x 5 m, distributed in 10 rows. We sampled all
woody individuals, defined as those with stem diameter equal to or higher than 3 cm at soil
level (SMA 1997). We identified them to species level and classified them into families
according to Bell et al. (2010). We checked species names, synonyms, and authorities with
Plantminer (Carvalho ef al. 2010).

From July 2011 to June 2012, we visited the plots twice a week and collected flowers of
reproductive individuals, sampling 15-25 flowers per species, from 3-5 randomly selected
individuals. For those species that did not flower within the quadrats, we collected flowers of
reproductive individuals in the surrounding area. Flower morphological traits seem to be
important in shaping flower-visitor interactions (Junker ef al. 2012), and, according to the
pollination syndrome concept, flowers of species pollinated by the same group of animals
should present similar trait values, selected by their pollinators. Traits related both to animal
attraction and to pollen placement are liable to natural selection (Rosas-Guerrero et al. 2010):

flower attractiveness can be selected according to pollinator preference for some colours,
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shapes, sizes, and odours (Levin & Anderson 1970); and flower reproductive strutures can be
selected acording to pollinator size and behaviour, since these animais might contact anthers
and stigma while foraging in the flowers (Rosas-Guerrero ef al. 2010). We studied traits
associated both to attractiveness and to the spatial fit between flower and its pollinator. So,
for each species studied, we measured the following functional and morphological traits
important to pollination (Dafni & Neal 2005, Galetto & Bernardello 2005, Tripp & Manos
2008, Alcantara & Lohman 2011): (1) nectar concentration, (2) corolla diameter, (3) corolla
base diameter, (4) corola length, (5) calyx diameter, (6) calyx length, (7) anther area, and (8)
stigma area (Fig. 1). We measured the nectar concentration using a Calmex digital
refratometer; when a certain species did not present nectar, we considered its nectar
concentration as equal to zero. We used a digital caliper to measure corolla diameter, corolla
base diameter, corola length, calyx diameter, and calyx length. To calculate anther area, we
multiplicated its length and width; and, depending on the stigma morphology, we calculated
its area as two planes (2*length*width for bifid stigmas) or as a cilindric area (n*diameter? +
(2*m*diameter)*length for globose stigmas). We removed “stigma area” from subsequent
analyses, because it was highly correlated with corolla length.

Based on the literature (for example, Oliveira & Gibbs 2000, Gottsberger & Silberbauer-
Gottsberger 2006), we included all species in the following pollination syndromes: (1) bees,
(2) small generalist insects, (3) beetles, (4) moths, (5) hummingbirds, (6) bats, and (7) wind.
We also constructed a phylogenetic tree for the species sampled using Mesquite (Maddison
and Maddison 2011) and the consensus tree in Bell ez al. (2010) as reference. We improved
tree resolution by consulting studies on specific clades, such as Ericales (Doyle et al. 2000),
Fabales (Wojciechowiski 2003, Lavin et al. 2005, Ribeiro et al. 2007), Gentianales (Bremer

2009, Bremer & Erikson 2009), Malpighiales (Davis & Anderson, Qiu et al. 2010, Soltis et
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al. 2011), Myrtales (Clausing & Rener 2001, Lucas ef al. 2007, Lucas et al. 2010,
Goldenberg et al. 2008, Reginato et al. 2010, Michelangeli ef al. 2013). We placed undated
nodes evenly between dated nodes.

