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Resumo

O fogo tem um papel importante na determinacaosttatara do cerrado. Queimadas anuais
e bienais favorecem as espécies herbaceas em ealgindas espécies arboreas.
Consequentemente, as queimadas frequentes poderficarod padrdo de coocorréncia de
espécies vegetais. Testamos (1) se altas freqeéumgafogo aumentam o numero de
ocorréncia de pares de espécies herbaceo-subaas ) se, em pequena escala espacial,
altas frequéncias de fogo relinem espécies arbemtizeas funcionalmente semelhantes e
filogeneticamente aparentadas e (3) se, em esspéial regional, altas frequéncias de fogo
reinem espécies arboreas filogeneticamente apdasntBm 2006, amostramos as espécies
vegetais de trés areas contiguas de cerrado nadPBiarional das Emas, GO, sob diferentes
frequéncias de fogo: um aceiro queimado anualmdesgle 1994, um aceiro queimado
aproximadamente a cada dois anos desde 1994 e nemae&m queimar desde 1994. Para
testar o primeiro postulado, comparamos a freqaéoleservada de pares de espécies em cada
area com uma distribuicdo esperada de frequéneiaglg pelo método Monte Carlo. Para
testar o segundo postulado, examinamos as relagbesindices de coocorréncia de espécies
e as diferengas funcionais, bem como entre esshsesne as distancias filogenéticas,
calculadas para todos os pares de espécies, caasségs de quantis. E para testarmos o
terceiro postulado, comparamos distancias filogea®tmédias de areas com altas e baixas
frequéncias de queimadas com um modelo nulo, usaacdém dados de literatura.
Encontramos que a exclusédo do fogo diminuiu o ndrderocorréncia de pares de espécies
herbaceo-subarbustivas. Porém, gueimadas frequembelificaram esse padrdo, gerando
ocorréncias estocasticas de pares de espéciemtEmos que, em pequena escala espacial,
queimadas frequentes reunem espécies funcionalmeateelhantes. Contudo, nao
observamos nenhum padrdo em relagdo as distaiogesnéticas. Em escala regional, altas

frequéncias de fogo também ndo modificaram a es&utlogenética das areas de cerrado.



Portanto, o fogo é um importante filtro ambientafrg as plantas de cerrado em pequena
escala espacial, promovendo agrupamentos fendaipieespécies. Quando a frequéncia de
fogo é reduzida, a competicdo pode promover ungedido fenotipica das plantas. Contudo,
nenhum padrao filogenético emergiu nas escalasciegpanvestigadas. Postulamos que a
auséncia de agrupamentos filogenéticos em cerrdddsvida a persisténcia de espécies

rebrotantes perenes e a presenca de espéciebalgelins filogeneticamente distantes.

Key words diversidade filogenética, exclusdo competitivacilitacdo, filtro ambiental,
hipotese do gradiente de estresse, regras de neomtagvanas, similaridade funcional, tracos

regenerativos.



Abstract

Fire plays an important role in determining theisture of cerrado. Annual and biennial fires
favor herbaceous species and constrain woody speksea consequence, frequent burnings
are expected to change the pattern of cooccurrehpéant species. We tested (1) whether
high fire frequencies increase the number of oeres of herbaceous and shrubby species
pairs, (2) whether, at fine spatial scale, high frequencies assemble functionally similar and
closely related woody species, and (3) whetheregibnal spatial scale, high fire frequencies
assemble closely related woody species. In 200&angled the plant species in three nearby
cerrado sites in Emas National Park, central Bramider different fire frequencies: two
firebreaks, one burned annually since 1994, andtened around every two years since
1994, and a site without fires since 1994. To tést first postulate, we compared the
observed frequency of species pairs in each sita tbstribution of random frequencies
generated by Monte Carlo method. To test the sepostllate, we examined the relationship
between co-occurrence indices and both phylogemistances and functional differences,
calculated for all pairs of species, with quantdgressions. And to test the third postulate, we
compared mean phylogenetic distances of sites mgh and low fire frequencies to a null
model, using also data from literature. We fourat the fire exclusion decreases the number
of occurrences herbaceous species pairs. Howerkegudnt fires changed this pattern,
generating stochastic occurrences of species pdies.found that, at fine spatial scale,
frequent burnings assembled functionally similaesps. Nonetheless, we did not observe
any pattern relative to phylogenetic distancestefjional scale, high fire frequencies did not
modify the phylogenetic structure of cerrado sifBsus, fire is an important environmental
filter for cerrado plants at fine spatial scaldyithg phenotypic clustering of species. When
fire frequencies are reduced, competition may ptenphenotypic overdispersion. However,

no phylogenetic pattern emerged at studied spstiales. We postulate that the absence of



phylogenetic clustering in cerrado is due to thesigeence of long-lived resprouting species

and to the presence of species from phylogenetidadtant lineages.

