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RESUMO — A diversidade biolégica pode influenciar a estrutura e o funcionamento das comunidades
de muitas maneiras, como, por exemplo, alterando a complementaridade no uso de recursos pelas
espécies. Nesse sentido, muitos autores tém sugerido que medidas que incorporem informagdes sobre
as relacGes de parentesco das espécies (filogenia) ou das suas caracterfsticas funcionais devem ser
melhores previsores dos processos ecoldgicos das comunidades. Podemos dividir esta tese em trés
partes relativamente distintas. A primeira, composta pelo primeiro capitulo, consiste em uma breve
revisdo das propriedades de duas abordagens promissoras em Ecologia — medidas de diversidade
filogenética e medidas de diversidade funcional. Apresentamos e discutimos os principais conceitos,
abordagens e aplica¢des dessas medidas, que sdo relativamente novas para a Ecologia de comunidades.
A segunda parte, representada pelo segundo capitulo, pode ser considerada mais tedrica por sugerir
uma maneira de incorporar a variagdo funcional em individuos da mesma espécie (variabilidade intra-
especifica) em uma medida de diversidade funcional. Nesse capitulo, demonstramos através de
simula¢des e utilizando dados empiricos de comunidades arbustivo-arbéreas de cerrado que ¢ possivel
incluir a variagdo funcional que existe dentro de populacGes locais e também a variagdo que existe
entre populagdes que ocorrem em regides geograficas distintas. A terceira parte da tese é composta
pelo terceiro e quarto capitulos. Neles investigamos os efeitos de diferentes frequéncias de fogo na
estruturacdo de comunidades de plantas do cerrado. Como o fogo estrutura as comunidades arbustivo-
arboreas do cerrado em termos das relagdes de parentesco das espécies e de suas caracteristicas
funcionais? No terceiro capitulo, analisamos as diversidades filogenética e funcional do componente
arbustivo-arbéreo sob queimadas anuais, bienais e sob exclusio do fogo por 12 anos. Nesse capitulo,
discutimos a influéncia do aumento da frequéncia de fogo sobre essas diversidades e também
investigamos qual a contribuicdo das espécies raras nesse contexto. Encontramos que um regime de
queima anual reduz significativamente a diversidade funcional da comunidade arbustivo-arborea, isto é,
seleciona individuos funcionalmente mais similares em compara¢iao a comunidades sob queima bienal
ou sob auséncia de fogo. Portanto, o fogo em alta frequéncia age como um filtro ambiental
selecionando individuos mais similares em suas caracteristicas funcionais. Ainda, mostramos que as

espécies raras tém uma contribui¢io importante para a diversidade funcional e, assim, para os padrdes



encontrados. No entanto, ndo encontramos diferenca para a diversidade filogenética, ou seja, diferentes
regimes de fogo ndo alteram a quantidade de informagido em termos de histéria evolutiva nas
comunidades estudadas. Assim, a diversidade funcional pode ser independente da histéria evolutiva das
comunidades. No quarto capitulo nos voltamos para o componente herbaceo-subarbustivo. Estudamos
os efeitos do fogo na biomassa total e de grupos funcionais desse componente, que apresenta uma
relagio muito mais intima com o fogo. Os grupos funcionais que estudamos foram: i) a graminea
Tristachya leiostachya (capim-flecha), que é a espécie dominante nas areas abertas do parque; ii) demais
gramineas; iii) plantas lenhosas; e iv) biomassa seca. Nesse capitulo, investigamos os efeitos dos
diferentes regimes de fogo na biomassa desses grupos e também como eles estao relacionados entre si.
O capim-flecha, além de rebrotar rapidamente e adquirir altos valores de biomassa um ano apos a
ultima queimada, segue aumentando sua biomassa e a biomassa seca conforme a frequéncia de fogo
diminui. O acimulo de biomassa aumenta a indisponibilidade de nutrientes para as demais espécies do
componente herbaceo, além de aumentar o sombreamento. Isso poderia explicar a menor biomassa de
gramineas na area protegida do fogo e o valor constante da biomassa de lenhosas nas trés areas.
Portanto, nesse capitulo, corroboramos a idéia de que o capim-flecha tém papel fundamental na

dindmica do fogo das savanas (campo cerrado) estudadas.

Palavras-chave: biomassa, caracteristicas funcionais, complementariedade, diversidade filogenética,

savana



ABSTRACT — Biological diversity may influence the structure and functioning of communities in several
ways, for example, altering the species resource complementarity. However, “traditional” diversity
measures (such as species richness or diversity indices as Shannon or Simpson) have being considered
as rough biodiversity estimators. In that sense, several authors suggest that measures taking in account
phylogenetic or functional relationships among species would be better predictors than those
traditional measures. We can split this thesis in three fractions relatively distinct. The first, compounded
by the first chapter, is a brief review on the properties of two promising approaches in Ecology —
measures of phylogenetic diversity and functional diversity. We present and discuss briefly the major
concepts, approaches and applications of these measures that are relatively new to Community
Ecology.

Podemos divir esta tese em trés partes relativamente distintas. The second part, represented by the
second chapter, is more theoretical and suggests a simple manner to incorporate the intraspecific
variability in functional traits in a functional diversity measure. In this chapter, we demonstrate
throught simulations and using empirical data, that it is possible to include the functional variability
existing within local populations, and also the variability that exists among populations occurring in
disticnt geographical areas. The third section is compoused by the third and fourth chapters where we
investigated the effects of different fire frequencies in the structure of cerrado communities. How does
fire structures the cerrado woody species in terms of their relatedness and functional traits? In the third
chapter we analised the phylogenetic and functional diversities of the cerrado woody species under
annual fires, biannual fires, and under fire exclusion for 12 years. We discuss the consequences of an
increasing in fire frequency upon these diversities, and also which is the contribution of rare species to
those measures. We found that under annual fires functional diversity is reduced significantly, that is,
fire selects similar individuals in their functional traits when compared to communities under biannual
or fire exclusion. Therefore, high frequency fire is an environmental filter selecting functionally similar
species. Also, we show that rare species are important to this diversity. However, we did not find any
difference for phylogenetic diversity, that is, different fire frequencies do not change species relatedness

in average. Therefore, functional diversity might be somehow independent from evolutionary history.



In the fourth chapter we studied the herbaceous-undershrubby species. We investigated the effects of
different fire frequencies in total above-ground biomass and also the biomass of functional groups (the
tussock grass Tristachya leiostachya Nees, other grasses, woody species, and dry biomass) in savannas
subjected to annual fires, biennial fires, and protected from fire in a 12 yr period. Protection from fire
during 12 yr resulted in the accumulation of total biomass, which was more than twofold higher in the
protected site than in the annually burned site. The negative correlation of T. ldostachya with other
grasses and woody species in the annually burned site supports the idea that frequent fires favor this
species, and may indicate an outcompeting effect. Therefore, knowledge not only about biomass but
especially about its functional components is important to provide a better understanding of the

processes and consequences involving different burning strategies.

Keywords: biomass, functional traits, complementarity, phylogenetic diversity, savanna
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A INCRIVEL VARIEDADE DE COMUNIDADES NATURAIS E ESPECIES QUE EXISTEM AO NOSSO
REDOR saltam aos olhos de qualquer pessoa, mesmo aquela com o olhar mais desavisado. As inimeras
formas, cores e tamanhos com que nos deparamos diariamente, indo de exuberantes florestas tropicais,
passando por savanas e campos naturais e chegando ao jardim de nossa casa, sao notaveis. Apesar dos
termos diversidade biolégica ou ainda biodiversidade terem sido cunhados hia menos de 40 anos, a
percepcao de diversidade, da riqueza das formas de vida — das quais somos apenas mais uma — ¢é tdo
remota quanto a nossa propria existéncia. Fildésofos gregos como Aristoteles (2423 — 2361 AP) ou seu
sucessor Teofrasto (2411 — 2326 AP) foram eximios observadores da natureza, sendo o ultimo
considerado o “Pai da Botanica” e um dos primeiros a criar um sistema de classifica¢do funcional para
os vegetais.

No entanto, para inserir a diversidade biol6gica no contexto cientifico atual, precisamos ir além
da mera observacdo e classificagdo, precisamos quantifica-la de alguma maneira. As maneiras
tradicionais disponiveis para quantificar a diversidade bioldgica podem ser agrupadas em dois grupos
importantes: 1) quantificagbes do numero de espécies e 2) indices de diversidade de espécies (que
incorporam a abundancia relativa das espécies na comunidade). No primeiro grupo, encaixam-se trés
medidas de diversidade que expressam o numero de espécies, propostas por Whittaker (1970): a
diversidade alfa (x), que é provavelmente a medida mais simples de diversidade e consiste no nimero
de espécies que ocorrem em dado local (por exemplo, uma comunidade); a diversidade beta (3), que ¢ a
taxa de acumulagdo de espécies a medida que o observador se desloca a partir de um ponto; e a
diversidade gama (y), que representa o nimero de espécies em uma regido particular (por exemplo,
englobando diversas comunidades em uma escala regional). Rosenzweig (1995) e Magurran (2004)
apresentam uma boa revisio sobre as propriedades dessas trés medidas de diversidade. No entanto,
podemos também levar em conta a distribuicdo das abundancias das espécies, isto é, a equabilidade, e
assim, chegamos ao segundo grupo: os indices de diversidade. A partir da década de 1960, a explora¢io
de indices que combinam o nimero de espécies ¢ a equabilidade de suas abundancias (ver Magurran
2004 para uma revisao), levou a uma explosio de trabalhos aplicando tais medidas. Consequentemente,

existe uma verdadeira constelacio de indices disponiveis na literatura (Rosenzweig 1995, Magurran
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2004). Esses indices incorporam o nimero de espécies e as suas distribui¢des de varias maneiras, alguns
dando maior peso para as espécies mais abundantes e outros para as espécies raras. No entanto, sao
geralmente influenciados pelo tipo e tamanho da amostragem e muitas vezes sao dificeis de interpretar
(Gaston 1996). Além disso, essas medidas ndo foram capazes de elucidar os processos presentes nas
comunidades que podem levar a diversidade (Shimatani 2001). Atualmente, existem medidas de
diversidade que levam em conta informag¢des importantes — mas usualmente ignoradas — sobre as
espécies. As mais notaveis sdo as medidas que incorporam as relagdes de parentesco entre as espécies e
as que levam em conta as caracteristicas funcionais dos organismos presentes na comunidade.

Comunidades ecolégicas sdo assembléias de espécies coocorrentes que interagem potencialmente
umas com a outras. Elas resultam nido sé de processos ecolégicos presentes, como a competi¢do entre
as espécies (Hutchinson 1959, Leibold 1998) e os filtros ambientais (Weiher & Keddy 1995, Chase
2003), mas também de processos evolutivos passados e continuos (Tofts & Silvertown 2000, Ackerly
2003). Assim, se por um lado, a presenca ou auséncia de certas caracteristicas funcionais em uma
comunidade pode ser atribuida ao ambiente (Ozinga ¢f 2/ 2004), e a amplitude dessas caracteristicas
relacionada a competi¢ao entre as espécies (Dayan & Simberloff 2005), por outro, a histéria evolutiva
das espécies deve influenciar a diversidade de caracteristicas funcionais (Hardy 2006). A estrutura
filogenética da comunidade (i.e, as relagdes filogenéticas de suas espécies) tem sido usada como
ferramenta para inferirmos os processos ecolégicos que organizam a comunidade (e.g., Webb ez a/. 2002,
Cavender-Bares ez a/. 2000).

Os padrdes e processos de organizacio das comunidades também podem ser compreendidos
utilizando a diversidade funcional, pois diferentes distribuicbes nas caracteristicas funcionais podem
implicar diferentes mecanismos de coexisténcia (ver Petchey e a/. 2007 para referéncias). Por exemplo,
se assembléias locais forem compostas por grupos aleatérios de espécies, entdo suas diversidades
funcionais terdo uma distribui¢do aleatéria. No entanto, distribui¢oes diferentes de um padrio aleatério
podem indicar que processos como exclusio competitiva ou filtros ambientais sdo importantes na
estruturacdo dessas assembléias (Holdaway & Sparrow 20006). A abordagem funcional esta diretamente

relacionada com os modelos de nicho, em que a separagdo de nichos permite a coexisténcia das
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espécies pela auséncia de competicio por recursos similares e, portanto, leva a maior
complementaridade (MacArthur 1972). Dessa forma, um aumento na diversidade funcional deve estar
relacionado ao aumento na intensidade dos processos e do funcionamento das comunidades devido a
uma maior complementaridade no uso dos recursos pelas espécies (Petchey 2003).

A diversidade funcional pode ser definida como sendo ‘o valor e a variacdo das caracteristicas
funcionais das espécies que influenciam o funcionamento das comunidades’ (Tilman 2001). Como
consequéncia dessa defini¢do, medir a diversidade funcional significa medir a diversidade de
caracteristicas funcionais, ou seja, os componentes dos fendtipos dos organismos que influenciam os
processos na comunidade. Tendo em vista que essas medidas sio relativamente recentes, quando
comparadas as medidas tradicionais, decidimos dedicar o primeiro capitulo a elas. Nesse capitulo,
discutimos brevemente as medidas tradicionais de diversidade e apresentamos duas abordagens
importantes para a ecologia de comunidades: as diversidades filogenética e funcional. Assim, esperamos
que o leitor tome conhecimento dessas abordagens, antes de prosseguir com a leitura da tese. Ao final
do primeiro capitulo, chamamos a ateng¢do para uma questio até pouco tempo sem uma resposta clara:
Como incluir a variagdo intra-especifica em medidas de diversidade funcional? A variabilidade funcional
entre individuos da mesma espécie, apesar de usualmente ignorada, pode ser bastante importante para
varios processos nas comunidades (por exemplo, na dinamica de nutrientes, resisténcia a perturbacdes e
produtividade). Assim, no segundo capitulo, apresentamos uma resposta simples para essa questdo e,
por meio de simulagoes e utilizando dados de comunidades naturais, incluimos com sucesso a variagao
funcional presente entre individuos da mesma espécie em um indice de diversidade funcional.

No entanto, um dos grandes desafios dos ecdlogos ¢ entender, e prever, as respostas das
comunidades naturais frente a mudancas ambientais e climaticas, invasoes biologicas, distirbios
naturais e antropogénicos. A idéia central — e original — desta tese de doutorado era investigar as
respostas funcionais da vegetacdo de cerrado, frente a um de seus principais determinantes: o fogo.
Evidentemente que, ao longo do doutorado, novas idéias surgiram e outras amadureceram. Os frutos

dessas idéias compSem os primeiros dois capitulos e, por isso, somente agora entraremos no assunto
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prometido no titulo — investigar as diferencas funcionais em areas de cerrado com diferentes regimes de

fogo. Entdo, antes que me acusem de propaganda enganosa, vamos ao tema original da tese.

O FOGO NO CERRADO

No Brasil, o dominio do Cerrado ocupava originalmente cerca de dois milhdes de km?, o que
representa cerca de 23% do territério nacional, especialmente no Planalto Central, sendo considerado a
segunda maior provincia fitogeografica do pafs em area (Ratter ef @/ 1997). Como o seu nome implica,
no dominio do Cerrado, a vegetagiao de cerrado prevalece. Seguindo o conceito de Coutinho (1978), o
cerrado se destaca por sua grande variacdo fisiondmica, indo de um campo (campo limpo) a uma
floresta (cerraddo), mas com a maioria das suas fisionomias (campo sujo, campo cerrado e cerrado sensu
strictg) dentro da definicdo de savana tropical (Bourlicre & Hadley 1983). O cerrado possui dois
componentes, o componente herbiceo-subarbustivo e o componente arbustivo-arbéreo, que sdo
antagonicos, uma vez que ambos sio heliéfilos (Coutinho 1978). A importancia deste aumenta em
direcio ao cerraddo e daquele, em dire¢do ao campo limpo (Coutinho 1978).

Ha um consenso de que o fogo tem ocorrido nas savanas — e no cerrado, em particular — ha
milhares de anos, moldando suas paisagens e selecionando plantas e animais adaptados a esse fator
(Coutinho 1990, Ramos-Neto & Pivello 2000), sendo portanto, um de seus principais e mais antigos
determinantes ecolégicos. Praticamente todas as plantas que ocorrem no cerrado desenvolveram
mecanismos de tolerincia ao fogo, ou mesmo dependem deste para sua existéncia ao longo do tempo
(Coutinho 1990). Nas espécies do componente arbustivo-arbéreo, as adaptagdes predominantes ao
fogo sio aquelas que permitem que os tecidos vivos fiquem protegidos da ag¢do das altas temperaturas
decorrentes do fogo, como, por exemplo, a grande suberizagdo dos troncos e ramos (Miranda ef a/.
1993) ou a capacidade de regeneragdao apds a passagem do fogo (Coutinho 1990). Portanto, o fogo
tende a favorecer aquelas espécies que possuem os meristemas protegidos ou que tém a habilidade de
rebrotar a partir de estruturas subterraneas (Coutinho 1990). Diferentes processos relacionados ao

recrutamento, floracdo, dispersao e germinagdo podem ser estimulados por fatores relacionados ao
fogo (Coutinho 1990, Keeley & Fotheringham 2000).
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O clima do cerrado, com um inverno seco e um verdo chuvoso, impde uma grande estacionalidade a
vegetacio, especialmente ao componente herbaceo-subarbustivo, que seca e se torna inflamavel
(Ramos-Neto & Pivello 2000). Os fogos naturais tendem a ocorrer na estagdo uimida e nas transi¢oes
entre as estagdes umida e seca, queimando areas menores, enquanto que os fogos antréopicos tendem a
ocorrer na estagdo seca, queimando areas maiores (Ramos-Neto & Pivello 2000). Queimadas
frequentes tendem a favorecer o componente herbaceo-subarbustivo do cerrado, que ¢é essencialmente
pirofitico, em detrimento do componente arbustivo-arbéreo (Coutinho 1990). Porém, os efeitos de
queimadas antrépicas frequentes devem ser muito mais severos do que aqueles resultantes das
queimadas naturais, que no cerrado ocorrem normalmente num intervalo de dois a trés anos (Coutinho
1990), reduzindo as reservas de carboidratos e nutrientes necessarias para o crescimento pés-fogo
(Miyanishi & Kellman 1986) e levando a perdas substanciais dos nutrientes presentes na comunidade
(Hoffmann 2002).

A diversidade funcional tem sido vista como a chave para se prever a estabilidade, invasibilidade,
aquisi¢do de recursos, ciclagem de nutrientes e produtividade nas comunidades (Mason ef a/ 2003).
Perturbagoes, como o fogo, sio um dos fatores-chave que moldam a vegetacio, e o uso atual da terra
implicam mudangas profundas nos regimes de perturbagdes, especialmente em comunidades em que o
fogo é um dos principais fatores determinantes (Rusch ez 2/ 2003). Embora poucos caracteres tenham
uma associa¢do geral com respostas a perturba¢oes, estudos mais detalhados revelaram que certos
atributos vegetais estdo relacionados a tipos especificos de perturbacdes (Grime 2001). Dessa forma,
acredita-se que o funcionamento das comunidades ¢ dependente ndo do nimero de espécies por st 6,
mas dos caracteres funcionais das espécies presentes (eg, Hooper & Vitousek 1997). Portanto,
comunidades com uma maior diversidade de caracteres funcionais, isto é, com uma maior diversidade
funcional, devem operar de modo mais eficiente (Tilman ez a/. 1997).