As flowers are integrated units that may require a precise conjunction of floral attributes to
function properly (Bissel & Diggle 2008), it is important to use multivariate approaches to
understand better the selective pressures of pollinators upon floral traits (Rosas-Guerrero et
al. 2010). To answer the first and second questions, we did a detrended correspondence
analysis (Jongman ef al. 1995). If the pollination syndromes were consistent, they should
occupy different portions of the hyperdimensional volume. We also did a multivariate
analysis of variance (Anderson 2001) to test whether the most frequent syndromes occupied
significantly different portions of the hyperdimensional volume. To answer the third question,
we used Blomberg’s K (Blomberg ef al. 2003). If there is no phylogenetic signal, K
approaches 1; if there is a positive phylogenetic signal, or closely related species are more
similar than expected by chance, K is higher than 1; if there is a negative phylogenetic signal,
or closely related species are more different than expected by chance, K is lower than 1
(Ackerly 2009). To answer the fourth question, we did a phylogenetic principal component
analysis (Jombart ef al. 2010), which associates phylogenetic information to multivariate
data, extracting the main patterns existent on the phylogeny. To answer the fifth and sixth
questions, we decomposed trait diversity across the phylogenetic tree and tested whether trait
diversity was concentrated in a single node, in few nodes, at the root, or at the tips (Pavoine
et al. 2010). We did all the analyses using the packages “ade4” (Dray & Dufour 2007),
“adephylo” (Jombart & Dray 2008), “ape” (Paradis et al. 2004), “geiger” (Harmon et al.
2009), and “vegan” (Oksanen ef al. 2012) developed for R (R Devolopment Core Team

2010). We also used the “decdiv” function (Pavoine et al. 2010).
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RESULTS

We sampled flowers of 39 cerrado woody species (Table 1), most of which were included
either in the “bees” (19 species) or “small generalist insects” (14 species) syndromes. Only
two species were included in the “moths” syndrome, and the other syndromes (“beetles”,
“bats”, “hummingbirds”, and “wind”) presented only one species each. Overall, different
syndromes occupied different portions of the diagram (Fig. 1). Both “bats” and “bees”
syndromes were related to high corolla base diameter, but the former was related to high
nectar concentration and the latter was related to high corolla diameter. “Beetles flowers”
were related to high corolla diameter. Both the “hummingbirds” and “moths” syndromes
were related to long corollas and nectariferous flowers, whereas the “small generalist insects”
flowers were related to high nectar concentration. Finally, the wind pollinated syndrome was
associated with a relativelly large anther area, at least when this area was compared to other
floral traits on the same species. When we considered the two most frequent syndromes,
“bees” and “small generalist insects”, they were significantly different (P = 0.002).

All of the traits presented phylogenetic signal (P < 0.05; Table 2), most of them with
negative signal and only nectar concentration and corolla length with positive signal. In the
phylogenetic principal component analysis (Figs. 2, 3, and 4), we found both global and local
components, that is, positive and negative phylogenetic signal, respectively. Corolla length
was the trait that contributed the most to the global component, whereas corolla base
diameter was the trait that contributed the most to the local component. On the one hand, trait
diversity was not concentrated neither on a single node (P = 0.248) nor at the root or tips (P =

0.699); on the other hand, trait diversity was concentrated on few nodes (P = 0.002; Fig. 5).

28



DISCUSSION

The idea that floral traits reflect plant adaptations to their pollinators has been discussed and
corroborated for a long time, since Sprengel (1793) until the recent works of Tripp and
Manos (2008), Alcantara and Lohman (2010), Martén Rodrigues et al. (2010). But, as was
pointed on the introduction, the pollinator-driven selection of floral traits has also been
contradicted (Herrera 1996, Waser et al. 1996, Torres & Galetto 2002, Martins & Batalha
2006, Ollerton et al. 2009). If flowers are specialized, this may be evident on an ordination
where distinct regions of the hyperdimensional volume beeing occupied by species with
similar pollination systems (Tripp & Manos 2008). Our results corroborated the existence of
the two major pollination syndromes, “bees” and “small generalist insects”, the former
predominantly with large, nectarless flowers, and the latter with small and highly
concentrated nectar. Also studying cerrado woody species, Martins and Batalha (2006) did
not find differences between the two syndromes, but they used only binary and categorical
variables, which may have caused loss of information. We postulate that both syndromes are
consistent and reflect adaptations to different pollination vectors, as the others syndromes,
whose flowers share different attributes (Martins & Batalha 2006).