Key words assembly rules, competitive exclusion, environtakerfilter, facilitation,
functional similarity, phylogenetic diversity, raggrative traits, savannas, stress-gradient

hypothesis.
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Introducéo geral

O fogo é um forte agente evolutivo para as pla(Basd & Midgley 1995, Schwilk &
Ackerly 2001) e tem um papel importante na deteag@io da distribuicdo de savanas no
mundo (Bondet al. 2005). Os fogos tém ocorrido nesse tipo vegetatiba pelo menos 25
milhdes de anos (Bonet al. 2003), associados ao surgimento e a diversificatd@®
gramineas ¢ em varias linhagens independentes (Christinal. 2008). Isso porque as
gramineas £acumulam biomassa rapidamente sob alta incidé&eciz e verdes umidos,
tornando-se altamente flamaveis nos invernos séBord & Keeley 2005). Entretanto,
evidéncias de assinaturas isotopicas em dentediZzades de mamiferos (paleodietas),
particulas de carvdo e altas concentracdes de pdtesitios paleobotanicos de diferentes
continentes indicaram que essas linhagens de geamik se tornaram ecologicamente
dominantes somente ha 8 milhdes de anos (Cedingl. 1997, Latorreet al. 1997).
Consequentemente, as queimadas tornaram-se maigerites, passando a ocorrer varias
vezes em uma década em uma dada area (Bond & K2@d&y. A expansao sincrénica de
vegetacBes dominadas por gramineas em diferenties pp mundo € considerada como o
marco do surgimento do moderno bioma savanico ([Bge& Osborne 2006). Nos ultimos
10.000 anos, contudo, queimadas antrOpicas germassociadas a agricultura tém
expandido as areas de vegetacao inflamavel emaadondo (Bowman 1998, Brools al.
2004). Atualmente, formacdes vegetacionais sujeibago, como as savanas, cobrem cerca
de 40% da superficie terrestre (Batdal. 2005).

As savanas sdo formacdes tropicais e subtropieais,que o componente herbaceo-
subarbustivo, quase continuo, é interrompido pousios e arvores em densidades variaveis;
em que o fogo é frequente; e em que os principadsdes de crescimento estao fortemente
associados as estacfes Umida e seca alternantegigi@o& Hadley 1983). As savanas

possuem uma grande variagdo em sua fisionomiauabhayjbalanco entre o componente
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arbustivo-arbéreo e o componente herbaceo-subarbustuda temporal e espacialmente
(Bourliere & Hadley 1983), associado, dentre oufiasres, ao fogo (Moreira 2000). Na
América do Sul, a maior regido de savana é o agrraclipando originalmente cerca de 2
milhdes de quildmetros quadrados (Gottsberger BeBilauer-Gottsberger 2006). O cerrado é
o0 segundo maior dominio vegetacional brasileirdprioolo 22% do territério nacional
(Gottsberger & Silberbauer-Gottsberger 2006). @alé normalmente estacional, com veréo
chuvoso e inverno seco (Am, Aw ou Cwa; Koppen 1931)

Como em outras savanas, as espécies de cerraddgrawolcom o fogo (Simoet al.
2009). A grande maioria das espécies de cerradapézcde rebrotar ap6és uma queimada
(Gottsberger & Silberbauer-Gottsberger 2006) e essace ser a estratégia ecoldgica mais
comum entre as espécies savanicas (Bond & Middlég 2 Além disso, as espécies arbdéreas
de cerrado apresentam uma casca espessa que posetgridos internos das altas
temperaturas (Gottsberger & Silberbauer-Gottsberge06). No entanto, queimadas
frequentes (por exemplo, anuais e bienais) tendefavarecer as espécies herbaceas e
subarbustivas devido aos seus meristemas subtesraiMoreira 2000, Gottsberger &
Silberbauer-Gottsberger 2006). Muitas espécies doeds tém a producdo de sementes
estimulada por queimadas frequentes (Sarmiento)I®@2persisténcia de algumas espécies
herbaceas na comunidade depende de uma alta foigwdn fogo (Canalest al. 1994).
Consequentemente, queimadas frequentes devem caodifi padrdo de coocorréncia das
espécies vegetais no cerrado.