As queimadas estdo entre as diversas perturbacdes a que reservas de cerrado tém sido submetidas
hoje em dia (Ramos-Neto & Pivello 2000). Areas cercadas por lavouras ou pastos tendem a aumentar a
frequéncia de queimadas em 4areas de cerrado, especialmente no inverno, quando os incéndios queimam

areas maiores e sdo catastroficos (Ramos-Neto & Pivello 2000). Entender como a vegetacio responde
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ao fogo ¢é importante para prever as propriedades e as distribui¢des de muitas comunidades (Smith e# 4/
1997), incluindo o cerrado (Coutinho 1990). O fogo pode agir como um filtro ambiental selecionando
certas caracteristicas funcionais em comunidades com regimes de queimada distintos (Diaz ez a/. 1998),
determinando inclusive a composicio especifica das comunidades (Thonicke ez 2/ 2001). Portanto,
esperamos diferentes combinacSes de caracteristicas em sistemas com diferentes histéricos de fogo
(Keeley & Zedler 1998). Porém, como o fogo estrutura as comunidades arbustivo-arbdreas do cerrado
em termos das relagdes de parentesco das espécies e de suas caracteristicas funcionais? Até o momento,
nao ha nenhum estudo — publicado, a0 menos — envolvendo a diversidade funcional do cerrado,
especialmente relacionando-a ao efeito de diferentes regimes de queimada. Assim, no terceiro capitulo,
analisamos as diversidades filogenética e funcional do componente arbustivo-arbéreo em areas com
diferentes regimes de fogo. Nesse capitulo, discutimos a influéncia do aumento da frequéncia de fogo
sobre essas diversidades e também investigamos qual a contribuicio das espécies raras nesse contexto.
Finalmente, no quarto capitulo, estudamos os efeitos do fogo na biomassa total e de grupos
funcionais do componente herbaceo-subarbustivo, que apresenta uma relacio muito mais intima com o
fogo. Os grupos funcionais que estudamos sdo: 1) a graminea T7istachya leiostachya (capim-flecha), que é a
espécie dominante nas areas abertas do parque; i) demais gramineas; iii) plantas lenhosas; e iv)
biomassa seca. Nesse capitulo, investigamos os efeitos dos diferentes regimes de fogo na biomassa
desses grupos e também como eles estio relacionados entre si. Escrevemos os capitulos no formato de
artigos cientificos, como forma de agilizar as publica¢es, o que muitas vezes implica inevitiveis

repeti¢oes.

AREA DE ESTUDO

O Parque Nacional das Emas (PNE) foi criado em 1961, pelo decreto federal n 49.874, a partir de
terras doadas ao Estado pelo fazendeiro Filogonio Garcia. Em 1972, o decreto federal ne 70.376
excluiu dos limites do PNE parte das cabeceiras dos rios Jacuba e Araguaia, estabelecendo sua

delimitagao atual, com 132.941 ha. O PNE recebeu esse nome devido ao grande nimero de emas (Rhea
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americana) que podem ser observadas em seu interior. O PNE representa uma das principais reservas de
Cerrado no Brasil e é considerado uma das maiores e mais bem preservadas, sendo, pois, uma das areas
criticamente prioritarias para a conservagio do Cerrado. Em 2001, o PNE foi incluido pela Unesco
(Unesco 2001) na lista dos Patriménios Naturais da Humanidade, como um dos sitios que contém a
flora, a fauna e os habitats-chave que caracterizam o cerrado.

O PNE esta localizado no Planalto Central Brasileiro, na regido nuclear do Cerrado, nos municipios

de Mineiros e Chapadio do Céu, sudoeste do estado de Goias, entre as coordenadas 17°49’-18°28’S e

52°39°-53°10°W. Dista cerca de 88 km de Mineiros, por estrada de asfalto, e 28 km de Chapadio do
Céu, por estrada de terra. O PNE esta situado sob clima do tipo Aw de Koppen (1948), ou seja,
tropical subquente imido com trés meses secos no inverno, ou Zonobioma II de Walter (1980), isto ¢,
tropical imido-arido com chuvas estivais. A pluviosidade anual varia de 1200 a 2000 mm, concentrada
entre setembro e marco, ¢ a temperatura média anual é de cerca de 24,6°C (Ramos-Neto & Pivello
2000). Em junho e julho, ocorrem normalmente de uma a trés geadas, que atingem com maior
intensidade as 4reas em topo de chapada (Ramos-Neto & Pivello 2000). A ocorréncia de veranicos,
curtos periodos de seca durante o verdo, ¢é rara.

No parque, predomina um relevo plano, de topo de chapada, com altitudes variando de 820 a 890
m, além de partes mais baixas, com até 720 m (Ramos-Neto & Pivello 2000). A fisiografia do parque é
determinada pelo divisor de 4dguas entre as bacias dos rios Formoso e Jacuba. As nascentes do rio
Jacuba sdo caracterizadas por vales muito erodidos, cujas escarpas sio muito ingremes, as vezes com
até 80°, ao contrario das nascentes do rio Formoso, que nio excedem 20° de inclina¢io. Os solos, de
modo geral, sio do tipo Latossolo Vermelho-Escuro e Latossolo Vermelho-Amarelo, ambos
distroficos. Predominam na reserva as fisionomias abertas de cerrado — campos limpos, campos sujos e
campos cerrados — que ocupam 78,5% da area (104.359 ha), especialmente nas areas planas de topo de
chapada. Nessas fisionomias mais abertas, ha grandes extensdes em que predomina uma espécie de
graminea, o capim-flecha (Ivistachya leiostachya) (Ramos-Neto & Pivello 2000). O cerrado sensu stricto
ocupa 13,8% da area (18.408 ha), sendo encontrado principalmente nas encostas da bacia do rio Jacuba.

Além do cerrado, outros tipos vegetacionais estdo presentes na reserva: as areas de campos umidos,
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campos de murundus e buritizais representam 4,8% da reserva (6.377 ha) e estdo associadas as varzeas
dos cursos d’agua; as areas de florestas estacionais semideciduas e ripicolas ocupam 2,9% (3.853 ha) e
estdo associadas, respectivamente, a solos mais férteis e a cursos d’agua.

Até 1984, o parque era explorado por fazendeiros como area de pastejo e o fogo era utilizado para
promover a rebrota das forrageiras (Ramos-Neto & Pivello 2000). Apés essa data, o parque foi
totalmente cercado e a entrada de gado nao foi mais permitida. Desde entdo, uma politica de exclusio
do fogo foi adotada no parque, com exce¢do dos 314 km de aceiros (Figura 1) queimados anualmente
desde 1996 de maneira a impedir o alastramento de possiveis queimadas (Figura 2). Desde 1973, ha
registros sobre as areas queimadas dentro da reserva a cada ano, porém os registros mais confidveis se
dio a partir de 1994. Dessa forma, é possivel analisar com confianga o histérico de queimadas em um
dado ponto do PNE nos tltimos 12 anos. O que se observa ¢ a existéncia de um mosaico de areas com
diferentes histéricos de fogo na area do PNE, desde areas queimadas anualmente (aceiros) até areas
queimadas uma unica vez nesse periodo. Atualmente o tempo médio de reocorréncia de fogo em uma
dada area no PNE ¢ de sete anos (Franga et al. 2007). Dentro desse cenario selecionamos 3 areas com
diferentes historicos de fogo: dois aceiros — um queimado anualmente desde 1994 e outro queimado

em 1994, 96, 99, 2001-2003 — e uma 4rea sem ocorténcia de fogo nos dltimos 12 anos (Figuras 3, 4 5).
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Figura 1 — Rede de aceiros no Parque Nacional das Emas (17°49 - 18°28S, 52°39'-53°10W). Aceiro queimado
anualmente desde 1994 (A), aceiro queimado em 1994, 96, 99, 2001-2003 (m), area protegida do fogo desde
1994(0). Adaptado de Ramos-Netto & Pivello (2000).

Figura 2 — Aceiro sendo queimado no Parque Nacional das Emas. Foto: M. Cianciaruso.
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Figura 4 — Aceiro queimado anualmente desde 1994 no Parque Nacional das Emas. Foto: M. Cianciaruso.
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Figura 5 — Aceiro queimado em 1994, 96, 99, 2001-2003 no Parque Nacional das Emas. Foto: M. Cianciaruso.

Figura 6 — Atea sem ocorréncia de fogo desde 1994 no Parque Nacional das Emas. Foto: M. Cianciaruso.
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RESUMO - (Diversidades filogenética e funcional: novasredbgens para a Ecologia). Embora a
diversidade pareca ser o conceito ecolégico mdisgtivo, nenhuma definicdo consensual foi
formulada. As medidas tradicionais de diversidade, levam em conta apenas o numero de espécie
e suas contribuigdes relativas, tém se mostradoaisias grosseiras da estrutura das comunidades.
Medidas de diversidade que incorporem informacdbgesas relagdes filogenéticas das espécies ou
suas caracteristicas funcionais devem ser melltwragie as medidas tradicionais. Apresentamos
uma pequena revisdo das propriedades e aplicagdesiglimas medidas de diversidade.
Enfatizamos aqui duas abordagens recentes e pmassss diversidades filogenética e funcional,
que tém se mostrado mais sensiveis para detectpostas das comunidades as mudancas
ambientais do que as medidas tradicionais de dileats. Na diversidade filogenética, as relacbes
de parentesco entre as espécies sao levadas esm @omqiianto que na diversidade funcional tragcos
gue devem ter relagdes com o funcionamento dasmdades sdo considerados. Discutimos ainda

os desafios e as perspectivas para o uso dessaalhrdagens na Ecologia.

Palavras-chave:complementaridadepmunidadefilogenia, nicho

ABSTRACT - (Phylogenetic and functional diversities: new rapphes to Ecology). Although
diversity seems to be the most intuitive ecologoaicept, no consensual definition has been stated.
Traditional diversity measures, which take intoaat only the number of species and their relative
contribution, have revealed to be crude estimafesoonmunity structure. Diversity measures
including information on phylogenetic relationshgsiong species or their functional traits should
be better than the traditional measures. We pressntall review of the properties and applications
of some diversity measures, emphasizing two reaadtpromising approaches, the phylogenetic
and functional diversities, which have been showrbé¢ more sensitive to detect responses of
communities to environmental changes than tradifiodiversity measures. In phylogenetic
diversity, species relatedness are taken into atcevhereas in functional diversity traits related
with community functioning are considered. We algcuss challenges and perspectives for the use

of these two approaches in Ecology.

Key words: community, complementarity, niche, phylogeny
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Introducao

Antes mesmo de a Ecologia existir como ciéncianatsiralistas ja estavam interessados nos
padrdes da distribuicdo de espécies nas comunidadesis. Por exemplo, o gradiente latitudinal
de riqueza é considerado “o padréo ecoldgico maiiggd (Hawkins 2001), ja percebido por
Humboldt (1808), que escreveu: “Quanto mais penegamos dos tropicos, maior 0 aumento na
variedade das estruturas, na beleza das formasn@shaa das cores, assim como na juventude
perpétua e no vigor da vida orgéanica”. Essas praneidéias sobre a distribuicdo das espécies,
descritas no século XIX, formaram o embrido da &gial como uma ciéncia Unica. Nao obstante,
percepcdes sobre a distribuicdo de espécies sdcamtggas que nossa propria espécie (Begah
1996). Logo depois que nossos ancestrais adquisears primeiros pensamentos conscientes, eles
devem ter percebido o valor de saber onde podaidmar plantas e animais palataveis (Worster
1994).

No ultimo século, contudo, nosso conhecimento amangastante, e muitas teorias foram
formuladas. A teoria da sucessao ecoldgica (Clesn#@fi6, Gleason 1927), a ubiquidade e a
raridade das espécies (Fisckeml. 1943, Preston 1948, MacArthur 1960), a biogeogrdé ilhas
(MacArthur & Wilson 1967) e a distribuicdo latitm@l da diversidade de espécies (Brown 1995)
sdo exemplos de teorias heuristicas na ecologia cdmunidades, que contribuiram
consideravelmente para a compreensdo espécio-teingos padrbes de diversidade bioldgica
(Rosenzweig 1995, Magurran 2004).

Tais teorias continuam sendo questionadas, ouiasiada formuladas — como a teoria neutra
de Hubbell (2001) —, mas questbes relacionadasetsitiade bioldgica ndo sdo mais exclusivas a
comunidade cientifica. Nesse sentido, a Confer@Rm&92 foi um divisor de 4guas, pois, a partir
desse encontro, a diversidade biolégica deixouedeassunto de ecologos e ativistas ambientais,
passando a ser uma questdo de preocupacao publétzee politico (Ricotta 2005). Hoje em dia,
muitas pessoas estao conscientes de que a extia@spécies estd se acelerando, ainda que poucas
compreendam totalmente a magnitude da perda. @er@8% da area coberta originalmente com
floresta tropical pluvial ja foram completamentestdgidos, e outros 40% estdo seriamente
degradados (Myers 1988). As taxas de extingdo pa#ertéio altas quanto uma velocidade de perda
de trés espécies por hora (Wilson 1992).

Tendo em vista esse cenario, questdes criticasndesar respondidas pela ecologia de
comunidades. Os problemas ambientais mais urgerigsm que o0s cientistas prevejam os efeitos

das alteracdes humanas. Precisamos, por exempl@rm@ densidade e a distribuicdo de espécies
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introduzidas artificialmente; avaliar o impacto ema comunidade da constru¢do de uma rodovia
ou determinar as consequéncias da poluicdo (SrB)2Para isso, a capacidade de previsdo das
teorias ecoldgicas tem de melhorar consideravekn@eters 1991). No caso das relacdes entre a
diversidade bioldgica e as fungBes da comunidaiecbomo produtividade, ciclagem de nutrientes,
sequestro de carbono e estabilidade, nossa cagacia previsdo ainda é fraca, embora essas
relagbes estejam sendo estudadas ha muitas dg€&idaga 2005). Essa escassez de resultados
inequivocos levou a comentarios como o de Hurld®71) sobre o ‘ndo-conceito de diversidade
de espécies’ e o de Poole (1974) de que medida$vdesidade sdo ‘respostas para questbes que
ainda ndo foram encontradas’.

Embora a diversidade pare¢a o conceito ecoldgicis tmem estudado e intuitivo, nenhuma
definicdo consensual foi formulada (Ricotta 200%)inevitavel perda de informacdo que existe
guando resumimos um grande conjunto de dados decamanidade faz com que alguns digam
que os indices tradicionais de diversidade maisnein do que revelam (Roussedial. 1999).
Tem-se tornado claro que essas medidas tradicisBai®stimativas muito grosseiras da estrutura
(Webb 2000, Ricottat al. 2005) e do funcionamento (Diaz & Cabido 2001, iRstc2004) da
comunidade. Por exemplo, se uma mudan¢a ambieméer repde uma comunidade em que as
espécies pertencem a géneros distintos por outrgusma maioria das espécies pertencem ao
mesmo género, mantendo o mesmo numero de espéaiesesma distribuicdo de abundancias,
analises tradicionais da diversidade nado revelaeihium efeito da mudanca sobre a comunidade.
Da mesma forma, se uma dada mudancga ambientalgar@substituicdo de uma comunidade em
gue as espécies tém diferentes vetores de pol&tzagr outra em que as espécies tém um Unico
vetor, mantendo novamente o mesmo numero de espgeianesma distribuicdo de abundancias,
entdo as analises tradicionais também ndo detectsm@huma mudanca. Portanto, medidas de
diversidade que incorporem informacdes sobre ag@ek filogenéticas das espécies (Webb 2000,
Ricotta et al. 2005) ou suas caracteristicas funcionais (Diaz abi@ 2001, Petchey & Gaston
2006) devem ser melhores do que as medidas tradisio

Neste artigo, apresentamos uma pequena revisa@rdpeedades e aplicagbes de algumas
medidas de diversidade. Enfatizamos duas abordagjstiatas para medi-la, as diversidades
filogenética (Clarke & Warwick 1998, Webb 2000)uadional (Petchey & Gaston 2006), que tém
se mostrado mais sensiveis para detectar resglasta®munidades as mudancas ambientais do que
as medidas tradicionais de diversidade (Riocettal. 2005, Petchey & Gaston 2006). Sendo assim,
aqui nos:i) revemos algumas medidas tradicionais de divatsidg apresentamos a diversidade
filogenética, em que as relacdes de parentesc® estrespécies sdo levadas em coiitg;

apresentamos a diversidade funcional, em que tggesievem ter relacdes com o funcionamento
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das comunidades séo consideradads) discutimos os desafios e as perspectivas pasa adessas

duas abordagens promissoras para a Ecologia.

Medidas tradicionais de diversidade

Quando estamos interessados em quantificar e resudiversidade de uma comunidade, uma
primeira maneira de fazermos isso € simplesmenttaco@ numero de espécies que ali ocorrem.
Esse numero de espécies pode ser expresso tafibm@do de uma unidade de area — e, nesse caso,
falamos em “densidade de espécies” — ou de um cémeero de individuos — e, nesse caso,
falamos em “riqueza de espécies” (Krebs 1999). dfmtto, rapidamente ficou claro que essa
simples quantificagdo do nimero de espécies eraegtitaativa muito grosseira da diversidade de
uma comunidade (Ricotta 2005). Quando estimamageasttlade dessa forma, consideramos tanto
uma espécie rara, que aparece com um Unico individucomunidade, quanto uma comum, que
aparece com um numero muito grande de individumspesma forma — ambas tém o mesmo peso
na quantificacdo da diversidade estimada pela ddsiou pela riqueza de espécies.

Para evitar esse problema, podemos incluir a d¢wigdo relativa de cada espécie na
guantificacdo. Com isso, chegamos aos chamadazide diversidade, dos quais muitos foram e
continuam sendo propostos, entre 0s quais os de8ha Simpson (Magurran 2004). Se houNer
espécies na comunidade, podemos calcular a cagfduelativa de cada uma delas, medindo
algum descritor dos seus individuos, como a allwra biomassa, ou simplesmente contando o
namero de individuos — 0 que € o mais comumente #&icontribuicao relativa daésima espécie,
em que =1, 2, ...N, pode ser notada conm) de modo que; varia de 0 a 1 e a somatériame
igual a 1. A ldégica desses indices é que eles cmnbitanto 0 numero de espécies, a riqueza,
guanto a equabilidade, a maneira como os individeadistribuem pelas espécies. Ainda que cada
indice tenha suas particularidades e cada um pEesspEEcies raras e abundantes de maneiras
diferentes, altas riquezas e altas equabilidadés esrrelacionadas com altas diversidades (Ricotta
2003).