The “pollinator syndrome” concept must take into account that pollinators form a
functional group, with animals behaving the same way (Fenster ef al. 2004). The selective
pressure caused by these functional groups should favour the integration of floral traits in a
way that flowers function as an unity (Rosas-Guerrero et al. 2010). Correlated traits indicate
the existence of adaptative phenotypes that evolved under a pollinator syndrome context
(Alcantara & Lohmann 2010). We found correlated traits, such as corolla length and stigma

area, corolla base diameter and corolla diameter, calyx diameter and anther area, and nectar
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concentration and corolla length, suggesting pollinator-driven diversification. The correlation
between corolla length and nectar production in cerrado species has alread been pointed out
by Silberbauer-Gottsberger and Gottsberger (1988): the position of the stigmas and anthers in
these flowers forces the animals to contact them while seeking for nectar in the bottom of the
corolla tube (Silberbauer-Gottsberger & Gottsberger 1988).

Pollination syndromes must be treated as auxiliary information, which can help us to
summarise floral diversity and predict the pollinators of an unstudied species (Ollerton et al.
2009, Alcantara & Lohmann 2010). Pollinators may be important selective agents on floral
morphology, but since species evolve within a community, pollinators are not the only source
of selection (Herrera 1996, Wilson & Thomson 1996, Geber & Moeller 2006, Strauss &
Whittal 2006). For instance, antagonists, as nectar robbers, herbivores, and pathogens (Irwin
et al. 2004, Strauss & Whittal 2006), or abiotic effects, as drought, heat, and rainfall (Strauss
& Whittal 2006), can also select floral traits. Nevertheless, pollinators are likely to have been
the main driving factor shaping floral traits (Strauss & Whittal 2006), and the contrasting
characters of flowers pollinated by different types of animals are almost certainly adaptative
(Wilson & Thomson, 1996).

Nectar concentration and corolla length were the only traits with positive phylogenetic
signal, appearing to be conservative traits, less liable to selection. Most of the traits presented
negative phylogenetic signal, pointing out convergent evolution (Webb et al. 2002). In such a
case, most traits were labile and adaptive, with distantly related species presenting similar
values. Independent origins of particular floral trait values suggest pollinator-driven
diversification (van der Niet & Johnson 2012). Thus, we postulate that, in the cerrado,
diversification of floral traits has been driven by pollinators. If so, one should expect shifts in

pollination syndromes to be correlated with floral traits across the phylogenetic tree.
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When we took into account all traits simultaneously, we found both local and global
patterns. The presence of global patterns indicates that in longer branches of the phylogeny
traits tend to be more conservative, whereas the presence of local patterns indicates that in
shorter branches traits tend to be phylogenetically divergent (Jombart ef al. 2010). The
conservation on longer branches reflects general patterns of angiosperm orders, whereas the
divergence on shorter branches may indicate floral adaptation of closely related plants to
different pollinators. Global phylogenetic structures are associated to close-to-root events of
diversitication, whereas local phylogenetic structures are associated to close-to-tips events
(Jombart et al. 2010). Since we found both local and global patterns, the results of the
phylogenetic ordination were in accordance with those of the trait diversity decomposition,
which showed that trait diversity is concentrated neither close to the root, nor close to the tips
of the tree.

Corolla length contributed the most to global patterns. Since global patterns most often are
a result of positive phylogenetic signal, corolla length should be highly structured towards the
phylogeny (Jombart et al. 2010). Indeed, this trait presented positive phylogenetic signal
among cerrado woody species. For instance, tubular flowers, usually longer, were restricted
to the Asterids (Myrsine umbellata to Aegiphilla lhotzkiana clade). However, a single trait
might present a general pattern of positive phylogenetic signal (global structure), but also
strong localised trait variations in a single lineage (local structure; Jombart e al. 2010). As a
matter of fact, although corolla length presented a positive phylogenetic signal, in some
branches it was less structured. Nectar concentration also presented positive phylogenetic
signal. Flowers without nectar were predominant among Malpighiaceae, Melastomataceae,
and Myrtaceae. Among cerrado woody species, members of these families are melittophilous,

what may have been important to the separation between “bees” and “small generalist
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insects” syndromes.