Nas vegetac¢Oes sujeitas a queimadas frequentegpafum filtro ambiental importante,
selecionando as espécies que podem ocorrer na madar(Pausas & Verdu 2005, Verdu &
Pausas 2007). Nesse sentido, a frequéncia do fodm geterminar a similaridade funcional e
o parentesco filogenético das espécies vegetamooentes (Weblet al. 2002, Slingsby &
Verboom 2006). Os filtros ambientais selecionametapiespécies que podem persistir dentro

de uma comunidade com base na suas toleranciamdig@es abibticas (Weiher & Keddy

14



1995). Consequentemente, os filtros ambientaisetand reunir espécies coocorrentes com
nichos similares, ou seja, com tracos funcionaisilaies (atracdo fenotipica; Chase 2003,
Fukamiet al. 2005). Em relagdo ao parentesco filogenético,ltvses ambientais tendem a
reunir espécies mais aparentadas (atracéo filogan&/ebbet al. 2002) quando os tragos
funcionais s&o conservados na evolucdo das espécias espécies aparentadas sao
funcionalmente similares (sinal filogenético; Pnngz et al. 2001, Prinzinget al. 2008).
Entretanto, quando os tracos evoluiram convergesritame as espécies aparentadas sao
funcionalmente diferentes, os filtros ambientargdtam a reunir espécies menos aparentadas
(disperséo filogenética, Tabela 1; Waedilal. 2002).

Na auséncia do fogo, ou de qualquer filtro ambleataompeticdo tende a ser o processo
predominante na organizacdo de comunidades sugeitpeimadas frequentes (Wedtbal.
2002). Por causa da exclusdo competitiva de umenais espécies com nichos similares
(Hutchinson 1959, Leibold 1998), a competicdo teadesunir espécies coocorrentes com
tracos funcionais distintos (disperséo fenotipWapbet al. 2002). Em relagdo ao parentesco
filogenético, a competicdo tende a reunir espéuiesos aparentadas (dispersao filogenética)
quando os tracos funcionais sdo conservados nagmbas espécies (Prinziegal. 2001).
Contudo, a competicdo tende a remover qualqueciagdo sistematica quando o0s tragos séo
filogeneticamente convergentes, resultando em cwmlades que ndo sao diferentes das
esperadas ao acaso (Tabela 1; Wadhdd. 2002).

Altas frequéncias de fogo podem também favoreato tipo de interacéo interespecifica
— a facilitagdo. Segundo a hipétese do gradientsttesse (Brookeat al. 2008), a facilitacdo
aumenta com a severidade do ambiente, enquantmpetigdo aumenta em ambientes sem
estresses abidticos e com recursos abundantesloEstanduzidos em gradientes altitudinais
(Choler et al. 2001) e de humidade do solo (Holzap&tlal. 2006) demonstraram, por
exemplo, que a frequéncia de interacdes facilagtaumentam com a altitude e a seca. Uma

maneira simples de avaliar se a competicdo ouiktdado € a interacdo predominante em
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uma comunidade é considerando os padrées de céonciarde espécies (Pemy al. 2009).
Uma vez que espécies competitivamente inferiores isBapazes de coocorrerem com
espécies competitivamente superiores, um pequemenolde espécies coocorrentes deve
emergir em comunidades em que a competicdo é piedota (Lieberman & Lieberman
2007, Perryet al. 2009). Por outro lado, um grande nimero de espé@tecorrentes deve
surgir em comunidades em que a facilitacdo € aaicde predominante (Valiente-Banaét

al. 2006, Pernet al. 2009). Em outras palavras, quao frequente € ahdzimais préximo da
espéciei um individuo da espécig? Portanto, a competicdo pode resultar em pares de
espécies ocorrendo menos frequentemente do queadspeo acaso, enquanto a facilitacdo
pode resultar em pares de espécies ocorrendo meaigehtemente do que o esperado ao
acaso (Lieberman & Lieberman 2007).

Esses modelos nos levaram a estudar os padr@e®dearéncia de espécies herbaceas e
arbéreas em trés areas com diferentes frequéneifigyd no Parque Nacional das Emas, GO:
(1) um aceiro queimado anualmente desde 1994 (Bijg.(2) um aceiro queimado
aproximadamente a cada dois anos desde 1994 {Fig.una area protegida do fogo por 12
anos (Fig. 3).