Da maneira como é usualmente calculada, isto &,gieIindancia das espécies, essa contribuicdo
relativa ignora quaisquer outras diferencas ergresaécies. Assim, um individuo de jequitib4-rosa
(Cariniana legalis(Mart.) Kuntze), que pode chegar a 40 metros deaaak pesar mais de 200
toneladas, tem o mesmo peso no calculo da diveissiqae um arbusto na submata, com alguns
poucos metros de altura e pesando alguns pouctss.giissim, essas medidas tradicionais de
diversidade acabam assumindo duas premissas, que V& de regra, ignoradas pelos

pesquisadores. Primeiro, a de que todas as espadeonsideradas equivalentes, isto é, todas tém
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a mesma importancia no que diz respeito a quargidadnformacao que carregam, nao importando
se algumas possuem alto valor de conservacdo ala &g outras sdo importantes para a
manutencgdo dos processos na comunidade (Maguréeh). Zegundo, dentro de uma dada espécie,
assume-se que os individuos sdo equivalentesgjst@o importa se tém alturas ou biomassas
diferentes, se crescem em locais mais ou menosreadus etc.

Um passo importante na ciéncia é reconhecer a tanpma de cada método ou abordagem e
decidir ponderadamente quando usar um método ou aloedagem particular. As medidas
tradicionais de diversidade tém respondido as sogssguntas? Conseguimos chegar a boas
previsbes com elas? Para ambas as perguntas,pastessparecem ser negativas. E isso ndo é
surpreendente, jA que ndo s6 as espécies saontbferentre si, como individuos de uma dada
espécie também o sdo. Nesse caso, medidas qupdrerorinformacdes sobre as espécies ou sobre

os individuos devem ser melhores do que aquelas@me fazem.

Medidas de diversidade filogenética

A diversidade filogenética € uma medida da divedédde uma comunidade que incorpora as
relacbes filogenéticas das espécies (Magurran 2@04yemissa principal dessa medida € que a
diversidade é maior em uma comunidade em que &tiespsdo filogeneticamente mais distintas.
A percepcdo dominante em ecologia evolutiva é gepéaes coexistindo devem diferir
significativamente e que a maior parte da variagdtre espécies aparentadas é uma resposta
adaptativa a competicdo no passado, quando os trégodiferiam (Harvey & Rambaut 2000). A
predicdo geral desse modelo de evolugéo é quesagéincia nos tragos ecoldgicos deve ser ampla.
Entretanto, estudos recentes mostraram que minteegens apresentam um conservadorismo dos
tracos ecoldgicos dominantes (e.g., Harvey & RamB@Q0, Prinzinget al. 2001, Ackerly 2003),
isto é, esses tracos tendem a se manter ao losgasiinhagens evolutivas. Por que isso ocorre?

Ha véarias maneiras pelas quais um ancestral coracemte pode restringir a radiagdo adaptativa
de uma linhagem) o tempo para a evolucao de diferencas entre $afdogeneticamente proximos
€ menor que entre tdxons filogeneticamente didafieércia filogenética; Felsenstein 198b);
padrbes arquiteturais, fisiologicos e ontologicaslgm enviesar os tipos de tragos que podem
evoluir (restricbes estruturais; Wake & Larson 198&¥iii) o baixo valor adaptativo de formas
transicionais restringe a diversidade de tragos mpgeEm evoluir (restricdes adaptativas; Wright
1982). Consequentemente, ha em geral uma relaggitvacentre uma medida da proximidade
filogenética entre duas espécies e uma medida ate lestorias de vida e similaridade ecologica

(Harvey & Pagel 1991, Silvertowet al. 1997). Portanto, uma comunidade em que as esEStEs
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distribuidas em muitos géneros deve apresentardiveasidade maior que uma comunidade em
gue a maioria das espécies pertence a um mesmim d®fagurran 2004).

As primeiras tentativas de incorporar a informaijiagenética das comunidades em medidas de
diversidade remontam & década de 1970 (Simbet®3%,1Pielou 1975). Contudo, somente a partir
da década de 1990 é que essa abordagem ganhoueiorgonsequéncia de sua importancia em
estabelecer prioridades na conservacdo (May 199()xtincdo de uma espécie sem parentes
proximos em uma comunidade tende a levar a uma peedor de informacdo genética do que a
extingdo de uma espécie com parentes proximos (8, Williamset al. 1991). Por causa disso,
uma melhor estratégia de conservacdo é estabeksmwas que contenham a maior diversidade
filogenética possivel (Vane-Wriglkt al. 1991, Williamset al. 1991, Faith 1996, mas veja Polasky
et al.2001).

A melhor medida da relacéo filogenética de duagaep € a idade do evento de especiacédo
sofrido pelo mais recente ancestral em comum (Wa&/@agel 1991). Essa informacéo pode ser
estimada pela diferenca nos pares de base de uenngeitro usado em filogenia molecular entre
duas espécies (Harvey & Pagel 1991). Faith (198R)of primeiro a propor uma medida de
diversidade filogenética baseada na idade da esy@exi conhecida como indice PD (do inglés
phylogenetic diversi)y Essa medida é obtida pela soma dos comprimela®dracos da arvore
filogenética das espécies de uma comunidade (R&82). Longos comprimentos de bracgos
correspondem a tempos evolutivos maiores e, preslmente, a grupos taxondmicos mais
distintos. Portanto, a PD de uma comunidade é umgéb do niumero de espécies e da diferenca
filogenética entre elas (Faith 1992). No entantealzulo da PD de grandes comunidades requer
gue todas as espécies sejam sequenciadas, o gz veEes € impraticavel. Além disso, ndo ha
nenhuma garantia de que a taxa de mudanga molesnlam determinado gene seja a mesma em
diferentes linhagens de uma comunidade (Webb 2Q@@jo, para obter uma boa estimativa da
diversidade filogenética da comunidade, € necessAsequenciamento de varios genes (Webb
2000).

Um método alternativo mais simples é consideraipalbgia de uma filogenia. Topologia, em
matematica, € o estudo das propriedades das fogmamétricas. Considerando as formas
geométricas de filogenias, o parentesco entre @spscies pode ser estimado pela distancia
topoldgica entre elas, ou seja, pelo numero deowdigacdes que as separam em uma arvore
filogenética (Webb 2000, Ricotta 2004). A idéia deisenvolvida primeiramente por Vane-Wright
et al. (1991) para incorporar um valor taxonémico de esj@ecie nas medidas de diversidade. Ele
chamou esse valor especifico de distinguibilidagernémica (do ingléaxonomic distinctivenegs

A distinguibilidade taxondmica de uma espég¢iem uma dada comunidade é a soma das distancias
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topoldgicas (i.e., numero de ligagfes) entre taopares de espécies dos quaparticipa (Fig. 1,
Vane-Wrightet al. 1991, Ricotta 2004). O indice de diversidade térauna de Vane-Wrighet al.
(1991) é obtido simplesmente pela soma das disbitigiades taxon6micas de uma amostra.

Duas medidas promissoras baseadas em distanc@édizps sdo a distingdo taxondmiad, (
taxonomic distinctne¥se a diversidade taxondmica,(taxonomic diversityWarwick & Clarke
1995, 1998, Clarke & Warwick 1998). Essas medidasmomissoras por serem faceis de calcular,
por terem sido aplicadas em varias comunidades sgvem robustas em relagcéo a diferencas na
amostragem (Clarke & Warwick 1998, Magurran 20@4jliversidade taxondmica é estimada pelo
namero esperado de nés entre quaisquer dois individorteados em uma comunidade (Clarke &
Warwick 1998). A distincdo taxondmica, por sua wemodificada para remover 0o peso excessivo
da abundancia das espécies no calculo da diveesittacbndmica. A distingdo taxondmica €
estimada pelo numero esperado de nos entre queiggig individuos de espécies diferentes
sorteados em uma comunidade (Clarke & Warwick 1988)bos os indices podem ser calculados
usando os programas Past (Hammeral, 2001) e Primer-E (Clarke & Warwick, 2001a), que
estimam intervalos de confianca por aleatorizagdes.

Os primeiros estudos utilizando a distin¢cdo taxadcéra a diversidade taxonémica investigaram
as respostas de comunidades bentdnicas aos distaritrépicos (Warwick & Clarke 1995, 1998).
Depois disso, essas medidas e suas variagcdesvéirmcao na distincdo taxonémica e distingcao
taxondmica média; Clarke & Warwick 2001b) foram desa para identificar respostas de muitas
comunidades ecologicas a varios tipos de distarbiggradientes ecologicos (e.g., macrofitos,
Mouillot et al. 2005; nematodos, Warwick & Clarke 2005; peixesatB& Magurran 2006; e
plantas, Silva & Batalha 2006). Recentemente, Ric@004) combinou a abundancia relativa das
espécies com a distinguibilidade taxondmica em uodicé paramétrico de diversidade (sensu
Hurlbert 1971). Ele o chamou de distingédo taxonangisperadaegkpected taxonomic distinctness
Ricotta 2004). A grande vantagem da distingcdo tdmoca esperada € que podemos variar sua
sensibilidade a diferencas na contribuicdo dascespéaras (Ricotta 2004). Esse indice tem
também se apresentado adequado para capturar raadaegstrutura da comunidade de plantas
(Ricottaet al. 2005, Silva & Batalha 2006).

Outra aplicacdo interessante é em estudos degdeavolutivas entre hospedeiros e parasitas
(Poullin & Moulliot 2003, 2004; Krasnoet al. 2004). Essas medidas de diversidade tém se
mostrado mais sensiveis para identificar padrdessgecificidade que as tradicionais. Por exemplo,
a distingdo taxondmica de pequenos mamiferos pedasi por pulgas foi em geral menor do que o
esperado ao acaso, sugerindo que pulgas paraséas wm espectro taxondmico mais estreito de

hospedeiros que o disponivel a elas (Krasgioal. 2004). Estudos da diversidade taxonémica de
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parasitas de peixes mostraram que populagbes do@dhe adquiriram assembléias de parasitas
tdo taxonomicamente diversas quanto as populacaggas (Poullin & Moulliot 2003). Em
contraste, estudos anteriores baseados somenigueaa de espécies encontraram assembléias de
parasitas mais especificas em peixes introduzidogug nos nativos (Kennedy & Bush 1994).
Contudo, ainda ndo ha estudos com medidas de idiadestaxondmica que tenham investigado as
interagbes especificas entre as plantas. Uma quesid merece futuras investigagbes é se ha
especificidade na relacéo entre lianas ou epiBtaeus forofitos. A diversidade taxonémica de
assembléias de fordéfitos usadas por epifitos oadig menor que o esperado ao acaso?

O desafio da abordagem filogenética em ecologieodeunidades para muitos organismos ainda
€ desenvolver medidas que incorporem informacbead@as de hipdteses filogenéticas. A
distincdo e a diversidade taxonémicas, embora tabusdo baseadas na topologia lineana
(hierarquica; Warwick & Clarke 1995, 1998), que mmitas vezes ndo é uma estimativa acurada da
relacdo filogenética das espécies. Recentemevgeriias moleculares cladisticas estdo sendo
publicadas para muitos organismos (e.g., a@sley & Ahlquist 1990; plantas, Angiosperm
Phylogeny Group 2003). Isso permite-nos ndo sditlcom uma maior facilidade as medidas de
diversidade filogenética que considerem o comprimeps bracos (Faith 1992, Weébal. 2007),
como também examinar explicitamente a estrutumgdihética das comunidades (Wedtbal.
2002). Nesse sentido, avangos significativos t& fitos em ecologia de plantas, de modo que
podemos estimar em milhdes de anos a diversidémgefiética das comunidades (Wedtbal.
2007).

Webb (2000) prop6s duas medidas de diversidadatiasena recente classificacdo filogenética
das angiospermas (Angiosperm Phylogeny Group 20D3)istancia média par-a-par (MPD, do
inglés mean pairwise distangee a distancia média do vizinho mais préximo (MNNID inglés
mean nearest neighbor distapnceA MPD € a distancia filogenética média entre atdas
combinacbes de pares de espécies e a MNND é adsstilogenética média do parente mais
proximo de todas as espécies (Webb 2000). EnquwaM®&D nos da um valor geral da estrutura
filogenética da comunidade, a MNND ¢é o equivalést¢éaxas de espécies por género (Webb 2000).
Essas medidas podem ser calculadas facilmente enpebmramas computacionais, o Phylomatic
(Webb & Donoghue 2005) e o Phylocom (Waedikal. 2007). O Phylomatic € uma base de dados e
um conjunto de ferramentas para a construcdo deeinfilogenéticas de angiospermas (Webb &
Donoghue 2005). As arvores geradas sdo baseadadgarasacdes de varias filogenias moleculares
publicadas (arvore de referencia R20050610; Webbaoghue 2005). Os comprimentos dos
bragos sdo baseados nas idades minimas estimadagparos, familias e ordens a partir de dados

fosseis (Wikstronet al. 2001). Os nds ndo datados sdo espagados igualergrgeos nds datados
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por um algoritmo no Phylocom, chamado BLADJ (ddéstyranch length adjustmeniVebbet al.
2007). Além disso, o Phylocom, por sua vez, calodidaas métricas de estrutura filogenética da
comunidade, conservadorismo e correlagéo de t(ago¥Vebbet al. 2007).

Medidas de diversidade filogenética também podemusadas para analisar 0s processos
ecologicos que organizam a comunidade (Webbal. 2002). Comunidades ecoldgicas séo
assembléias de espécies coocorrentes que inte@agentialmente uma com a outra. Elas resultam
ndo sé de processos ecoldgicos presentes, comm@etigdo entre as espécies (Hutchinson 1959,
Leibold 1998) e os filtros ambientais (Weiher & Kigd1995, Chase 2003), mas também de
processos evolutivos passados e continuos (Tof&h&ertown 2000, Ackerly 2003). Com base
nessas premissas, Weébal. (2002) propuseram um esquema l4gico para infegicamismos de
coexisténcia contemporanea (Tab. 1): se os tragusdnais forem conservados na evolugdo das
linhagens de espécies (i.e., tragcos sdo mais sawil&ntre as espécies mais préximas
filogeneticamente; Ackerly 2003) e os filtros anmttégs forem o processo ecolégico dominante
(Weiher & Keddy 1995, Webb 2000), niveis de coddocia entre espécies proximas
filogeneticamente tendem a ser altos (atrac@odiiética). Por outro lado, se os tracos funcionais
forem filogeneticamente conservados e a compefigéoecursos limitados for o principal processo
ecologico, espécies proximas filogeneticamenteelend apresentar baixos niveis de coocorréncia
(disperséao filogenética, Webdt al. 2002), por causa da exclusdo competitiva de umanaigs
espécies funcionalmente similares (Leibold 1998).ewtanto, se os tragos funcionais evoluirem
convergentemente e as espécies filogeneticameatnas forem funcionalmente diferentes, os
filtros ambientais podem favorecer a coocorréncea abpécies filogeneticamente distantes
(disperséo filogenética, Webdt al. 2002). A competi¢cdo, no caso de tracos filogeastante
convergentes, tende a remover qualquer associdasf@anatica entre espécies, resultando em
comunidades que néo sao diferentes das esperadaasso

Para avaliar quais desses processos ecoldgicosdgannantes em uma comunidade,
precisamost) testar se os tragos séo filogeneticamente coadesvou convergentes nas linhagens
de plantas;ii) delimitar o banco regional de espéci@s); calcular as medidas de diversidade
filogenética; eiv) comparar as medidas observadas com as obtidaalm@nte pelo banco de
espécies (Cavender-Bametsal. 2004, 2006).

Podemos analisar o padrédo de evolucdo dos tragnsocmédulo de analises de tragos do
Phylocom (Webtet al. 2007). Esse método compara os desvios-padrdesados acima do nivel
de espécie com uma hipétese nula gerada pelar@egén dos valores das espécies (Wetbal.
2007). A analise de tragcos conduz testes de dlogehético, que é definido como a tendéncia de

espécies aparentadas a se assemelharem. Se d@ewgg¢racos for conservada, a divergéncia sera
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pequena (i.e., desvios-padrdes dos tracos peqeemaslacdo a hipotese nula), e as espécies terdo
tracos similares. Por outro lado, se a evolucaotdg®s for convergente, a divergéncia sera alta

(i.e., desvios-padrbes dos tracos grandes em celaddipotese nula) e as espécies terdo tracos
distintos.

O banco regional de espécies € um conjunto de iespg@atencialmente capazes de coexistir em
uma determinada comunidade (Eriksson 1993). Coesggmente, um banco regional de espécies
€ ecologicamente delimitado e esta relacionado aiponde comunidade, a ‘comunidade alvo’
(Partelet al. 1996). Contudo, o tamanho da comunidade estudad&lacdo ao do banco regional
influencia o poder das andlises da estrutura daucmiade (Kraftet al. 2007). Em geral, o maior
poder é obtido para comunidades de tamanho intédn®dvariando aproximadamente de 30% a
60% do banco regional (Kradt al. 2007).

A MPD e a MNND podem ser calculadas no Phylocom et al. 2007). Para isso,
precisamos da arvore filogenética do banco regiendé uma lista de espécies da comunidade
estudada. A comparacdo das medidas observadas chipéi@se nula também é feita pelo
Phylocom (Webtet al. 2007). Ele faz isso por meio de dois outros irgliceindice de parentesco
liguido (NRI, do ingléset relatedness index o indice do taxon mais proximo (NTI, do inglés
nearest taxon indeXWebb, 2000). Valores positivos de NRI indicam @seespécies sdo mais
proximas filogeneticamente do que o esperado asoa@&ebb 2000). Valores negativos de NRI
indicam que as espécies sdo mais distantes filtigeamente do que o esperado ao acaso (Webb
2000). O NTI foi proposto como uma medida do agmgrao filogenético terminal em uma
filogenia (Webb 2000). Os valores de NTI tendemen @ositivos quando had muitas espécies
congenéricas e confamiliares (Webb 2000). Quarsiorifo ocorre, os valores de NTI tendem a ser
negativos (Webb 2000).

Estudos em florestas tém mostrado que os filtrdsiemtais podem ser mais importantes que a
competicdo na determinacdo da estrutura filogemédw comunidade de plantas (Webb 2000,
Cavender-Baresgt al. 2006, Kembel & Hubbell 2006). Entretanto, o padfifmgenético parece
depender da escala espacial. Estudos conduzidopegmenas escalas tém encontrado uma
dispersao filogenética das plantas coocorrentesefer-Bareset al. 2004, 2006, Slingsby &
Verboom 2006). Cavender-Bares al. (2006) demonstraram, por exemplo, que as espéeies
carvalho das florestas temperadas da Florida s@osrfancionalmente similares do que o esperado
ao acaso. Embora a floresta de carvalho como um apdesente uma distribuicdo agregada de
taxons, a competicdo exclui localmente as espéfiesionalmente similares de carvalho
(Cavender-Barest al. 2006).