Corolla base diameter contributed the most to local patterns, which are associated with
negative phylogenetic signal (Jombart et a/. 2010). Indeed, this trait presented negative
phylogenetic signal among cerrado woody species. For example, unrelated species, such as
Virola sebifera, Guapira opposita, and Daphnopsis fasciculata, presented equally high
negative scores in the phylogenetic principal component analysis. Since the cerrado is a
recent vegetation type, with most of its species appearing less than 10 million years ago
(Simon et al. 2009), it is possible that this trait — and all the others with negative signal —
diverged more recently as a response of plant adaptation to cerrado pollinators, whose
frequency might be different from that of the late pleistocenic forest pollinators. Since
competition among related species are more intense (Ridley 2003), pollinator shift and
divergence of floral morphology in shorter branches may be a consequence of this intense
competition.

Trait diversity was skewed toward few, highly diverse nodes of the tree, indicating that
diversification of floral traits in cerrado woody species was concentrated on a few nodes of
the tree (Pavoine ef al. 2010). When taking into account vegetative traits, trait diversity in
cerrado woody species was concentrated near the root, which may be related to the major
diversification of angiosperms in mid-Cretaceous (Batalha ef al. 2011). Since pollinator
change may cause trait diversification (Whittal & Hodges 2007), clades that concentrate
higher trait diversity can be those in which pollinator change occured more intensively or
more frequently, whether during the early angiosperms diversification or during the more
recent times. The radiation of angiosperms is greatly associated with the diversification of
floral forms, which are associated to pollinator pressures (Faegri & van der Pijl 1979), but we

postulate that floral diversity in the cerrado may be atributed partly to early angiosperm
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adaptation to mid-Cretaceous pollinators, and partly to adaptations to the cerrado pollination
environment. As increased floral trait diversity is potentially associated with increased niches,
which may be occupied by more diverse flower visitors (Junker et al. 2012), it is possible that
cerrado pollinator diversity increased following the same pattern as floral traits.

South America presents one of the world’s greatest plant diversity (Olmstead 2013), and
much of this diversity can be attributed to ecological interactions (Hughes ef al. 2013). In this
continent, we find some of the most diverse vegetation types on Earth, populated in high
proportion by plant groups that originated and diversified in situ (Olmstead 2013).
Malpighiaceae (Davis ef al. 2002), Bignoniaceae (Olmstead et al. 2009), and Verbenaceae
(Marx et al. 2010) are families that originated and diversified early in South America.
Cerrado lineages started to diversify less than 10 million years ago, probably from mesic
forest species (Pennington et al. 2006, Simon et al. 2009). We postulate that the ecological
relationships between cerrado woody plants and their pollinators must have played an
important role on species diversification in this vegetation type. Both evolutionary
relationships among species and ecological interactions between plants and their pollinators

were and still are important to drive floral diversity in the cerrado.
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TABLE 1. Trait values of the cerrado woody species sampled in Sao Carlos, Southeastern
Brazil. NEC: nectar concentration, COD: corolla diameter, COL: corolla length, COB:
corolla base diameter, CAD: calyx diameter, CAL: calyx length, ANA: anther area, SGA:
stigma area. BAT: bats syndrome, BEE: bees, BTL: beetles, HBR: hummingbirds, MOT:
moths, SIN: small generalist insects, WND: wind. * only ten nectar samples; ** only two

nectar samples.