Ao contrario das florestas, esperamos uma dispdikiiyenética das plantas em areas de
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cerrado. Baseado nos modelos de coexisténcia&@nwoees e gramineas (Sankaearal. 2004), nas
forcas ecoldgicas dependentes da densidade (Be2@0dig Gilbert & Webb 2007) e na historia
evolutiva da flora do cerrado (Penningteinal. 2006), sugerimos que a disperséo filogenética no
cerrado seja devida as interacdes competitivapldatas, aos ataques de herbivoros e patdégenos e
a especiacdo ecologica. Estudos futuros deverdwirimcformacdes sobre a histéria filogenética
dos tracos funcionais das plantas do cerrado. Tianfékéam estudos sobre os processos ecoldgicos
e a estrutura filogenética das plantas em outrasaipdes vegetais. Padrdes diferentes do observado
em florestas devem emergir na caatinga e nos cap@ogsausa da severidade de seus filtros

ambientais.

Medidas de diversidade funcional

Assim como no caso da ‘diversidade filogenéticamteresse pela ‘diversidade funcional’ esti
crescendo muito nos ultimos anos, em diversos cardpoEcologia e em estudos com diversos
grupos taxondmicos. Devido a potencial relacéoeeatdiversidade funcional e o funcionamento e
manutencdo dos processos das comunidades (verePeicliGaston 2006 para referéncias), é
necessario definir precisamente o conceito de sid@de funcional. Uma definicdo diz que
diversidade funcional é ‘o valor e a variagdo dgseies e de suas caracteristicas que influenciam o
funcionamento das comunidades’ (Tilman 2001). Eesmicdo é bastante aceita (e.g., Petchey &
Gaston 2002, 2006) e, portanto, é a que adotansbs tmabalho.

Dessa forma, medir a diversidade funcional sigaifinedir a diversidade de caracteristicas
funcionais, que sdo componentes dos fenétipos dggniemos que influenciam os processos na
comunidade. Por exemplo, imaginemos duas comursdélee B) com o mesmo numero de
espécies. Se todas as espécies em A forem dispsusaaves, enquanto que as em B forem
dispersas por mamiferos, aves, lagartos e pel@yvapesar de ambas possuirem o mesmo ndmero
de espécies, B serd mais diversa por apresentiesguncionalmente diferentes no que se refere
ao tipo de dispersdo. A respeito das caractersstfoacionais existe uma vasta literatura,
notadamente para as plantas, bem como linhas dpiipasdedicadas a testar o poder preditivo
dessas caracteristicas em relacdo a respostasitas @fo funcionamento das comunidades e a
processos bioldgicos de dificil mensuracgéo (e.grnélisseret al. 2003, Violleet al. 2007).

A diversidade funcional estima as diferengas ewoBeorganismos diretamente a partir de
caracteristicas funcionais relacionadas com agdipé em estudo. Medir a diversidade funcional
significa medir a diversidade de tragos funciorgaig influenciam os processos da comunidade,

independentemente da filogenia dos organismos. Gamescente interesse por essa abordagem,
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varias medidas de diversidade funcional estdo epad® na literatura. Essas medidas diferem na
informacgdo que contém e na maneira com que quaatifia diversidade (Ricotta 2005, Petchey &

Gaston 2006), podendo ser divididas em medidag@atas ou continuas.

Medidas categoricas A medida de diversidade funcional mais comutangém a mais antiga,
€ dada pelo numero de grupos funcionais (ou tiposidnais) presentes em uma comunidade (e.g.,
Tilman et al. 1997, Diaz & Cabido 2001), ou seja, a riquezardeas funcionais (FGR, do inglés
functional group richneds Nessa abordagem, as espécies sédo agrupada®rde aom algum
método de classificagdo, de maneira que espéadie um mesmo grupo sejam mais similares
entre si do que com espécies de grupos difereApeEsar de bastante empregada, a FGR possui
algumas limitagBes importantes. A primeira € qaenelcessita de decisdes arbitrarias a respeito do
nivel em que as diferencas entre organismos s@haimente significativas. Em outras palavras,
quao similares devem ser os organismos para gaensgjnsiderados membros de um mesmo
grupo funcional? Essa pergunta s6 pode ser regpersdiparando as espécies por algum critério
arbitrario. A segunda limitagdo é que, ao usarmd¥G&®, assumimos qué) membros de um
mesmo grupo sdo funcionalmente idénticos, ou safa,espécies dentro dos grupos sao
completamente redundantesj)emembros de diferentes grupos séo igualmenteedifes, ou seja,
complementares. Ambas as assuncdes raramente rei@mleieas. Portanto, classificar organismos
em grupos funcionais requer o maior nimero de desig assun¢fes dentre todas as medidas de
diversidade funcional atualmente disponiveis (Rstd Gaston 2006). Além disso, a FGR é uma
medida categorica e, portanto, menos vantajosaetagdo a medidas continuas (Diaz & Cabido
2001, Petchey & Gaston 2006).

Medidas continuas—- Quando construimos classificacbes funcionaigjepms estimar a
diversidade funcional sem a necessidade de diwdir organismos em grupos arbitrarios.
Essencialmente, essa abordagem consiste em maidpeasdo de pontos (espécies) em um espaco
n-dimensional de caracteristicas funcionais de mgde as expectativas tedricas de como as
medidas de diversidade devem se comportar sejandidées (Ricotta 2005, Petchey & Gaston
2006). Por exemplo, é intuitivo esperar que a addgiuma espécie funcionalmente similar a uma
outra ja existente ndo altere significativamentdiwersidade funcional e que a adicdo de uma
espécie funcionalmente diferente resulte no seteator(e.g., Masoat al. 2003, Petchey & Gaston
2006). Como as medidas continuas sdo vantajosaslapdo as categoricas (Diaz & Cabido 2001,
Petchey & Gaston 2002, 2006), € preferivel calcaladiversidade funcional diretamente dos

caracteres das espécies (Petchey & Gaston 200nMasl. 2003). Atualmente, as medidas de
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diversidade funcional que se enquadram no requasitta sdo basicamente de dois tipos: medidas
gue permitem o uso de apenas uma caracteristiceofah (e.g., Masoet al. 2003, Masoret al.
2005) e medidas multivariadas, que permitem o @swadiascaracteristicas simultaneamente. As
ultimas ainda podem ser divididas em medidas basead distancia de pares de espécies (e.g.,
Walkeret al. 1999, Ricotta 2005), no “volume” que as espécgegrda comunidade ocupam em um
espaco multivariado (Cornwedt al. 2006) ou em uma medida baseada nos fundamentostise

de agrupamento (Petchey & Gaston 2002). Discutiseagoii apenas as medidas multivariadas, pois

elas sdo as mais promissoras.

Medidas da distancia de pares de espéciePodemos imaginar as espécies como pontos
dispersos em um espaco meimensdes, onde é igual ao numero de caracteristicas funcionais, e
gue existem linhas conectando os pares de esp&meivermoss espécies, entdo o numero de
linhas seras? - 9/2 e o comprimento dessas linhas sera a dist@mti@ os pares de espécies.
Varias medidas de diversidade funcional quantifiemsas distancias. Walketral. (1999) foram os
primeiros a propor uma medida obtida diretamensecdsacteristicas funcionais das espécies (FAD,
do inglésfunctional attribute diversily A FAD estima a dispersdo pela soma das disténcia
pareadas entre as espécies no espagco multidimehsogquanto que uma medida semelhante o faz
pela média dessas distancias (ver Heemsbeargah 2004). Outra medida proposta recentemente
baseia-se na entropia quadratica de Rao (Rao ¥&23emelhante as anteriores, mas permite a
inclusdo da abundéancia das espécies. Essas mééidas vantagem de serem matematicamente
simples e bastante utilizadas (Rao 1982, Botta-D2B@5, Ricotta 2005).

Porém, essas medidas apresentam duas propriedadesejaveis para uma medida de
diversidadei) por razdes matematicas, discutidas em Ricott@5)26 Petchey & Gaston (2006),
essas medidas violam o principio da monotonicidadeseja, o seu valor pode diminuir com a
inclusdo ou aumentar com a exclusdo de espécigse @ principio € contra-intuitivo; i) essas
medidas consideram, erroneamente, que as distamcia® 0s pares de espécies sejam
independentes, levando a uma estimativa inflaciarmddiversidade funcional (Petchey & Gaston
2006). Apesar dessas deficiéncias, muitos trabalbtbzam essas medidas, seduzidos
especialmente pela capacidade de incorporar a abaiaddas espécies. Dessa forma, € necessario
cautela na interpretacdo desses indices. kep. (2006) disponibilizaram uma macro para o
programa Excel (Microsoft 2007) que permite calcokindices de diversidade de Rao (1982) e o
indice de divergéncia funcional proposto por Masbal. (2005). Essa macro pode ser obtida em

http://botanika.bf.jcu.cz/suspa/FunctDiv/InstrFubistpdf. Todavia, uma maneira eficaz de

ponderar a diversidade funcional pela a abund@tasaespécies ainda € um desafio em aberto.

43



Soma do comprimento dos bragos do dendrogramdetchey & Gaston (2002, 2006)
apresentaram uma medida de diversidade funcioria @ inglésfunctional diversity. A FD
consiste na soma dos comprimentos dos bracos delamdrograma funcional, ou seja, um
dendrograma gerado a partir de uma matriz de “@spg&ccaracteristicas funcionais”. O uso de um
dendrograma requer mais decisdes a serem tomageasra por exemplo, qual a medida de
distancia e método de ligagdo que sera usado napagento hierarquico. Porém, quando
mensurada dessa maneira, a diversidade funciowalindinui se uma espécie for adicionada a
comunidade, nem aumenta se uma espécie for remadéa de ndo se alterar quando uma espécie
idéntica a outra ja existente é adicionada ou rémao{Petchey & Gaston 2006). Além disso, 0 uso
do dendrograma leva em conta a dependéncia déndad entre as espécies no espaco
dimensional, evitando a inflacdo da medida comaasn da FAD. Como uma quantificacdo da
diversidade funcional, a FD mede a extensdo da lemngmtaridade entre os valores de
caracteristicas das espécies (Petchey & Gaston) 280portanto, esta diretamente ligada ao
conceito de nicho ecoldgico. Diferencas maioresreergsses valores representam maior
complementaridade e, portanto, maior FD (Petchegdston 2002). Como essa medida néo
considera as abundéancias das espécies, podemdsgetada mais apropriadamente como uma
medida de “riqueza funcional”.

O célculo da FD é relativamente simples e baseayséundamentos da analise de agrupamento
(Petchey & Gaston 2002). Existem quatro passos@aru célculot) obter uma matriz funcional
(espécies x caracteristicas funcionaig)converter a matriz funcional em uma matriz deadisia,

iii) realizar o agrupamento da matriz de distancia paoduzir um dendrograma,i§ calcular o

comprimento total das ramificagbes do dendrografig €). Usualmente a FD é calculada por
meio da distancia euclidiana e do método de agraptompela média, padronizando todas as
caracteristicas de maneira que tenham média igpa@tcae variancia igual a um. Aparentemente a
FD é pouco afetada pela distancia utilizada (Pgtéhdésaston 2006, 2007; mas ver Podani &

Schmera 2006). A FD pode ser calculada por meiprdgrama R (R Development Core Team

2006, www.r-project.ory utilizando as linhas de comando disponiveis dgina pessoal de Owen
L. Petchey (http://owenpetchey.staff.shef.ac.uk&lGdde/calculatingfd.htrpl

Petcheyet al. (2004) compararam quatro medidas de diversidadqueza de espécies, FGR,
FAD e FD - e concluiram que as ultimas explicamhareds diferencas funcionais da comunidade.
A FD, ao contrario da FAD, ndo ¢é afetada pela dquade espécies per se (Petcbegl. 2004). Uma
vez que uma medida de diversidade funcional quetnéflfuenciada pelo nimero de espécies € um

melhor previsor do funcionamento de uma comunidadel) tem um poder explanatério maior do
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que a FAD (Petchegt al. 2004). Até o momento, a FD se mostrou a medidaidersidade
funcional que melhor se relaciona com o funcionametas comunidades (Petchey & Gaston
2006).

Aplicacbes- A diversidade funcional pode nos ajudar a esciaros processos que determinam
o funcionamento das comunidades, pois € um congeioliga organismos e comunidades por
meio de mecanismos como complementaridade no usecdesos e facilitacdo (Petchey & Gaston
2006). QuestBes como “regras de assembléia”, ‘gnéels de diversidade (funcional)” e até mesmo
a “teoria neutra” (Hubbell 2001) podem ser invesfigs com essa abordagem. Podemos, por
exemplo, testar se os filtros ambientais ou a ctigigesao processos determinantes na organizacao
das comunidades. Nesse caso, ndo precisamos garestevolucdo dos tracos ou o parentesco das
espeécies, pois estamos usando diretamente os frtagmenais de interesse. Se uma determinada
comunidade possuir menor FD do que o esperadoaswm aeodemos inferir que filtros ambientais
selecionam espécies funcionalmente mais similaegncontrarmos o oposto (maior FD do que o
esperado ao acaso), podemos inferir que a compedig@n processo importante (Weiher & Keddy
1995). Ainda, podemos avaliar com maior precisdongdicacdes da extincdo de espécies na
manutencdo das caracteristicas das comunidadesh€lpef Gaston 2006). Qual o nimero de
extingdes que uma comunidade pode suportar angeiggdes importantes sejam perdidas? Além
disso, a diversidade funcional mostrou-se maisresgante na avaliagdo e monitoramento de
impactos ambientais quando comparada com a riqezspécies (Ernst al. 2006). Finalmente
essa abordagem ndo depende da identificacdo taxmn@ips organismos, 0 que € bastante
interessante para regides onde o conhecimentetitarié ainda deficiente, como, por exemplo, nos
tropicos (Duckworttet al. 2000).

Recentemente, uma modificacdo da FD, chamada ikjeyisla por Cianciaruset al. (no prelo),
permite incluir também a variagdo intra-especifies espécies presentes na comunidade. Nesse
caso, substitui-se a matriz funcional de ‘espégiesiracteristicas funcionais’ por uma matriz de
‘individuos x caracteristicas funcionais’. A indiesda variabilidade intra-especifica justifica-se,
pois existem fortes evidéncias de que as diferefigagonais entre individuos de uma mesma
espécie sdo importantes para 0s processos da aadeni A variabilidade intra-especifica
influencia a habilidade competitiva e coexistérdaa espécies (Begon & Wall 1987, Callavedy
al. 2003), a invasibilidade (Sextat al.2001) e o funcionamento das comunidades, por exemp
ciclagem de nutrientes (Madritch & Hunter 2003j)esisténcia a perturbagfes (Reusthl. 2005)

e a produtividade (Norbeggt al. 2001). Portanto, espera-se que a iFD permitaioglaccom maior

eficiéncia os organismos presentes na comunidade processos ecoldgicos e variaveis
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ambientais (Pachepsky al. 2007).

Conclusoes

Procuramos apresentar duas visdes bastante proasigsara a solucdo de diversos paradigmas
ecologicos, mas que ainda sdo pouco aplicadas gumuisadores brasileiros. Como ha muitas
guestdes sem resposta, este € um momento bastnueri@do para que 0S pesquisadores
brasileiros contribuam significativamente para argo da Ecologia. Estamos em um dos paises
com maior biodiversidade no mundo (Mittermestral. 2005), de proporgdes continentais e com
comunidades naturais ainda pouco compreendidag podemos tentar responder a muitas das
guestbes apresentadas aqui. Evidentemente, ainddéenex grandes lacunas a respeito do
conhecimento que temos sobre essa biodiversidapecialmente sobre os aspectos funcionais das
espécies que, muitas vezes, é praticamente inetdstBorém, acreditamos que isso deva servir
como estimulo as pesquisas nessa area e na cdadaas de financiamento que contemplem a

criacdo de um banco de dados com informacdes figms e funcionais sobre nossas espécies.
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Figura 1. Esquema de uma arvore filogenética com reatriz de distancia. Os valores das
distancias topologicas sdo o numero de ligacOee estpares de espécies. A soma da linha ou
coluna de uma espécie € igual ao valor da distiigiade taxonémica (modificado de Ricotta
2004).

Figura 2. Dendrograma funcional hipotético. A dsig¢ade funcional (FD) é igual a soma de todos
0S bracos necessarios para conectar as espécgmntpe em uma dada comunidade. Por
exemplo, uma comunidade formada pelas espéciele B terd uma FD igualbeta +c+d +

f+g+i+j+k
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Tabela 1. Distribuicao filogenética esperada deriaxconsiderando as combinacdes de padrdes
evolutivos de tracos e processos ecolégicos (nvadifi de Webket al. 2002).

Tragos ecologicos filogeneticamente

Processo ecoldgico dominante: Conservados Convergentes
Filtros ambientais Agregada Dispersa
Exclusédo competitiva Dispersa Aleatoria
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Abstract — Linking species and ecosystems ofteasein approaches that consider how the traits
exhibited by species affect ecosystem processasng@ithod is to estimate functional diversity
(FD) based on the dispersion of species in funatitmit space. Individuals within a species also
differ, however, and an unresolved challenge is twimclude such intraspecific variability in a
measure of functional diversity. Our solution i®etdend an existing measure to variation among
individuals within species. Here, simulations destaate how the new measure behaves relative to
one that does not include individual variation.itndual-level FD was less well associated with
species richness than species-level FD in a singitedimension, because species differed in their
intraspecific variation. However, in multiple traimensions, there was a strong association
between individual- and species-level FD and rissnbecause many traits result in a tight
relationship between functional diversity and spgcichness. The correlation between the two FD
measures weakened as the amount of intraspecifatiity increased. Analyzing natural plant
communities we found no relationship between sgatitness and functional diversity. In these
analyses, we did not have to specify the souréetkspecific variation. In fact, the variation was
only among individuals. The measure can, howenetude differences in the amount of
intraspecific variation at different sites, as vesbnstrate. Including intraspecific variation stibul
allow a more complete understanding of the prosefs# link individuals and ecosystems and

provide better predictions about the consequenicestimctions for ecosystem processes.

Key words complementarityfunctional classification, phenotypic diversityagpticity, species

richness, traits.
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Introduction

Intraspecific variability (i.e., phenotypic and g¢ic differences among individuals within a
species) has long been recognized as importamtdaratanding ecology and evolutionary biology
(Schlichting 1986, Wells and Pigliucci 2000, Bokt al. 2003, Sultan 2004). Intraspecific
variability occurs for many aspects of developmphysiology, and life-history, and may be related
to environmental constraints (Spicer and Gastor91@8llaway et al. 2003, Gaston 2003). It is also
clear that functional traits (sensu Violle et #&02) play an important role in communities and the
functioning of ecosystems (Chapin et al. 2001).d5@mple, they can determine species
competitive ability and coexistence (Begon and V¥8B7, Callaway et al. 2003), invasion ability
(Sexton et al. 2001, Richards et al. 2006), andneconity functioning, such as nutrient dynamics
(Madritch and Hunter 2003), resistance to distuckgReusch et al. 2005, Gamfeldt and Kallstrom
2007), and plant productivity (Norberg et al. 2Q0Qt)s an individual that gains carbon and
nutrients from the environment, transfers plardutés to higher trophic levels, and decomposes
plant litter (Chapin et al. 2001). It is also at thdividual level that competition for resourceshe
width expansion (Bolnick 2001), and ultimately matwselection occurs (Vellend and Geber 2005).
Therefore, some ecologists argue that the cemtealsfin community ecology should be on
individuals (e.g., DeAngelis and Gross 1992, Paskept al. 2001, 2007), and many individual-
based models have been proposed (e.g., Hustonl®84, Loreau 1998). In this sense, progress
could be made by replacing species with individaalshe fundamental ecological accounting unit
(Pachepsky et al. 2001, 2007).