Species Syndrome NEC COD COL COB CAD CAL ANA SGA
Aegiphila lhotzkiana BEE 21.65 6.53 6.28 0.82 2.79 439 0.45 2.64
Banisteriopsis megaphylla BEE 0.00 24.28 0.00 2.95 4.55 2.59 9.35 3.31
Bauhinia rufa BAT 19.89  22.18 0.00 7.02 13.23 2.37 11.01 5.37
Byrsonima coccolobifolia BEE 0.00 11.29 0.00 3.26 4.98 2.13 3.67 0.19
Campomanesia adamantium BEE 0.00 2143 0.00 490 11.13 0.00 0.44 0.71
Casearia sylvestris SIN 20.29 0.00 0.00 0.55 3.01 2.12 0.08 0.77
Daphnopsis fasciculata SIN 14.43 0.00 0.00 0.00 2.60 2.45 0.15 1.11
Davilla rugosa BEE 0.00 18.95 0.00 1.63 10.33 0.00 0.29 1.42
Diospyros hispida* MOT 14.09 10.68 11.54 3.38 7.51 9.95 1.94 3.61
Erythroxylum cuneifolium * SIN 25.81 5.08 2.85 0.98 2.39 1.43 0.59 0.49
Erythroxylum suberosum SIN 16.88 7.91 3.13 1.39 4.82 1.90 0.39 0.84
Erythroxylum tortuosum SIN 24.32 8.55 2.78 1.71 4.44 1.69 0.30 0.87
Gochnatia pulchra SIN 27.11 2.09 6.37 0.39 11.94 6.47 0.56 1.09
Guapira opposita SIN 20.65 0.00 0.00 0.00 2.99 4.51 0.40 0.59
Heteropteris umbellata BEE 0.00 9.74 0.00 1.39 2.31 1.55 0.69 0.45
Lacistema hasslerianum WND 0.00 0.00 0.00 0.10 0.99 0.44 0.06 0.28
Leandra lacunosa BEE 0.00 6.79 0.00 2.24 4.60 0.00 1.61 0.08
Miconia albicans BEE 0.00 5.53 0.00 1.91 2.70 0.00 0.72 0.99
Miconia ligustroides BEE 0.00 4.40 0.00 1.37 1.99 0.57 0.84 0.72
Miconia rubiginosa BEE 0.00 4.01 0.00 1.39 1.97 0.90 1.07 0.77
Mpyrcia bella BEE 0.00 7.74 0.00 2.48 4.59 0.00 0.10 0.31
Mpyrcia guianensis BEE 0.00 6.28 0.19 2.46 3.70 0.00 0.10 0.35
Myrcia rostrata BEE 0.00 5.33 0.00 2.44 3.84 0.00 0.08 0.38
Mpyrcia splendens BEE 0.00 7.11 0.00 2.83 4.48 0.00 0.10 0.30
Myrsine umbellata SIN 0.00 4.25 0.00 0.94 2.17 0.00 1.37 6.77
Ocotea pulchella SIN 30.54 4.55 0.00 1.63 3.71 0.00 0.94 1.07
Ouratea spectabilis BEE 0.00 24.87 0.00 2.00 18.64 0.00 7.97 0.34
Palicourea rigida HBR 25.56 9.77 14.96 2.03 2.96 0.00 3.71 5.49
Pera glabrata SIN 0.00 0.00 0.00 1.13 5.22 4.62 0.75 2.14
Piptocarpha rotundifolia SIN 20.41 3.91 7.70 0.73 5.00 6.78 1.97 3.72
Rudgea viburnoides SIN 22.29 9.85 5.98 1.44 3.41 1.72 0.86 3.50
Schefflera vinosa ** SIN 14.15 3.48 1.41 1.27 1.69 0.99 0.79 1.43
Styrax ferrugineus BEE 29.82 16.69 9.11 2.31 4.38 4.77 8.98 0.94
Tabebuia ochracea BEE 21.12  61.27 67.74 4.27 8.55 16.21 543 11.25
Tibouchina stenocarpa BEE 0.00 6534 0.00 5.26 14.63 0.00 8.48 1.05
Tocoyena formosa MOT 18.41 2798 105.28 3.33 4.74 2.63 11.65 16.16
Virola sebifera SIN 0.00 0.00 0.00 0.00 1.99 3.31 0.27 0.91
Vochysia tucanorum BEE 29.20 18.41 0.00 2.58 8.66 11.99 11.00 1.08
Xylopia aromatica BTL 0.00 5446 3590 3.47 8.00 4.10 0.42 0.42
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TABLE 2. K values (Blomberg et al. 2003) for each trait sampled in Sdao Carlos,

Southeastern Brazil.

Trait K |

Nectar concentration 1.008 0.001
Corolla diameter 0.645 0.008
Corolla lenght 0.564 0.020
Corolla base diameter 1.386 0.001
Calyx diameter 0.700 0.004
Calyx lenght 0.845 0.001

Anther area 0.666 0.004



APPENDIX 1. Pollination syndromes of cerrado woody species sampled in Sao Carlos,
Southeastern Brazil, according to various authors. BAT: bats, BEE: bees, BTL: beetles,

HBR: hummingbirds, MOT: moths, SIN: small generalist insects, WND: wind.

Species Syndsrome Author Observation
Aegiphila lhotzkiana Cham. BEE 6

Banisteriopsis megaphylla (A. Juss.) B. Gates BEE 1,6,8 For Banisteriopsis sp.
Bauhinia rufa Graham BAT 1,6,8,11, 12, 16,

Byrsonima coccolobifolia Kunth BEE 1,3,4,6,8,12

Campomanesia adamantium (Cambess.) O. Berg BEE  7,12,17

Casearia sylvestris Sw. SIN 1,4,6,9, 10,12, 18, 20

Daphnopsis fasciculata (Meisn.) Nevling SIN 8 For D. utilis

Davilla rugosa Poir. BEE 1,4,8,12,14, 16 For D. eliptica
Diospyros hispida A. DC. MOT 6,15,18 15: for D. burchellii
Erythroxylum cuneifolium (Mart.) O.E. Schulz SIN 6

Erythroxylum suberosum A. St.-Hil. SIN 4,6,12,14

Erythroxylum tortuosum Mart. SIN 6,12, 14

Gochnatia pulchra Cabrera SIN 6, 8,20 6 and 20: for G. barrosi
Guapira opposita (Vell.) Reitz SIN 6,8,9,12, 14 1 and 12: other Guapira sp.
Heteropteris umbellata A. Juss. BEE 2,4,6,8,10 For other Heteropteris sp.
Lacistema hasslerianum Chodat. WND 6

Leandra lacunosa Cogn. BEE 5,6 5: floral visitor, not syndrome
Miconia albicans (Sw.) Steud. BEE 1,5,6,12, 14 5: floral visitor, not syndrome
Miconia ligustroides (DC.) Naudin BEE 5,6,12 5: floral visitor, not syndrome
Miconia rubiginosa (Bonpl.) DC. BEE 5,6 5: floral visitor, not syndrome
Myrcia bella Cambess. BEE 6,12,17

Mpyrcia guianensis (Aubl.) DC. BEE  8,12,17

Myrcia rostrata DC. BEE 16, 17, 20

Myrcia splendens (Sw.) DC. BEE 17

Myrsine umbellata Mart. SIN 14, 20

Ocotea pulchella Mart. SIN 8, 16

Ouratea spectabilis (Mart. ex Engl.) Engl. BEE 2,4,6,12 For Ouratea sp.
Palicourea rigida (Cham.) K. Schum. HBR 1,6,8,11, 12,19

Pera glabrata (Schott) Poepp. ex Baill. SIN 8, 16,20

Piptocarpha rotundifolia (Less.) Baker SIN 6,8,12,14,16

Rudgea viburnoides (Cham.) Benth. SIN 1,4

Schefflera vinosa (Cham. and Schltdl.) Frodin and

Fiaschi SIN 1,12

Styrax ferrugineus Nees and Mart. BEE 1,6,8,12,14, 16

Tabebuia ochracea (Cham.) Standl. BEE 6,8,12, 14

Tibouchina stenocarpa (DC.) Cogn. BEE L,5,8 5: floral visitor, not syndrome
Tocoyena formosa (Cham. and Schltdl.) K. Schum. MOT 4,6,8,12,14,15

Virola sebifera Aubl. Aubl. SIN 16

Vochysia tucanorum Mart. BEE 6,8,13,20

Xylopia aromatica (Lam.) Mart. BTL 1,6, 16
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FIGURE 1. Tabebuia ochracea showing the traits sampled, excluding nectar concentration. 1:
Corolla diameter, 2: Corolla length, 3: Corolla base diameter, 4: calyx diameter, 5: calyx

length, 6: anther area, 7: stigma area.