Somewhat independently, functional traits rathantbpecies per se are increasingly being used
to understand ecological processes and, hopefutly,ecology into a more predictive science (Diaz
and Cabido 2001, McGill et al. 2006, Petchey angt@a2006). Even if the conceptual relevance
of including the variability within species in tifignctional diversity has already been identified by
some authors (Mason et al. 2005, Ackerly and ColirR@®7, Pachepsky et al. 2007), up to now,

none of the methods proposed for estimating funetidiversity (see Petchey and Gaston 2006)
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gives a clear approach to incorporating informatibout individuals. That is, indices of functional
diversity working with multiple traits do not inae intraspecific variability, but rather use averag
trait values for species. Consequently, the funetigroperties of individuals and the resultingesta
of the community cannot be linked, fuelling the alebon the relationship between biological
diversity and community function (Pachepsky e2@D1).

Here, we present a straightforward extension tartasurement of functional diversity that
accounts for intraspecific variation. We illustrétesing the functional diversity index, termed,FD
proposed by Petchey and Gaston (2002, 2006). $ireeneasure contains information only about
the uniqueness of species, and not about thetivelabundances, one might choose to term it a
measure of functional richness (Moulliot et al. 20But see Hurlbert 1971). Although measures of
functional diversity are available that include @pe abundances (e.g., Rao 1982), whether these
are more generally useful or applicable is far fr@solved (see Ricotta 2005 and Petchey and
Gaston 2006 for a review of the shortcomings ohsueasures).

We demonstrate with simulations how the new medsebhaves relative to one that does not
include individual variation. We also use data frplant communities where the attributes of
individuals were measured. An attribute is theipaldr value taken by the trait at any place and
time; within a species the trait may show differatitibutes along environmental gradients or
through time (Violle et al. 2007). Field data allow to consider sources of intraspecific variapilit
that may be included in functional measures: firatjability among the individuals within a
location, and second, variability among individudiat occurs between locations, perhaps due to

environmental differences.

Methods
Calculating FD
Calculating FD involves four steps (Petchey andt@a2002, 2006)i) assembling a trait matrix

(species in rows and functional traits in columii$);onverting the trait matrix into a distance
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matrix, iii ) producing a dendrogram by clustering the distana#ix, andv) calculating the total
branch length of the dendrogram necessary to comtlespecies in the community. We used
Euclidean distance and the unweighted pair groupadewith arithmetic averages (UPGMA) to
produce, respectively, the distance matrix andidredrogram (Podani and Schmera 2006, Petchey

and Gaston 2007).

An individual-level FD measure

To include intraspecific variation in FD, we suggasimple change in the first step mentioned
above. Instead of constructing a trait matrix veipiecies in the rows, one can include individuals in
the rows. This modification transforms a speciegll@pproach into an individual-level one.
Obviously, trait values for the individuals areuwggd. This individual level measure of functional
diversity (iFD) is defined as the total branch l#ngf the functional dendrogram that can be
constructed from information about individual’s @timnal traits. It is an extension of the species-
level FD measure (Petchey and Gaston 2002, 2006 )aléows simultaneous inclusion of trait

variation among and within species in a functiatiakrsity measure.

Simulations

To understand the relationship between speciesf&¥¢spFD) and individual-level FD (iFD),
we carried out simulations including one, three] five traits as followst) We assembled an
individual-level trait matrix by assigning an abiie value to ten individuals within each of 26
species (named with the letters A-Z for computatidractability). Attribute values were drawn at
random from a normal distribution with standardidgen of p * E(CV). The species trait value, ,
was itself a random normal deviate with mean Ostaddard deviation 1. Manipulating the
expected coefficient of intraspecific variation B{Gallowed us to investigate the importance of the
amount of intraspecific variability. Expected irgpecific trait variation ranged from 0 (no

intraspecific variation, all individuals within @ecies are identical, E(CV) = 0%) to 5 (coefficient
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of variation around species mean value = 5009)Ve assembled a species-level trait matrix by
aggregating the individual-level trait matrix. Heneit matrices had species as rows and individual
trait-averages as columns (the standard approas$titnate FD)iii) We assembled communities
containingS speciegirawn at random from the pool of 26 species, Bith{2, 4, 6 ... 26}, and ten
replicate assemblages at each richness leYétD of each assemblage was estimated from both the
individual-level trait matrix (to give iFD) and fno the species-level trait matrix (to give spFD). We
examined values of iFD and spFD with values of E(@¥m 0.0 to 5.0 in steps of 0.1 [0.0, 0.1, 0.2
... 5.0] and carried out 400 independent simulatairesach level of E(CV).

With these data we determined, first, how spFDi&idwere related to species richness, and
second, how spFD and iFD were related to each otger different intraspecific variability levels.
In the second case, we used a single species sEleeel to avoid the possible effect of multiple
richness levels acting as a confounding factor. rEalts of analyses with several richness lev&ls (
= 5, 15, and 2bwere qualitatively very similar, so we presentydtie results for an intermediate
richness level% = 15 species). We also assessed the strengtlirDf apd iFD relationships by

measuring the coefficient of determinatio),across a gradient of intraspecific variability.

Field data

We compared individual and species-based FD asiwddeotropical savannas (cerrado), using
unpublished datasets (M. Cianciaruso and M. Batalhpublished data). These datasets comprised
individual-level functional information on woodyeges from two different cerrado forms: four
savanna woodlandsampo cerradpand two woodland&errado sensu stricjoThree savanna
woodland sites (sites one to three) are in closgimity and located in Emas National Park, central
Brazil, under a tropical and humid climate, witht\wwemmer and dry winter, classified as Aw
following Kdppen (1931). These savannas have bebjested to different fire regimes in the last
12 years (site 1: annual fires, site 2: biennia@dj and site 3: fire exclusion). The fourth sitei

woodland within an Experimental Station in southeasBrazil, protected from fire for at least 12
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years. The fifth site is a savanna woodland, hgalidturbed by human activity in the past (fire,
cattle ranch, and high dominance of herbaceousceeséciey located near the sixth and last site, a
more preserved woodland, in the Federal Univerditydo Carlos cerrado reserve, southeastern
Brazil. Sites four to six are under a macrothertraioperate climate with rainy summer and not
severely dry winter, that is, Cwa according to Képs (1931) classification. All six sites are on
Oxisols. Such variability, especially the differeligturbances to which each site is submitted,dead
us to expect an effect on functional attribute galwhen a species occurs in several sites. Gieen th
site’s descriptions pointed above, we assumedleeg independent one from the other. As our
aim here was purely illustrative, we used only ¢hitnctional traits (plant height, bark thickness,
and basal area), measured for ten individuals i epecies at each site following a protocol for
plant functional trait measurement (Cornelisseal.€2003). We sampled 10 individuals because
this is between the minimum and the preferred sarigk to obtain an impression of a trait’s
variability (Cornelissert al. 2003).

We attributed the functional trait values to eggbcses in two different ways: first, we gathered
all individuals from all species occurring in the sites and drew randomly ten of them to assemble
an individual-level attribute matrix. That is, tleeation at which an individual was observed was
ignored. Second, we assembled an attribute matnvhich individuals belonged to species and
sites, since individuals from the same speciedrbuat different sites may exhibit differences in
attribute values (Callaway et al. 2003, Gaston 2@®an 2004). For each approach, we estimated
the relationship between both FD indices and betvieem and species richness. We also
computed the similarities in specific compositionang areas using the Sgrensen index (Magurran

2004). All analyses were conducted in R (R DevelepnCore Team 2006).

Results
Simulations

Both spFD and iFD were positively related to speciehness (Fig. 1). Using a single trait, at
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intermediate levels of intraspecific variabilityogfficient of variation equal to 50%), the assadorat
of spFD with species richness was higher thandh#D (Fig. 1). Increasing the amount of
intraspecific variability to 300% led to the appeare of a bifurcation in the relationship between
iFD and species richness (Fig. 1c, one trait). H@mewhen we included more traits, both iFD and
spFD were tightly related with species richnesgneat high intraspecific variability (Fig. 1b and c
three and five traits).

When individuals within a species had no variapilit functional traits, iFD was equal to spFD,
independently of how many traits were included (B&). As intraspecific variability increased, the
association between iFD and spFD became weakerZFignd c), and when intraspecific
variability was very high, there was a trend towfnar distinct clusters of points in the relatiomsh
between the two FD measures when we included aitedtmension (Fig. 2c, one trait).

We found a negative relationship betweenrthef the relationship between spFD and iFD and
the level of intraspecific variability when we inded one, three, and five traits (Fig. 3). Thaass,

intraspecific variability increased, iFD tendedless closely associated with spFD.

Field data

Species richness ranged from 19 to 28 among th&tsix, and species similarity (Sgrensen
index) between pairs of sites varied from 0.13.82qTable 1). Species turnover was low among
sites that were close together (for example, antimgs National Park sites - sites one to three) but
high among distant sites (such as between ltiragitasix, and Emas National Park sites). The
mean amount of intraspecific variability rangediesn 40 and 80% among functional traits.

There was no significant relationship between ssegchness and either spFD or iFD in both
approaches (Figs. 4A-B and D-E). However, we fowml contrasting patterns in the relationships
between spFD and iFD. When “among-sites” intragecariability was not taken into account
spFD and iFD were weakly related (Fig. 4C). Itngobrtant to notice that in this case spFD is the

usual approach to measuring FD, since we usedge/énait attributes for each species. On the
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other hand, when we included among-site variab#ipFD and iFD exhibited a strong positive

relationship (Fig. 4F).

Discussion

Simulated effects of species richness and compsiti iFD and spFD

We found a positive association between speciésegs and both species-level FD and
individual level FD. This largely results from tpeoperty of FD (species- and individual-level)
whereby increases in species richness can onlgaserFD (or rarely cause no change) while
decreases in species richness can only decreagar F&yely cause no change). This makes some
form of positive association largely inevitable.wver, the shape and scatter of the positive
association is determined both by the number d@ktrand whether FD is calculated at the species
or individual level.

The use of just a few traits causes a more satgratid scattered relationship regardless of the
FD measure. The scatter represents the degregoftamce of species identity (i.e., species
composition), with higher scatter implying strongéfiects of species identity and weaker effects of
species richness. A single trait axis will alwagsige strong effects of community composition
because some species are close to one anothextaxib, whereas others are distantly separated
(Petchey and Gaston 2002). In our simulationsexample, a two-species community could
comprise by chance two identical species (SpFD, #M@) very similar species (low spFD), or two
very different ones (high spFD). The saturated shvaith low numbers of traits results from the
decreasing probability that a unique species wiléethe community as species richness increases.
At high levels of intraspecific variability, theveas a bifurcation in the relationship between iFD
and species richness at higher species richnegsl@i

We confirmed that this bifurcation was due to difet species composition, with some
communities containing more redundant species ftamllower FD values) and others more

complementary species (and thus high FD values)fi@mation was by examining the influence of
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these species’ presence or absence on values dtHelbifurcation is also explained by the
presence or absence of a species with particligglylevels of intraspecific variability.
Communities containing more complementary specidsadéso more species with high intraspecific
variability will have higher iFD than spFD, indemkmtly of the species richness level. In general,
bifurcations and discontinuous distributions ofdtional diversity are expected when trait values
are relatively clumped and a single trait is fumicéilly important (see figure 4 in Petchey and
Gaston 2002). The multiple trait dimensions pregesbme natural trait datasets creates, however,
a relatively continuous distribution of functiordilersity values and, consequently, no bifurcations
(see figure 5 in Petchey and Gaston 2002).

With higher number of traits (three and five), thes less scatter and more linearity in the
relationship for both species- and individual-leMEl. The lower scatter occurs because species are
more equally different when there are several uetated trait dimensions (Petchey and Gaston
2002). Species identity is less important whengigigher number of traits than when using a
single one — our finding here was that this hotde even when the measure of functional diversity
includes intraspecific variation. The shape ofrétlationship also becomes more linear, for the
same reason. The probability of adding a functignavel species is relatively independent of
species richness, because all species are notredimown way.

While the relationship between iFD and speciesess is more scattered than that of spFD and
species richness with only one trait (Fig. 1a vdirdb column), the two relationships become very
similar in shape and scatter with three or fivésréFig. 1a vs 1b, second and third column). This
occurs because separation in three or five dimassiesults in less overlap in trait space among
individuals from different species. Hence the speaientity of individuals dominates the
relationship, and it becomes very similar to thecéps-level FD pattern. This illustrates the

importance of the number of traits in measuringcfiomal diversity (Petchey and Gaston 2006).

Simulated relationships between iFD and spFD
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To show the effects of including intraspecific \anility in functional measures, we asked
whether and to what degree this approach wouldsbeceated with a species-level measure. We
also asked whether the relationship between theardioes is affected by different degrees of
intraspecific variability. The rationale for this that if iFD appears to be closely related to spFD
even at high levels of intraspecific variabilityyraneasure would have little information differémt
spFD.

As a general pattern we found that as we increimespecific variability iFD and spFD became
less closely associated. Since FD is a functiagiftdrences among objects in trait-space (Petchey
and Gaston 2002), adding an individual that lieth@tsame point as one that is already a member of
a community causes no increase in functional diyetdence, when all individuals in a given
species are identical (E(CV) = 0), iFD and spFDO k& identical (Fig. 2a). As we increased
intraspecific variability, individuals from differg species should be either redundant or
complementary and relationships between both isdbeuld become weaker (Fig. 2b, c).
Therefore, despite the number of traits included), effectively captures differences in the amount
of intraspecific variability that are not takenargccount in the traditional species-level approach
When including one trait, as in the relationshipAezn iFD and species richness, we found an
effect of different levels of intraspecific variéity and assemblage composition producing four
different relationships (clumped points in Fig. @og trait). Again, due to differences in specific
compositions, some simulated communities were ceegbof species that were more
complementary and thus had higher iFD and spFDeiQibmmunities contained less
complementary species, resulting in lower iFD golesvalues. At the same time, some
communities presenting high spFD values, presdoteer iFD values. This shows that at high
levels of intraspecific variability individuals viiin a highly complementary species (thus high
spFD) became redundant with other species (thusHBM When we simulated very high levels of
intraspecific variability (i.e., coefficient of viation > 300%), the association between iFD and

spFD relationships and intraspecific variabilitchme much more scattered (Fig. 3). At such high
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levels of variability, we might expect that spedi@sctional traits (i.e., the average from indivadiu
functional attributes) become meaningless, sindwidual attributes should vary enormously and
species-trait identity would be lost. Nevertheléksre was a tendency for weaker associations
between spFD and iFD as intraspecific variabilitgreases (Fig. 3), corroborating the pattern we

observed in Fig. 2.

Field data

Effects of species richness and composition onak@®spFD

When using field data, we did not find significaekationships between either one of the FD
indices (iFD and spFD) and species richness. Onyeangue that our results are perhaps explained
by the low number of communities, the low rangspécies richness, and low species turnover
between communities (Table 1). However, it is int@ot to note that: first, the data we used are
seldom available and, probably, nonexistent fortmatural communities, since information on
functional traits is normally provided only at thgecies-level. Second, low species turnover is
inevitable in this case, since, for example, thokelhe communities (sites one to three) are near to
one another. Moreover, here our principal aim wagaemonstrate that iDF may be applied to field
data. Using field data was useful to show that emmmmunities with more species could have
lower values of FD (either spFD or iFD; Fig. 4A-BdaC-D, sites 2 and 3), so FD is not per se

dependent on species richness (Petchey and GaXid 2

Relationships between iFD and spFD

When intraspecific differences among sites werdmaarporated, the association between spFD
and iFD was much lower (Fig. 4C) than when intra#ffevariation among sites was made explicit
(Fig. 4F). In the first approach, species compaositiad a strong effect on spFD, aggregating
communities that shared many species in commaes(&it2, 3, 5; Table 1) under similar spFD

values (Fig. 4C). Here, as we gathered all indiaigdirom all species occurring in the six sites and
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drew randomly ten of them to calculate iFD, the ammf intraspecific variability should be

similar within species co-occurring in differentes. In this sense, differences that may occur for
both measures are somehow dependent on differenspscies composition. However, whereas in
this approach iFD includes intraspecific variabilgspecially for exclusive species in each site),
spFD does not include any kind of intraspecifiaafaitity. In the second approach, we found a
strong association between spFD and iFD, highlightine different patterns FD should present
depending on the functional information source. pbsitive relationship between spFD and iFD
may be explained due to higher “among-sites” déifees than “within-sites” ones. If functional
traits of co-occurring species vary much more antbag within sites, “among-sites” iFD values
will be closer to “among-sites” spFD, since we eapect a great degree of redundancy among the
individuals within a species in each site. Compathe two approaches, we demonstrated that, for
local scale studies, the traditional species-lapgiroach is less informative, since species tumove
should be low (Soininen et al. 2007) and occasifuraitional differences would be due solely to
differences in species composition. As “among-5ifed is not directly associated with specific
composition — individuals from a species from diffa sites may be redundant or complementary —
it is a more suitable measure for these studiesidBs, when species intraspecific variation is
higher among than within sites, “among-sites” sigfDuld be as suitable as “among-sites” iFD in
including site-labeled intraspecific variation.

Up to now, all proposed functional diversity measunave assumed that individuals in a given
community are equally important, even if they mdlsproportionate contributions to community
function. For example, McGill et al. (2006) sug@gekthat to be useful to community ecology,
functional traits should vary more among than witkpecies. This means that intraspecific
variability has been assumed a priori to be irrafg\to functional diversity and, consequently, to
community processes. On the other hand, thereeaseral works reporting how variation among
individuals of the same species is important fancwnity functioning (e.g., Norberg et al. 2001,

Madritch and Hunter 2003For example, intraspecific variability permitsiné breadth extension
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and is an integral part of survival mechanismsyuiese capture, defense, and reproduction in plants
and animals (Grime and Mackey 2002, Bolnick eR@03). Therefore, neglecting intraspecific
variability in functional diversity measures shouahitry a disadvantage similar to that encountered
in using functional group richness, since it exelsidny functional differences that occur among
organisms within groups (Petchey and Gaston 2006}his case, species. Moreover, this runs the
same risk as occurred when assuming that all spacgeequal, which proved to be unsatisfactory to
answer the majority of ecological questions (Diad &abido 2001). In shorcologists presently
have a tendency to assume that individuals withecties are equal even knowing they are not.
Thus, not surprisingly, there is not a consensusngnthem concerning the relationship of diversity
and functioningRachepsky et al. 200Cardinale et al. 2006).