FIGURE 2. Ordination diagram of species and floral traits. Different symbols represent
different pollination syndromes. NEC: nectar concentration, COD: corolla diameter, COL:
corolla length, COB: corolla base diameter, CAD: calyx diameter, CAL: calyx length, ANA:

anther area, SGA: stigma area.

FIGURE 3. Phylogenetic principal component analysis showing the firsc principal
component (PC1), the first global (GPC1) and the first local (LPC1) components. Positive
and negative values are indicated by black and white circles, respectively. GPC1 is associated
with the largest positive eigenvalue, and LPCI is associated with the largest negative

eigenvalue.

FIGURE 4. Values of each of the sampled traits. Positive and negative trait values (in relation
to the average value) are indicated by black and white circles, respectively. COL was highly
conserved in the phylogeny, and COB was highly overdispersed, and these traits were had the

grater contribution to the phylogenetic structure ot the traits.

FIGURE 5. Phylogenetic ordination diagram of floral traits. The x-axis corresponds to the
first global principal component, and the y-axis corresponds to the first local principal
component. NEC: nectar concentration, COD: corolla diameter, COL: corolla length, COB:

corolla base diameter, CAD: calyx diameter, CAL: calyx length, ANA: anther area, SGA:
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stigma area.

FIGURE 6. Decomposition of the functional diversity through the phylogenetic tree. The

bigger the circle in a node, the higher the diversity.
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CONSIDERACOES FINAIS

Neste trabalho, verificamos que a maior parte das espécies lenhosas do cerrado ¢é
classificada dentro das sindromes de “abelhas” ou de “pequenos insetos”, e que estas
sindromes sdo significativamente diferentes umas das outras. A sindrome de “abelhas”
mostrou-se relacionada com grandes valores para didmetro da base da corola e para didmetro
da corola; enquanto que a sindrome de “pequenos insetos’ apresentou grande com
concentragdo de néctar alta. Todos os tracos apresentaram sinal filogenético negativo, com
excegdo da concentragdo de néctar e do comprimento da corola, que apresentaram sinal
filogenético positivo. Analisando todas as caracteristicas de uma s6 vez, encontramos tanto
padrdes globais (conservador) quanto locais (sobredispersiao) de evolucao dos tracos.
Também constatamos que a diversidade tragos ndo esta concentrada em um unico n6 da
filogenia, e ndo esta distribuida nem junto a raiz, nem as folhas da filogenia: tal diversidade
esta uniformemente distribuida em poucos ao longo da arvore.

Nos presumimos que as relagdes ecoldgicas entre as plantas lenhosas de cerrado e seus
polinizadores deve ter desempenhado um papel importante na diversificacdo das espécies
deste tipo de vegetacdo. Tanto as relagdes evolutivas entre as espécies quanto as interagdes
ecologicas entre plantas e seus polinizadores foram e ainda sdo importantes para mediar a
diversidade floral no cerrado.

Mesmo sendo a maior, mais rica e, possivelmente, a mais ameacada savana tropical do
mundo (Silva et al. 2002), e ainda que sendo considerado um dos 25 mais importantes
hotspots de diversidade do mundo (Myers et al. 2000), o cerrado tem sido intensamente
desmatado para a producdo agricola no Brasil (Ratter et al. 1997). E, assim como outros

processos ecoldgicos, a polinizagdo tem sido negativamente afetada pelas atividades humanas
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(Potts et al. 2010, Winfree et al. 2011). Este trabalho mostrou que a interagdo entre as
espécies de angiospermas e seus polinizadores parece ter desempenhado um importante papel
na diversificagdo da vegetagdo do cerrado. E necessario que outros estudos apontem para a
importancia evolutiva dos processos ecoldgicos, e que estas obras sejam usadas para definir
planos de manejo que levem em conta nao apenas a diversidade de espécies, mas também

suas historias evolutivas e a diversidade de processos ecologicos.
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