We have demonstrated how to include intraspecditation in an existing index of functional
diversity (Petchey and Gaston 2002, 2006), allowisdo relax two basic assumptions of most
ecological models: that all individuals are ideatiand that they are all affected by each other and
their environment in the same manner (Pachepsaly 28001, Bolnick et al. 2003). Other measures
of functional diversity can include intraspecifianation in the same way, by changing the units of
observation from species to individuals. This inels measures that incorporate information about
the abundances of each species, but this remaiageanquestion. It is important to notice that
sampling intensity may affect iFD values. The siasplanswer to how many individuals should be
included is to sample enough individuals from paes to characterize the distribution of
intraspecific variability, having an equal sampleedor all species whenever possible. For plants,
for example, a good starting point would be follovthe recommendations on sample size given in
the handbook for measurement of plant functioraadsworldwide (Cornelissen et al. 2003). Yet,
another valid approach would be to extend to iIDRD rarefaction suggested recently by Walker
et al. (2008).

Even if there are still decisions to be made agitich and how many traits to include, whether

they should be weighted, and how many individuatsutd be included, there are some interesting
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properties in an individual-level approach to fumaal diversity:i) it includes individual variation

in functional traits, which is important to sevecammunity processes; aidlit allows the use of
more accurate data in respect to functional teaits with an experimental design specific to test th
hypothesis being studied. We can effectively ineludraspecific variability using two approaches:
“among-sites” spFD, when we have functional traibrmation from species occurring in different
sites, and “among-sites” iDF, when we include tb#hdifferences in individual traits among and
within-sites into FD. Further studies should rewghich sort of intraspecific variability is more
useful to investigate how functional diversity eédated to community functioning, especially at

local scales.
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Table 1. Woody species similarities (Sgrensen ipdeong six sites used in the field data examptes®ne to

three (18°18'50” S and 52°54°'00” W, 18°19'01" &nd 52°54'10” W, and 18°17°28” S and 52°53'41” W

respectively) were nearby savanna woodlands lodatBdhas National Park, central Brazil. Site foR2°(12'56"S

and 47 51'39”"W) was a woodland within an Experimentah8an in Itirapina, southeastern Brazil. Sites farel

six (21°58'08"S and 47°51'47"W, and 21°58’45"S afw$52’'09"W, respectively) were a savanna woodlamdl &

woodland in S&o Carlos, southeastern Brazil. Bakelfaumbers in main diagonal line are species rihireeach

site.

sites 1 2 3 4 5 6
1 19
2 0.72 28
3 0.68 0.82 28
4 0.10 0.17 0.25 19
5 0.25 0.41 0.37 0.14 21
6 0.13 0.26 0.17 0.18 0.38 26
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Figure 1 — Relationships between species richnab$a) species-based FD, (b) individual-based RD ane, three,
and five trait dimensions; when intraspecific vhiiigy level was intermediate (coefficient of vatitan equal to
50%); and (c) relationship between species richaes individual-based FD; when intraspecific Vailigy level

was very high (coefficient of variation equal ta036).

Figure 2 — Relationships between species and mhaiibased FD (spFD and iFD) with one, three, aratfait
dimensions, when: (a) no intraspecific variability) intermediate intraspecific variability (coeitnt of variation
equal to 50%); and (c) very high intraspecific aaility (coefficient of variation equal to 300%)ol¢ that when

intraspecific variability increases (from a to ttje relationship between spFD and iFD becomes weake

Figure 3 — Relationship between species and indalibased FD relationships across a gradient cdspecific
variability, with: (a) one trait dimension?= 0.32), (b) three traits dimensiorf £ 0.42), and (c) five traits
dimension = 0.41). Thin lines are density contours, thaliigs of equal densities of data points which are
indicated by the number in each line providingsuslization of the points distribution. The thiddk line shows

r®averages.

Figure 4 — Relationship between functional divgréfD) and species richness in six Neotropical sagavoody
communities when no “among-populations” intraspeadiéiriability was allowed: (A) Species-based FDspgcies
richness 1 = 0.03) and (B) Individual-based FD vs speciebmiss i = 0.06). (C) Relationship between both FD
measuresr{ = 0.42); and when “among and within-populationstaspecific variability was allowed: (D) Species-
based FD vs species richness<0.00), (E) Individual-based FD vs species ricsn€ = 0.03), and (F)

Relationship between both FD measurés=(0.93). Numbers indicate the studied sites.
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CAPITULO Il

“L OOK DEEP INTO NATURE , AND THEN YOU WILL UNDERSTAND EVERYTHING BETTER .”

(ALBERT EINSTEIN)
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Fire is a key determinant of tropical savanna stimecand functioning. High fire frequencies are
expected to assemble closely related species widlstected range of functional trait values. Here
we investigate the effects of fire on the functiadigersity (FD) and phylogenetic diversity (PD) of
savanna woody species. We tested whether levdi¥aind PD in three sites under different fire
frequencies were different from each other and rexe species contributed to FD and PD. FD was
lower in an annually burned site and higher inssitgth lower fire frequencies. Moreover, the
annually burned site had a lower FD than would kpeeted by random species assembly.
However, when rare species were excluded, we didim any differences among sites. Also, we
found no difference in PD values irrespectively tbé analysis used. Annual fires act as an
environmental filter by reducing woody community Fiespectively of the species evolutionary
history, indicating that phenotypical changes inclional traits are important in savannas. Annual
fires also assemble more similar species than ¢éxgdxy chance, contrary to what neutral theories
of biodiversity would predict. However, intermediafrequency of fire did not reduce FD
significantly when compared to a site protectedmfréire, highlighting the resistance of these
savanna communities. Moreover, rare species wergedondant with abundant ones, as usually

assumed, making a significant contribution to fioral diversity.
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A fundamental goal for the understanding of commnyustiructure is defining how species are
assembled (Weihaat al. 1998). In recent years, community assembly ruas hieceived increased
attention from ecologists, and two different pr@sss have been explored (Webbal. 2002):
environmental filtering and competitive interacsommong species. These processes lead to
opposite predictions about the functional simila@ind phylogenetic relatedness of co-ocurring
species. In the first, environmental filters selbcise species that can persist within a commumity
the basis of their tolerance to the prevailing abiconditions, assembling species with very simila
niches (Fukamet al. 2005). Consequently, a restricted range of spdcagsvalues is viewed as
evidence of filtering processes assembling ecoldlgicmore similar species in a community
(Weiheret al. 1998, Fukamet al. 2005). In the second, when species are very dissiin their
traits, there is evidence for limiting similaritgi¢he differentiation among species), reflectingtpa
or current competitive interactions (Weitetral. 1998). In relation to phylogenetic relatedness, i
functional traits are conserved in the evolutionspkcies lineages.€., traits are more similar
among closely related species; Prinzieigal. 2001), species living in communities driven by
environmental filtering should be more closely teththan expected by chande ( phylogenetic
clustering), whereas species living in communitieszen by competition should be less closely
related {.e., phylogenetic overdispersion; Webbal. 2002). However, if functional traits evolved
convergently, environmental filtering should asskEmimore distantly related species, whereas
competition should remove any systematic assoastioesulting in community assemblages
indistinguishable from random (Weleb al. 2002).

A variety of methods exist for measuring phylogenainder- or overdispersion. Mean
phylogenetic distances among species pairs are ofed €., Webbet al 2002, Verda and
Pausas 2007). Other measures of phylogenetic dispenave been termed phylogenetic diversity,
for example the total branch length of a phylogediych measures are closely related to measures
of functional diversity €.g, Petcheyet al. 2007, Pausas and Verdu 2008). Thus, measures of

phylogenetic and functional diversity may help indarstanding the mechanisms of community
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assembly. One way to estimate species variatiatispersion in multidimensional functional trait
space is through the functional diversity measi®) (proposed by Petchey and Gaston (2002,
2006). FD is a continuous measure based on thabdison of species in trait space: high FD
means that species are distant in trait space (oomplementarity), whereas low FD means that
species are more similar and, thus, more clumpettaih space (low complementarity). FD is
conceptually similar to a measure of phylogenetemity (PD; Faith 1992) that determines the
relatedness of species within a community by tha sd branch lengths of a phylogenetic tree
necessary to connect all species in a given contyn(faith 1992).

Fire-prone communities are an excellent framewarktdést community assembly theories,
because fire may act as an environmental filtexcsiring different combinations of functional tsait
in communities with different fire frequencies (Bas and Verdu 2008). Savannas have
experienced fire during millions of years. As a equence, savanna plants evolved fire-tolerance
mechanisms, and some of them even need fire totamaitheir populations (Hoffmann 1998).
Among woody species, the main adaptations are tthasellow thermal isolation of living internal
tissues, such as strong suberization of the tradkbaanches, clonal reproduction, and the abiity t
sprout vigorously from underground organs (Pausek Laavorel 2003, Bond and Keeley 2005).
Moreover, different processes related with recraimflowering, dispersal, and germination might
be modified by fire (Coutinho 1990). The role afefin assembling plant communities has been
widely investigated in other vegetation types, esly in Mediterranean ones (see Verdu and
Pausas 2007 for references), where it assemblestidoally and phylogenetically clustered
communities (Pausas and Verdd 2008). However, tasrefew studies focusing on community
assembly in savannas, and none — to the best okmawledge — using the approaches we
mentioned above.

Here, we determine the effect of fire frequencyfonctional and phylogenetic diversities of
woody species in savanna sites under differentffegquencies. If fire acts as an environmental

filter, it should assemble more similar species, dhds, we may expect low complementarity and
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functional diversity in frequently burned sites. Mdover, if trait conservantism occurs, we also may
expect a phylogenetic clustered woody community. We null models to test whether levels of
functional and phylogenetic diversities are diffarrom what we would expect given the observed
number of species in each site.

We also investigate the role of rare species amd th@y might contribute to functional and
phylogenetic diversities. Besides the fact thataimost all communities, most species exist in
relatively low abundance (Gaston 1994, Magurrand20id is usually assumed that these species
have low impacts upon community functioning, beamalogues of the dominants (Grime 1998,
Cornelissenet al. 2003). Consequently, literature addressing thetrittion of diversity to
community functioning is biased towards abundaecss (Schwartet al. 2000). However, there
is evidence that rare species may play an importdatin community functioning (see Lyoesal.
2005 for a review). If rare species are indeed lamib the dominant ones, we might expect no
difference in our results when excluding the foriinem analyses.

In sum, we answered the following questions: i) Ahere differences in functional and
phylogenetic diversities among savanna sites eapeng different fire frequencies?; ii) Do
functional and phylogenetic diversities differ imch site from that expected by the chance assembly
of communities?; iii) Are the functional traits g@rved among sampled plant species?; and iv)

Does the exclusion of rare species from the anslgker the observed patterns?

Methods

Study area

The Emas National Park (ENP) is located in the iBBeazCentral Plateau, southwestern Goias State
(17°49°-18°28'S and 5239'-53°10'W), and is one of the largest and most importsananna

reserves in South America, covericg 133.000 ha. Regional climate is tropical and ftymiith a
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wet summer and dry winter, classified as Aw folloggKdppen (1931). The dry season is from June
to August and the wet season from September to Magual rainfall and mean temperature lie
around 1,745 mm and 24.6°C, respectively. In thk,pae find a gradient from open (68.1% of its
area) to closed savannas (25.1%), as well as \asslginds (4.9%) and riparian and semideciduous
forests (1.2%) (Ramos-Neto and Pivello 2000).

Up to 1984, ENP was exploited by farmers for catileching, and dry season burnings were
used to promote forage regrowth every year. Attat,tthe park was totally fenced, cattle were no
longer allowed inside, and a fire exclusion poliegs established (Ramos-Neto and Pivello 2000).
As a consequence, uncontrolled wildfires occurneghe 3-4 years, burning on average 80% of its
total area (Ramos-Neto and Pivello 2000, Fraetaal. 2007). Hence, since 1994, when a
catastrophic fire burned almost 95% of ENP’s asggoroximately 10 km2 of preventive firebreaks
are burned annually in the dry season, and a figate stays in the park to prevent anthropogenic
fires during this period (Frangd al. 2007). The fire applied to the firebreaks is matronger than
natural savanna fires, since in the former botlsgga and trees are completely incinerated, and,
therefore, top-kill is relatively common. As a rk#swnowadays there are few occurrences of
anthropogenic burnings inside the park, the largeestnt wildfires burned less than 30% of its total

area, and fire frequency at a given point is aroéi7dyears on average.

Community sampling

In the late rainy season of 2006, we sampled thedywspecies occurring in three savanna (“campo
cerrado”) sites less than 2 km distant from onetlaro subjected to different fire frequencies: two
firebreaks, one submitted to annual fires for @ ten years (HighFi, approximately 18°18'50”S
and 52°54°00"W), the other burned in 1996, 199002, 2002, and 2003 (MidFi, approximately
18°19'01"S and 52°54'10”W), and a site that hast tourned since 1994 (LowFi, approximately

18°17'28"S and 52°53'41”W). In each site, we péata 2,500 m transect, with 250 points, 10 m
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apart one from the other. At each point, using pwnt-quarter method, we sampled four
individuals belonging to the woody component, tisatwoody individuals with stem diameter at
soil level equal to or greater than 3 cm. Thus, sampling effort was 1,000 woody individuals in
each site. When identification at species level was possible, we or specialist taxonomists

classified them as morphospecies.

Functional traits

We used 14 plant traits (Table 1) that were retdyiveasy to measure and represented functional
characteristics related to disturbances such ag@ornelissert al. 2003, Pausas and Paula 2005).
All traits, except pollination syndromes and canbpight, were measured or determined according
to the protocol proposed by Cornelissral. (2003). We determined pollination syndromes using
data available for cerrado species (Gottsberger Sitlterbauer-Gottsberger 2006, Martins and
Batalha 2007) and defined canopy height as thedbdistance between soil and the beginning of
canopy. For each species, in each site, we dreiwdididuals at random, from which we measured
the functional traits 1 to 7 in Table 1. Stem sfiedensity, leaf N, and leaf P were measured for
five individuals per species. When, for a givencspg 10 individuals were not present in the
sample, we invested extra effort in searching altmetransects, trying to find at least five but

preferably 10 individuals. This procedure alloweada include rare species in subsequent analyses.

Phylogenetic data

We constructed a phylogenetic tree for all sammedcies (Figure 1) using the Phylomatic
software, a phylogenetic database and toolkit lier assembly of phylogenetic trees (Webb and
Donoghue 2005). Phylogenetic distances betweenesp&om different families were estimated

from the dated angiosperm super-tree of Dagteal. (2004). When a family node presented many
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politomies (e., Fabaceae and Asteraceaw)e distributed the genera into their subfamilies
following the last angiosperm classification (Angperm Phylogeny Website, Stevens 2001). We
assigned branch lengths of these genera by spacdated nodes evenly above the family node.
We investigated whether the functional traits tehde be phylogenetically conserved or
convergent in the phylogeny using the analysisraits module implemented in Phylocom 3.41
(AOT, Webb et al. 2007). This method assesses trait evolution bypesimg the standard
deviations of the descendent trait means againstl &aypothesis generated by randomizing the trait
values across the tips of the tree (Weblal. 2007). The analysis of traits is used to searchafo
phylogenetic signal, which is defined as the tewgicior close relatives to resemble each other
(Blomberg and Garland 2002). If trait evolutioncisnserved, then divergences will be small and
related species will be similar to each other,hsd the average divergence deviation will be small
relative to the null hypothesis (Weldt al. 2007). We used the mean trait values of the areas

normalized by the standard deviation of the traits.

Data analysis

We assessed functional diversity using a continuneasure based on the dispersion of species in
trait space (FD; Petchey and Gaston 2002, 200@),usmg species functional attributeserisu
Violle et al. 2007). An attribute is the particular value taksrthe trait at any place and time. That
is, within a species, the trait may show differatttibutes along environmental gradients or through
time (Violle et al. 2007). In this case, functional information issspecific, and we considered the
species sampled in each site separately, allowsng include intraspecific differences among sites
(Cianciarusocet al. in press). We calculated FD following the methaodscribed by Petchey and
Gaston (2002, 2006). Since we included both quasigaand quantitative traits, we used Gower
distance and UPGMA clustering to construct the fiomal dendrograms (Podani and Schmera

2006). FD was standardized to vary between 0.0¢¢dWD) and 1.0 (highest FD). We determined
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the phylogenetic diversity using Faith’s (1992)erdPD). This index is similar to FD, but here,
instead of using a functional dendrogram, we usedbranch lengths of the phylogenetic tree to

assess the species relatedriEaith 1992).

Functional and phylogenetic diversities among sites

To determine whether there were differences intional and phylogenetic diversities among the
three sites, we used a randomization procedureotopare the observed difference between
measures with a random distribution of simulatdtedinces in pairs of sites. For example, to test
whether FD in the HighFi site (Flgy) was significantly different from FD in the MidBite (FDhig),
taking into account differences in species richness first calculated the observed difference
between them ([39. Then, we randomized the species occurring ih kides (keeping the original
observed species richness), computed simulategysFdhd FD,iq and calculated the difference
between them ([). We repeated this procedure 10,000 times to gémex distribution of By,
values,which allowed us to estimate whetheg,Doccurred within the empirical 95% confidence
interval of the @ distribution. We followed the same procedure tonpare the observed PD

values.

Functional and phylogenetic diversity within sites

To test whether the observed functional and phylegie diversities in a given site were lower or
higher than expected given the species richne$mtsite, we constructed a null-model considering
that all species sampled in the three sites haddhee chance to occur in one of those sites. First,
we randomized the species composition (includihg@cies observed in the three sites), then we
created simulated assemblages without replacenseptikg the observed species richness for each

site, and finally we calculated a simulated FD &l for each one. We repeated this procedure
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10,000 times to generate a distribution of simdaf® and PD values for each site and then
estimated whether the observed FD and PD values wéhin the empirical 95% confidence
intervals of the simulated distribution. This alledv us to test how different fire frequencies

assemble species in respect of their functionabates and phylogenetic relatedness.

Rare species

We conducted the above analyses in two differedntgons: including all species and excluding

rare species. We considered a species as locatlypyathe quartile criterion (Gaston 1994), that is

placing a cut-off point at the first quartile oketlspecies relative abundance distributios,(a cut-

off point of 25%) and excluding all species outsttes quartile. We also computed the specific

composition similarities among sites (including aextluding rare species) using the Sgrensen

index (Magurran 2004). We conducted all analysd? (R Development Core Team 2006).

Results

We sampled 28 species in the HighFi site, whicHuiohed seven exclusive specigdllggoptera
leucocalyx (Mart.) Kuntze Anacardium humileA. St-Hil., Chresta sphaerocephal®C.
Chromolaena squalidéSpr.) King and H. RobDuguetia furfuracegA. St-Hil.) Benth. and Hook.
Manihot tripartita (Spreng.) Mull. Arg. and Vernonia bardanoide&ess.). In the MidFi site, we
sampled 37 species, four of which were exclusigegi(phila lhotzkianaCham., Schefflera
macrocarpaSeem, Himatanthus obovatugMull. Arg.) Woods, and Qualea parvifloraMart.). In
the LowFi site, we sampled 39 species, of which were exclusive Rauhinia rufa Steud,
Campomanesia pubescedis DC.) O. Berg Lafoensia pacarA. St-Hil., Miconia albicansTriana

Roupala montan@ubl., and Sclerolobiumsp.). Due to the large number of species with fkeas
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10 initially sampled individuals, we did not mandgeobtain 10 individuals for all of them through
additional collecting. Hence, we excluded from #malyses three species for which we found only
one individual: Eugenia aff. piahuiensisfrom HighFi andEugenia livida Berg. andMiconia
ferruginataA. DC. from MidFi.

Similarity values (Sgrensen index) between Hightd MidFi and between HighFi and LowFi
were 0.62 and 0.65, respectively; the similarityugabetween MidFi and LowFi was 0.83. In
HighFi, we considered 21 species as rare and seve@ommon; in MidFi, 27 as rare and eight as
common; and in LowFi, 29 as rare and 10 as comrsamilarity values among the abundant
species between HighFi and LowFi and between LamEi MidFi were 0.40 and 0.47, respectively;
whereas the similarity value between MidFi and Hriglias 0.78.

When all species were included, FD and PD value® wespectively 0.33 and 0.62 (HighFi),
0.46 and 0.76 (MidFi), and 0.51 and 0.86 (LowFihéi rare species were excluded, FD and PD

values were 0.11 and 0.21 (HighFi), 0.12 and OM&dFKi), and 0.13 and 0.25 (LowFi).

Functional and phylogenetic diversities among sites

When including all species, differences in FD bewélighFi and MidFi and HighFi and LowFi

were higher than expected due to differences iriepeichness, whereas the difference between
MidFi and LowFi was not (Table 2). Again, when rapeecies were excluded, we did not find any
differences among sites (Table 2). We did not fang difference in PD values among sites given

the observed differences in species richnesspieawe of the approach used (Table 2).

Functional and phylogenetic diversities within site

When we included all species, HighFi FD was lowamnt expected by chance, but MidFi FD and

LowFi FD were not different from a random assemél@bable 3). When excluding rare species, all
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observed FD values were not different from thogeeeted by chance. Again, we did not find any

differences in PD values in both analyses (Tahle 3)

Phylogenetic analysis of functional traits

We did not find a phylogenetic signal in the funogl traits of the species sampled. Change in the
trait mean values across the phylogenetic treeah site was not different from random (Table 4).
The mean values of the standard deviations at daughdes (divergences) across the phylogenetic

tree for all traits were 0.605 (mean of the P valu®.622).

Discussion

Functional diversity of the savanna plant commaesitstudied was affected by variation in fire
frequency: annual burnings reduced functional ditgrnot only by decreasing the number of
species, but also by assembling species that wereidnally more similar. On the other hand,
intermediate burnings did not affect functionaledsity when compared to a community protected
from fire for 12 years. There was no evidence tdat$ of fire on the phylogenetic diversity of the
plant communities, after taking into account diéfeces in species richness and despite large
differences in composition between sites. As asequnence, fire substituted species and affected

functional diversity without pruning larger plameéages.

Functional differences among sites: including allgecies

Functional diversity was higher in the LowFi anddWi sites and lower in the HighFi site. This

lower functional diversity indicated that annualfings seem to select species more similar in their
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functional traits. The higher functional diversity the protected and intermediate sites indicated
that the species in these sites are more complenyetiian the species occurring in the annually
burned site. Similar conclusions have been reatdredther fire-prone vegetation types around the
world. In Mediterranean woodlands, an increasear@n ffequency reduced functional diversity due
to the elimination of species without effective macisms for post-fire regeneration (Lloret and
Vila 2003, Pausas and Verdu 2008). In ENP, thesdifices may be explained by the presence of
fire-sensitive species in the intermediate andgated areas, such Bt albicans R. montanaand

S. macrocarpawhich cannot persist under frequent fires (Hofimal998) and, thus, were not
present in the HighFi site.

Niche complementarity has been identified as a iplesanechanism linking diversity to
community processe®.g, Hooperet al. 2005, Petchey and Gaston 2006); therefore, contrasni
with higher functional diversity are expected tdoawl a more complete use of the available
resources. As long as functional diversity is diséed to stability, resource capture, nutrient
cycling, and productivity (Hoopeet al. 2005, Petchey and Gaston 2006), one may expett tha
communities under annual fire regime might haver thecesses compromised due to a reduction
in functional diversity. Many studies have indichtbat diversity promotes resilience or resistance
of community functions to stressors by allowing @pe composition to respond to changing
conditions (McCann 2000). Since the fires appl@the firebreaks (HighFi) are much more intense
and harmful to woody species than natural onesfabethat functional diversity between MidFi

and LowFire were not different is evidence of highistance of these savanna woody communities.

Fire effects on functional diversity within sites

When testing how fire frequency affects communggemnbly, functional diversity in the HighFi
site was lower than expected by chance. In thés sit-occurring species are more similar in their

functional traits. On the other hand, functionaladsity in MidFi and LowFi sites did not differ
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from those expected by random assembly. Such sedalinot conform to competition or limiting
similarity hypotheses, which predict greater spedissimilarities in functional trait space andghu
higher than expected functional diversity. Burnimagsntermediate frequency may not be sufficient
to allow fire to act as an environmental filterdatme lack of fires did not promote a community
structured by competition as one might expect. Hawneat high frequencies, fire acted as an
environmental filter, assembling species with samifunctional traits. The annually burned
community was different from what one would expgatommunities were only random sets of
species or if functional traits were unimportamt.this sense, we have evidence against neutral
theories of biodiversity (Hubbell 2001), which adate that species traits within a local community

are a random sample from the species pool.

Phylogenetic diversity

The functional traits of the savanna plants we dadhghowed a random pattern of evolution.
Random trait distributions on plant phylogeny arpexted in plant communities under severe
environmental filters, such as savannas. In distlirich-species communities, there is a high
likelihood of a greater number of clades to havel\ead similar trait values solely by chance (Kraft
et al. 2007). Moreover, the existence of fires over tastgight million years in savannas (Baetd
al. 2005) may have allowed the evolution of similaefadaptative traits in distinct lineages. As an
evolutionary agent, fire has selected generaktthat are widespread in savanna trees, suchcs thi
bark and resprout in seedlings (Bond and KeeleypopOBilva and Batalha (in press) also found a
random pattern in the distribution of trait vali@sthe phylogeny of savanna trees in southeastern
Brazil. Despite the widespread conservatism intpiaeages (Prinzingt al. 2001), trait evolution

in these savannas seems to be a complex mix obo@ism and convergence, resulting in the
random pattern observed. Thus, caution is needesh wiying to extrapolate ecological processes

from phylogenetic patterns in these communities.
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We studied a situation in which evidence for enwinental filtering is most likely to be found,
that is, along a gradient of fire frequencies (\leeshd Pausas 2007). However, there was not any
effect of fire upon species phylogenetic diversiyear patterns of phylogenetic clustering emerge
when traits are conserved on phylogeny and enviema filtering is the predominant process of
species assembly (Welgh al. 2002). Hence, this lack of a general phylogendtistering may be
due to the random distribution of trait values be phylogeny of the sampled plants. Moreover,
ENP suffered large periodic wildfires for decadBarfios-Neto and Pivello 2000, Frang@aal.
2007). Consequently, the species pool might bestiéswards fire-resistant species, explaining the

apparent non-effect of fire on the phylogenetioatire of the communities.

Excluding rare species

When we excluded rare species from the analysesljdvaot find any significant difference in FD
and PD among the sites, suggesting that rare spacéeplaying an important functional role. As
commonly accepted for abundant species, there reakely players among rare ones, and an
efficient method to detect these is to treat thggregately (Lyon®t al. 2005). Rare species can act
as keystone species in soil resource dynamics, ngagubstantial contributions to community
processes (Lyonet al. 2005). They may also promote resistance to spenwsions due to
aggregate effects on available resources, nutigring, and retention (Lyons and Schwartz 2001).
Rare species may also play an important role byorneégy dominant after environmental
disturbances (Lyonst al. 2005). We observed a shift in the abundance afispemong the sites
studied. For exampl®&limosa amnis-atrBarneby, which was rare in the LowFi and MidFesi{10
and 3 individuals, respectively), was the domingpécies in the HighFi site (456 individuals).
Other species that were abundant only in the Higidtie Piptocarpha rotundifolia(lLess.) Baker
and Diospyros hispidaA. DC., the former recognized as exhibiting firavatlated reproduction

(Hoffmann 1998). We showed that priori generalisations about high redundancy/similarity
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between rare and abundant species might not haodd lgnoring rare species could lead to different
conclusions and limit our knowledge to only a fdvwadant species.

Even with the observed differences in species caitipa, FD was not different among the three
sites when only abundant species were considecgthborating the idea that savannas should be
more stable in functional than in floristic ternis.other words, changes in savanna determinants
may result in a certain degree of species replasgmgthout major changes in the functioning of
the system (Sarmiento 1996). Since functional diyerfor abundant species was not different
among sites and similarity values in species coitipasbetween the annually burned site and the
other two were low, we have evidence that, givegradient of increase in fire frequency,
functionally similar species are replacing eacleotbwards the maintenance of functional diversity
for the abundant species. Moreover, species dissitgiamong sites did not imply differences in
the phylogenetic structure. When excluding rarecigse even with the low similarity between the
annually burned site (HighFi) and the other twoesitwe did not find any differences in
phylogenetic diversity. As we discussed above, #is® may be a consequence of the random
distribution of trait values on plant phylogeny ttharevents the rising of clear patterns of

phylogenetic diversity.

Implications for fire management strategies

Conservation-oriented studies frequently focus mecees diversity, whereas less attention is given
to functional traits (Mayfieldet al. 2006) and phylogenetic diversityFdith 1992) Habitat
modifications and management practices that chdugetional and phylogenetic diversity are
likely to have large impacts on community procesmad evolutionary history. Perhaps the most
important consequences of changes in species tmadsrelatedness have to do with the largely
unknown feedbacks of the altered environment tdahéur changes in biodiversity. Therefore,

neglecting important community patterns and aspscish as functional diversity and evolutionary
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history of species, may render serious long-ternseovation efforts impossible and futile (Erest
al. 2006).

Although it is hard to tell what would be the comgences of the reduction in FD in the annually
burned site, we can make some suggestions. Fige is evidence that a decrease in FD reduces
community resistance to invasive species (Duked 200 this sense, despite the concern about the
effects of fire upon biodiversity itself, we candadnother concern to the firebreak management
system: by reducing FD in these sites, are we iageabnditions favorable for the establishment of
invasive species? Current evidence supports tes, isince firebreaks are the main entrance route
for plant invaders into natural reserves (Keele§&0including ENP. In ENP, for example, several
abandoned firebreaks are dominated by alien grasses asBrachiaria decumbenStapf. and
Melinis minutifloraBeauv. (Francat al. 2007). These African species are not only morstas to
fire, but can also be favored by it when estabtisiiethe community (Coutinho 1990), altering the
natural fire regime. Another implication of the vetion of woody species FD would be the
concurrent community simplification. Savanna woqagnts play an important role in nutrient
cycling, soil carbon storage, seedling establisitmand distribution of animals (see Hoffmann
1999 for references). As long as we expect FD tbriked to — and consequently to reflect — these
processes (Hoopeet al. 2005, Petchey and Gaston 2006), reduction in FBuldhrepresent
undesirable changes inside any natural reservenWhersity is reduced by a driver, fire in this
case, the range of possible responses of the coitymiarsubsequent drivers may be compromised,;
that is, biodiversity provides insurance in theefad different kinds of environmental perturbation
(Yachi and Loreau 1999).

A decrease in phylogenetic diversity leads to Issslegenetic information (May 1990). In the
context of population biology, a reduction in thengtic variation of populations of a species
increases the risk of its extinction. Consequenlstipheral populations with distinct genomes
deserve special conservation attention (Wallis Amdzen 1989). Extrapolating these ideas to the

phylogenetic diversity of communities (Faith 199@ should give priority to fire management
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strategies that increase phylogenetic diversity dlrrent policy of fire management in ENP allows
only natural fires to occur. As consequence, feeccurrence in a given area inside the park is
approximately 6-7 years (Frangd al. 2007). However, our results indicate that phylegen
diversity is somehow independent of fire in theagasnas. In that sense, loss of evolutionary
history due to fire does not seem to occur, andsesmation efforts should be turned to the
functional changes that HighFi regimes seems tmpte.

Here, we showed that high frequency fires promimeifscant functional changes in the savanna
studied, which is in accordance with the obsenagtepn for other fire-prone vegetations. However,
we did not observe a phylogenetic pattern, as wd@dexpected if functional traits were not
randomly distributed on plant phylogeny. This igportant, because it shows that the relationship
between ecological processes and the phylogengétictee of communities is not always
straightfoward, that is, we cannot always use PR ssrrogate for FD. Functional diversity, in this
case, was independent of evolutionary history, shgwhat phenotypical changes in functional
traits are important. Finally, we showed that rgpecies play an important functional role in this
kind of vegetation, because they were not redunttatite abundant species and, therefore, should

be taken into account in studies of species assembl
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Vernonia bardanoides
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Diospyros hispida
Pouteria ramiflora
Pouteria torta
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Allagoptera leucocalyx

107



Figure 1 — Phylogenetic tree assembled for theaderspecies in all sampled sites (HighFi, MidFi,
and LowFi) in Emas National Park, central Brazil/®d9’-18°28'S and 5239’-53°10'W).

Species relatedness was based on Datiak (2004).
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Table 1 — Traits used to measure functional dityeiisi savanna woody species at Emas National

Park, Brazil (1749’-18°28’S and 5239'-53°10'W).

trait

unit functional significance

1. Plant height

2. Basal area

3. Canopy height

4. Bark thickness

5. Specific leaf area

6. Leaf area

7. Leaf dry matter content mg g*

8. Stem specific density

9. Leaf N

10. Leaf P

11. Resprouting at soil

level

12. Clonality

associated with competitive vigour, whole plantiedity, tolerance or

m ) )
avoidance of disturbances

Mm  competitive vigour, survival ability after fire

m avoidance of crown fires andkifp

protection of vital tissues against damage, thelk® can decrease

mm mortality by fire or accelerate post-fire recovery

o highly correlated with several physiological traiated to resource uptake
9" and use efficiency and plant growth strategies

min ecological strategy, with respect to environmentstient stress and
disturbances

related to flammability, resistance to physicaldrdz disturbed
environments

mg mim structural strength, resistance against physiaaiadje

ma &
99 maximum photosynthetic rate, LNC:LPC ratio relatedarbon cycling
processes
mg 1
categorical

competitive vigour, persistence after environmedisiurbances
categorical

13. Pollination syndromescategorical

14. Dispersal mode

regeneration traits linked to (re)colonizing aliliind disturbances
categorical
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Table 2 — Observed differences in functional dikgr¢FD) and phylogenetic diversity (PD)
between three woody species communities underreliffefire frequencies in Emas National
Park, central Brazil ('A9’-18°28'S and 5239’-53°10'W), and the corresponding lower and
upper tails from 10,000 simulated differencesi{P Dnigh vVS. Dnia = observed differences
between HighFi (submitted to annuall fires for thst ten years) and MidFi (burned in 1996,
1999, 2001, 2002, and 2003) sitesigvs. Dow = observed differences between HighFi and
LowFi (12 years without burning) sites, ang;dvs. Dow = observed differences between MidFi

and LowFi. * = values significantly higher than exped by chance.

Dsim distribution

Functional diversity Observed Differences between FD : _
approach values lower tail upper tail
(2.5%) (97.5%)
Dhigh VS. Dhid 0.13* 0.030 0.11
All species included Dhigh VS. Dow 0.18 * 0.080 0.16
Dmig VS. Dow 0.05 0.003 0.08
Dhigh VS. Dhig 0.01 0.001 0.03
Rare species excluded Dhigh VS. Dow 0.02 0.010 0.06
Dmig VS. Dow 0.01 0.002 0.04
Phylogenetic diversity Observed Differences between PD Ds'm_ distribution .
approach values lower tail upper tail
(2.5%) (97.5%)
Dhigh VS. Dhid -0.14 -0.23 -0.03
All species included Dhigh VS. Dow -0.24 -0.29 -0.11
Dmid VS. Dow -0.11 -0.16 0.03
Dhigh VS. Dhig -0.06 -0.073 0.032
Rare species excluded Dhigh VS. Dow -0.04 -0.099 -0.005

Dmid VS. Dow 0.02 -0.890 0.050
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Table 3 — Observed functional diversity (FD) and/lpbenetic diversity (PD) in three woody
species communities under different fire frequemdie Emas National Park, central Brazil
(17°49-18°28'S and 5239'-53°10'W, and the corresponding lower and upper tadsf10,000
simulated FD and PD values (FDsim and PDsim, reés@dy). HighFi = submitted to annuall
fires for the last ten years, MidFi = burned in 892999, 2001, 2002, and 2003, and LowFi = 12

ears without burning. * = values lower than expddby chance.
y g peavy

FDsim distribution

Functional diversity approach Observed FD lower tail upper tail
(2.5%) (97.5%)
HighFi 0.33* 0.34 0.41
All species included MidFi 0.46 0.42 0.49
LowFi 0.51 0.45 0.53
HighFi 0.11 0.09 0.13
Rare species excluded MidFi 0.12 0.11 0.14
LowFi 0.13 0.12 0.16

PDsim distribution

Phylogenetic diversity approach Observed PD lower tail upper tail
(2.5%) (97.5%)
HighFi 0.62 0.56 0.70
All species included MidFi 0.76 0.70 0.83
LowFi 0.86 0.77 0.89
HighFi 0.21 0.16 0.25
Rare species excluded MidFi 0.27 0.18 0.28

LowFi 0.25 0.22 0.31
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Table 4. Analyses of the functional trait evolation the phylogeny of sampled woody species, in
Emas National Park, central Brazil (#9’-18°28'S and 5239'-53°10'W). Mean D = mean
value of divergence deviations across phylogerie¢ie; Low = number of means of random
standard deviations lower than the means of obdest@ndard deviations; High = number of

means of random standard deviations higher tham#ens of observed standard deviations.

Data type Mean D Low High P

Bark thickness 0.597 622 378 0.622
Basal area 0.601 644 356 0.644
Canopy height 0.623 615 385 0.615
Clonality 0.645 627 373 0.627

Leaf dry matter content 0.602 637 363 0.637
Leaf N concentration 0.557 629 371 0.629
Leaf P concentration 0.668 620 380 0.620

Plant height 0.607 632 368 0.632
Soil resprout 0.570 592 408 0.592
Specific leaf area 0.636 645 355 0.645

Stem specific density 0.550 588 412 0.588
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ABSTRACT

Standing biomass may vary greatly in savannas diiferent fire regimes, because different
responses are expected from different functioralgs. We investigated the effects of different fire
frequencies in total above-ground biomass andthksdiomass of functional groups (the tussock
grassTlristachya leiostachy&lees, other grasses, woody species, and dry b&nmasavannas
subjected to annual fires, biennial fires, andgrtad from fire in a 12 yr period. Total afd
leiostachyaabove-ground biomass values were higher in thieegied site compared to the annually
and biennially burned sites, which were not différ&rass biomass was lower in the protected site,
whereas woody species biomass value was not ditfaraong sites. Protection from fire during 12
yr resulted in the accumulation of total biomaskiclv was more than twofold higher in the
protected site than in the annually burned sit¢hénannually burned sit&, leiostachyavas
negatively correlated with other grasses and wapegies. In the biennially burned and protected
sites, we found a positive relationship betw&eteiostachyaand dry biomass. The negative
correlation ofT. leiostachyawith other grasses and woody species in the alynuained site
supports the idea that frequent fires favor thecgs, and may indicate an outcompeting effect.
Therefore, knowledge not only about biomass buéasfly about its functional components is
important to provide a better understanding offtcesses and consequences involving different

burning strategies.

Key words Brazil; cerrado; competition; Emas National Panllant functional types.
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FIRE PLAYS A CRITICAL ROLE IN SAVANNA ECOLOGY THROUGH ITS EFFECTS ON INTERACTION®etween
woody and herbaceous species (Moreira 2000). Mostra fires are surface fires and burn mainly
the herbaceous layer of the vegetation (Miragida. 2002). As a consequence, long-term biomass
accumulation is central in determining the chamgsties of the next fire, such as intensity ane rat
of spread (Mirandat al. 1993, Whelan 1995). Fire is also of great imparéaim promoting primary
productivity due to the acceleration in the minenatrient cycling (Frost & Robertson 1987,
Mirandaet al.2002). On the one hand, burning has a direct negetfect on plant growth rate and
seedling mortality (Hoffmann 1996, 1998); on thikesthand, it also has an indirect positive effect,
due to the release of nutrients to the soil (Sib@®3, Silva & Batalha 2008). Thus, standing
biomass after fire may vary greatly in savannaé witferent fire regimes, because different
responses are expected from species belongindféoedit functional groups, for example, grasses
versustrees (Silva 1996, Moreira 2000).

A remarkable characteristic of Neotropical savansake fast recovery of the herbaceous
layer after a fire in comparison to fire-prone tergie communities (Whelan 1995). In the cerrado
(Brazilian savanna), pre-burnt biomass is reactsedlly after 1.5 yr from the last fire (Miranda
al. 2002). Such recovery is mainly due to the abibitgprout from underground organs (Whelan
1995, Hoffmann 1998). Even though woody speciesqmieadaptations to fire, such as strong
suberization of trunks and branches that allowptimection of living tissues from high
temperatures (Mirandet al. 2002), herbaceous species succeed in frequenthgdisavannas due
to their underground protected meristems that nremaaffected by fire (Gottsberger & Silberbauer-
Gottsberger 2006). So, different fire regimes nmeof distinct groups of species (Whelan 1995,
Pivello & Norton 1996). Such fire outcomes may tesudifferent management ends, as wildfire
control, food supply to native fauna, weed contaoll the maintenance of biodiversity and
ecological processes (Whelan 1995, Pivello & No8a6).

In Neotropical savannas, during the wet seasomass production is high due to the

increase of water availability, while during they deason almost all the herbaceous layer is dry,
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with the living tissues reduced to underground nsg@ianciaruset al. 2005, Gottsberger &
Silberbauer-Gottsberger 2006). Most of the studiethe response of savanna vegetation to fire are
related to woody mortality, regeneration througbd$iegs, or resprouting from epicormic

meristems or lignotubers (Frost & Robertson 1983fridan 1996, Moreira 2000). Also, almost all
studies used the “time since last fire” approalkht ts, biological responses are investigated only
with knowledge of last time of burning without cagout the actual fire history within a given site,
which is an important ecological feature (Whela83)9 In this sense, knowledge about biomass
accumulation under different fire frequencies ior@g-term approach, and especially within
functional groups, is important not only for managat purposes, but also to a better
understanding of the community responses after disthirbance.

Here we investigated how three different fire frexqcies (annual fire, biennial fires, and 12
yr of fire exclusion) affect the total above-grouridmass of the plant communities and also the
biomass of functional groups (the tussock ghiasstachya leiostachyather grasses, woody
species, and dry biomass) of the ground layervarsaas. We considerdd leiostachyas a
functional group, because there is evidence thartves the fire regime within the park (Ramos-
Neto & Pinheiro-Machado 1996, Ramos-Neto & Piv@ll®0). We expect to find higher biomass
under fire exclusion, especially dry biomass. Siiteeexclusion favors woody species (Moreira
2000), we also expect to find an increasing grad&woody biomass towards the protected area,
as well as a negative relationship between woodyh@nbaceous biomass. In sum, we answered the
following questions: (1) Is there any differencehe total above-ground herbaceous-undershrubby
biomass among savannas submitted to differentréguiencies?, (2) Is there any difference in the
functional group above-ground biomass among sawasutamitted to different fire frequencies?,

(3) Within each fire frequency, does the biomasthe$e functional groups correlate with each

other?
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METHODS

Stuby AREA.— We carried out this study in Emas National ParkPENocated in the Brazilian
Central Plateau, approximately at49’-18°28'S; 5239’-53°10'W. ENP comprises 132,941 ha
and is one of the largest and most important resarvthe cerrado region. Regional climate is Aw
following Koppen’s (1931) classification, that humid tropical climate with wet summer and dry
winter. Three quarters of the ENP consist of fidli¢land, 820-888 m asl, and the remaining area
consists of hilly terrain, 720-820 m asl (Ramoséa\&tPivello, 2000). In the park, open savanna
(cerrado) physiognomies prevail, covering 68.1 @etrof the total area, especially on the flat
tableland (Ramos-Neto & Pivello 2000). The moresetbcerrado covers 25.1 percent of the
reserve, mainly on the hilly terrain.

Historically, ENP was exploited by farmers for tatanching, and dry season burnings were
used to promote forage regrowth every year. Af8341 the park was totally fenced, cattle were no
longer allowed inside, and a fire exclusion poligs established (Ramos-Neto & Pivello 2000). As
a consequence, catastrophic fires were common B &l 1994, when wildfires used to occur
every three years, burning about 80 percent @irga (Francat al.2007). From 1994 onwards,
firebreaks have been managed regularly, and argbesyc fires have been controlled (Fraetal.
2007). As a result, catastrophic fires no long@&uocand the total area burned each year in ENP
was reduced (Frangd al.2007). Currently, only 20 percent of the ENP iswaily burned, and fire

reoccurrence in a given point is approximately gf {Franceet al.2007).

EcoLoGICAL DATA — In March 2006, at the end of the growing seas@nsampled the herbaceous-
undershrubby species in three nearby sites withrdift fire frequencies within ENP. The sites
have an open savanna physiognooangpo cerrad) with an almost continuous ground layer,
interrupted only by sparse trees. We chose the atteording to historical incidences of fire inside

the park (Francat al.2007). The first site (approximately, 18°18'50"8d52°54'00"W) was a
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firebreak, burned annually since 1994. The secdedapproximately, 18°19’01”S and
52°54’10”"W) was also a firebreak, but burned apjmately every two years since 1994,
specifically in 1996, 1999, 2001, and 2003. Thedtkite (approximately, 18°17'28"S and
52°53'41”W) was protected from fire since 1996 n#dst all the firebreaks are completely burned
along the dry season as a management tool to &argiel wildfires inside the park (Franetal
2007).

In each site, we placed a 1000 m transect, withpt@ts, 10 m apart one from the other. From
these 100 points, we drew randomly 20 points irctviwe established 0.25%muadrats. We
removed all above-ground plant material within hgeadrats, excluding trease(, woody
individuals with diameter at soil level higher thauesm). We sorted the above-ground biomass
harvested in four functional groups: the tussoasgfristachya leiostachyavhich is the dominant
species in ENP’s savannas; others grasses; woediesg(including shrubs, saplings, woody
geophytes, and other dicots); and dry biomassdddecomposing plant debris including litter). All
the collected material was oven-dried at 80°C ®hdurs before weighting.

We compared biomass values of each functional gasipvell as total biomass, among sites
using a one-way ANOVA and Tukgpst-hoctest (Zar 1999). We also used Pearson’s correlatio
(Zar 1999) to assess the possible associationsgeamh functional group within each site. For

that, we used the biomass values found in eadmec2® quadrats for each group.

RESULTS

Total andTristachya leiostachyaboveground biomass values were higher in thepied site
compared to the annually and biennially burnedsitgich were not significantly different (Table
1). Grass biomass value was lower in the protesitedwhereas woody species biomass value was
not significantly different among sites (Table D)y biomass was higher in the protected and lower

in the annually burned site (Table 1).
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In the annually burned sit&, leiostachyavas negatively correlated with other grasses and
woody species (Table 2). We did not observe anyifsignt relationship among the biomass values
of other functional groups (Table 2). In the bieilyiburned and protected sites, we found a

significant positive relationship only betweénleiostachyaand dry biomass (Table 2).

DISCUSSION

Protection from fire during 12 yr resulted in treeamulation of total standing biomass, which was
more than twofold higher in the protected site thmatine annually burned site. However, fire
affected functional groups biomass differentlye faxclusion favored. leiostachyawhich

presented 108 percent more biomass in the protsittethan in the annually burned one, but
reduced biomass of other grasses in 56 percentuAtrad woody biomass was the same
independently of the fire frequency, whereas doyass accumulation increased almost sixfold
under fire exclusion.

An overall consensus about the effects of diffefiea frequencies in savannas, without
accounting for herbivory effects, is that standiigmass of herbaceous species remains similar in
burned and unburned sites after a full growing@egSarmiento & Vera 1979, Coutinho 1990,
Singh 1993). Since we found similar amounts ofl tokamass under annual and biennial fires, our
results support this assertion. Neotropical savaiban generally at intervals of one to three years
(Coutinho 1990, Hoffmann 1999), and, in physiogresrsimilar to those we studied here, biomass
of herbaceous-undershrubby species ranges fronto@ 0 g/m after one to three years since last
fire (Sarmiento & Vera 1979, Kauffmaat al 1994, Ottmaet al. 2001). So, the total biomass we
found in the annually and biennially burned sitewithin the expected for these savannas.
Nevertheless, fire exclusion leads to an increaskd herbaceous standing biomass (Otwhai
2001, Govendeet al 2006). Accordingly, we observed higher total bamsmunder 12 yr of fire

exclusion due to an increase in dry dndeiostachyadiomass values. Such increasing is a matter of
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concern, because it is related to the probabifistmng fires, especially due the accumulation of
dry biomass (Mirandat al. 1993, Kauffmaret al. 1994). Also, the herbaceous-undershrubby
species are the principal fuel load in these saasnpresenting a combustion factor higher than 90
percent (Kauffman et al. 1994). Strong fires amutht to affect especially the woody species due
to an increase of crown fires (Coutinho 1990, Mar&000). In addition, strong fires may also
spread very fast for larger areas (Ramos-Neto &IRi2000, Francat al.2007), becoming
harmful to the fauna and sometimes reaching sometagon types that are not adapted to fire.
Thus, long-term biomass accumulation within pradatatural areas deserves caution, because it
may result in uncontrolled fires.

Another consequence of a long-term fire protecisahe resultant nutrient immobilization
in the inert dry biomass (Frost 1985, Frost & Rédmmar 1987), leading to an impoverishment of
surface soil layer. On the one hand, a rapid mittignover caused by frequent fires is expected to
favor the herbaceous species with superficial r@@taitinho 1990). On the other hand, nutrient
immobilization is expected to favor woody specigthwleeper roots that explore nutrients from
other soil depths (Coutinho 1990). In fact, therevidence of the role of fire on nutrient turnower
ENP, where soil fertility was lower in the protett@hen compared to the annually burned site
(Silva & Batalha 2008). Nevertheless, our findisgpport that some herbaceous species may also
take advantages of fire absence, outcompeting b#gmbaceous species and preventing the growth
of woody species. We observed higheteiostachyand dry biomass values in the protected site,
as well as a positive relationship between thethénbiennially burned and protected sites.
Frequent fires not only remove the accumulateddrgnass that constrains the growth of
herbaceous species by shading (Caretles 1994), but may also reduce the interspecific
competition among grasses (Inchausti 1995). Corisgléhat most of the dry biomass was
composed by dead leaves and reproductive struabfitbeT. leiostachyathe lower biomass value
of other grasses we found in protected site magjueeto the latter being outcompeted by the

former.

121



Tristachya leiostachya favored by frequent fires (Ramos-Neto & Pinbétachado 1996,
Ramos-Neto & Pivello 2000) and is the dominant giasalmost all open physiognomies within the
park (Francat al.2007), reaching up to 80 percent of the communitgd biomass (Cianciaruso
& Batalha, in press). In Neotropical savannas, agamce by a single herbaceous species is very
uncommon (Filgueiras 2002) and is generally relabefdequent fires in the past (Baruch & Bilbao
1999, Ramos-Neto & Pivello 2000). The negativeaation ofT. leiostachyawith other grasses
and woody species in the annually burned site seppite idea that frequent fires favor this species
allowing us to speculate about the process ofitsbdéishment and dominance: it sprouts vigorously
one year after the last fire, reaching a highembbiomass and being negatively associated torothe
grasses and woody species biomass, which may tedaceoutcompeting effect in local scale. As
time since last fire goes by, leiostachyaseems to be the main source of standing dry bismas
which will ultimately shade neighboring species atgb immobilize nutrients that, otherwise,
would be available to other species. Nevertheleatso takes advantage of fire exclusion, singe it
biomass was higher in the protected site than indalisitesT. leiostachyaseems to have a life
cycle extremely adapted to different fire frequescit reproduces sexually every 2-3 yr aftera fir
and vegetatively between fire events (Ramos-NeRirfaeiro-Machado 1996, Franetal.2007).
Where fire is excluded, vegetative reproduction stdlymaintain the dominance of this species.

Contrary to our initial expectation, we did notdian increase in the woody species biomass
in the protected site, even if fire exclusion ipested to favor this functional group (Moreira 200
Again, T. leiostachyanay prevent the growth of shrubs and saplings) @avéavorable conditions
for woody species, probably through processes adirsth and nutrient competition. This may also
explain the 34 percent reduction of biomass vatdiegher grasses under fire exclusion. Similar
findings were observed in other savannas wherefictusion lead to a decline in population
growth rates of several grass species (Silva &r6d€89, Silveet al. 1990). Moreover, in the
absence of fire some species may outcompete dihetgmusti 1995), which seems to be the case of

T. leiostachyaAn alternative explanation for the lower biomagsther grasses and the non-
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change of woody biomass is that the sexual reptogusystem of many plants may be disrupted
under fire suppression. Several savanna plantdepefire to flower and to release their
diaspores (Coutinho 1990). Therefore, fire suppoessould result in a decrease in the
regeneration capacity of these populations.

We corroborated the idea thatleiostachyadiomass is positively related to the amount of
dry biomass and, thus, its life cycle is intimatediated to the fire regime within ENP. Under fire
exclusion,T. leiostachyanay grow by vegetative reproduction and accumukgtelly dry biomass.
This accumulated biomass favors fire occurrencespnelad (Ramos-Neto & Pivello 2000, Franga
et al.2007), which, in turn, favor. leiostachyawhich may grow also by sexual reproduction
producing seeds every 2-3 yr after a fire (RamotM¥ePinheiro-Machado 1996). The frequent
fires in the past may have favorédleiostachyaexplaining its current dominance in the park
(Ramos-Neto & Pivello 2000). Therefore, knowledge anly about biomass but especially about
its functional components is important to provideetter understanding of the processes and

consequences involving different burning strategies
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TABLE 1. Total and functional groups biomass val(gsrf + SD) of the herbaceous-undershrubby
species in Neotropical savannas with differentffieguencies in Emas National Park, central

Brazil. Different letters denote significant difégrces P < 0.05, Tukeypost hodest).

Biomass annually burned biennially burned protected F P

Total 482.52 +146.52 524.20+ 152.24 1122.64+ 441.00 32.19 0.001

Tristachya leiostachya 125.44 + 91.00  105.00+ 90.84 261.0%+ 200.72 7.48  0.001

Other grasses 116.06+ 75.16  102.6%+ 117.28  40.00+ 35.64 477  0.012
Woody species 113.56 + 74.48 66.68+ 46.08 82.18+ 68.40 2.77 0.071
Dry 127.57 + 88.48 249.88+ 92.52 739.44+ 267.04 71.73 0.001
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TABLE 2. Pearson correlation values among funclignaups biomass values of the herbaceous-

undershrubby species in Neotropical savannas idreht fire frequencies in Emas National

Park, central Brazil. Values in bold denote sigmaifit values:. = 0.05.

annually burned site

Other grasses Woody species Dry

Tristachya leiostachya -0.58 P = 0.007) -0.52 p=0.017) 0.35 P =0.120)
Other grasses — 0.41 P =0.070) -0.24K = 0.296)
Woody species — — 0.16 P =0.485)
biennially burned site

Tristachya leiostachya -0.38 P = 0.091) -0.29 P =0.218) 0.69 ¢ = 0.001)
Other grasses — -0.29 £=0.199) -0.29R = 0.203)
Woody species — — -0.10 P=0.667)
protected site

Tristachya leiostachya 0.18 P =0.481) -0.22 P =0.348) 0.85 P =0.000)
Other grasses — 0.04 P =0.870) -0.27R = 0.259)
Woody species — — -0.08 P =0.749)
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CONCLUSAO GERAL

Ao final desta tese, chegamos as seguintes conclusoes:

* T possivel incluir a variabilidade intra-especifica em medidas de diversidade funcional utilizando os
individuos como unidade basica ao invés das espécies. Demonstramos isso modificando uma
medida de diversidade funcional (FD) de modo que ela passe a incluir essa variabilidade, em uma
medida que chamamos de iFD;

* O fogo age como um filtro ambiental, selecionando espécies mais similares em seus atributos
funcionais e, portanto, diminuindo a diversidade funcional das espécies arbustivo-arbéreas do
cerrado. Além disso, as espécies raras contribuem significativamente para a diversidade funcional e
ndo sdo redundantes com as espécies dominantes, como proposto por alguns autores;

*  Variagoes funcionais na comunidade podem ser independentes da relacio filogenética das espécies
da comunidade e, pelo menos no nosso estudo, diferentes regimes de fogo niao alteram a relacdo
de parentesco entre as espécies arbustivo-arboreas;

*  Corroboramos a idéia de que o capim-flecha (Tristachya leiostachyaém papel fundamental na
dindmica do fogo das savanas estudadas. Na drea queimada anualmente, a biomassa do campim-
flecha se correlacionou negativamente com os valores de biomassa das gramineas e espécies
lenhosas. Indicando uma possivel vantagem competitiva dessa espécie em relagdo as demais. Além
disso, o capim-flecha se correlacionou positivamente com a biomassa seca nas areas com fogo
bianual e protegida do fogo. O capim-flecha além de rebrotar rapidamente e adquirir altos valores
de biomassa um ano ap6s a dltima queimada, segue aumentando sua biomassa e a biomassa seca
conforme a frequencia de fogo diminui. O acimulo de biomassa aumenta a indisponibilidade de
nutrientes para as demais espécies do componente herbaceo, além de aumentar o sombreamento.
Isso poderia explicar a menor biomassa de gramineas na area protegida do fogo e o valor constante

da biomassa de lenhosas nas trés areas.
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