Nos dois primeiros capitulos, estudamos a coocciaéde espécies em uma escala
espacial pequena, considerando 0s vizinhos maxéinpo§. No primeiro capitulo, testamos se
altas frequéncias de fogo mudam o padrdo de cdowa de espécies herbaceas e
subarbustivas em cerrado, segundo a hip6tese degr@ de estressegnsuBrookeret al.
2008). Nesse capitulo, estavamos interessadosifesgpaente nas frequéncias de ocorréncia
de pares de espécies, conforme Lieberman & Lieber@@07) e Perret al. (2009). Para
tanto, procuramos responder (1) se um dado pasplcies ocorre mais frequentemente do
gue o esperado ao acaso, (2) se o numero de parespécies em areas com queimadas
frequentes é maior do que o esperado ao acaspse €diferenca nos tracos funcionais de

pares heterospecificos € menor em areas com quesraguentes.
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No segundo capitulo, testamos se altas frequersdgadogo mudam o padrdo de
coocorréncia de espécies arbustivas e arbéreasidecando o modelo proposto por Wetdib
al. (2002) sobre a atragdo-repulsdo fenotipica edilétjica (Tabela 1). Medimos oito tracos
funcionais associados a resisténcia ou a toleréagidogo (Cornelissemt al. 2003) e
calculamos as distancias filogenéticas entre t@dopares de espécies. Esperdvamos que a
similaridade funcional das espécies coocorrent@seatasse ao longo de um gradiente de
queimadas, enquanto que as distancias filogenétcasliminuissem, se tracos fossem
conservados, ou aumentassem, se o0s tracos fossgargentes na filogenia das espécies.

No terceiro capitulo, estudamos as espécies camtes em uma escala espacial maior,
incluindo dados de literatura. Comparamos sition atas frequéncias de fogo com sitios
com baixas frequéncias de fogo em varias areasedado e de campos. Estavamos
interessados especificamente na estrutura filogenétlas comunidades. Procuramos
responder as seguintes perguntas: (1) as queinfeslagentes reinem comunidades de
espécies de plantas aparentadas?; caso reunanuyaig) clados da arvore filogenética sdo
podados pelo fogo?; e (3) as formas de vida eag®drregenerativos sao conservados na
filogenia das espécies?

Escolhemos apresentar a tese em capitulos, quattormas de acordo com as normas das
revistas cientificas a que foram submetidos. Comeeunistas que escolhemos para publica-
los exigem a sua redacao em inglés, nossos capfarlam escritos nesse idioma. O primeiro
capitulo foi submetido ao periédic@ommunity Ecologyo segundo capitulo foi aceito no
periddico Acta Oecologicae o Ultimo capitulo foi submetido ao periédidournal of
Vegetation Sciencé divisdo em capitulos se justifica, porque toanaublicacdo dos artigos
cientificos menos trabalhosa e mais rapida, ainda ppeticdbes sejam muitas vezes

inevitaveis devido a independéncia dos capitulos.
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Tabela 1 Distribuicdo filogenética esperada de taxons,sictamando as combinacdes de

padrdes evolutivos de tracos e processos ecoléginadificado de Webbkt al.2002).

Tracos ecoldgicos filogeneticamente

Processo ecoldgico dominante: Conservados Convergentes
Filtros ambientais Agregada Dispersa
Exclusdo competitiva Dispersa Aleatoria

18



Figura 1. Aceiro queimado anualmente desde 1994 no Parqueméhcas Emas (GO) em

marco de 2006, aproximadamente 18°18'50”S e 5ZT7GAN.

19



Figura 2. Aceiro queimado bienalmente desde 1994 no Parqu®inNgd das Emas (GO) em

marco de 2006, aproximadamente 18°19'01"S e 52ATAN.
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Figura 3. Area protegida do fogo desde 1994 no Parque Naloitas Emas (GO) em marco

de 2006, aproximadamente 18°17'28”S e 52°53'41"W.
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Coocorréncias de espéecies herbaceas e
arbustivas vizinhas em savanas brasileiras: o
papel do fogo e do acdso

! Trabalho aceito para a publicacdo no periodi@ommunity Ecologycom o titulo
“Herbaceous and shrubby species co-occurrencesairilidn savannas: the roles of fire and

chance”.
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Abstract: Competition and facilitation are expected to leal#erent signatures in the
pattern of species co-occurrence. Competition nesylt in a given species pair occurring
less often than expected by chance, whereas &ight may result in a given species pair
occurring more often than expected by chance. Véesaed the co-occurrence of pairs of
herbaceous and shrubby species in Brazilian sagaasking (1) whether a given species pair
occurs more often than expected by chance, (2)heh¢he number of species pairs in sites
with frequent fires is higher than expected by dean(3) whether the difference in the
functional traits of heterospecific pairs is lowersites with frequent fires, and (4) whether
small environmental variations in each site — iadtef species interactions — could explain
the co-occurrence of species. We used null modedsmswer the first two questions, analyses
of variance to answer the third question, and ddid correspondence analyses to answer the
fourth question. In all studied sites, approximatehlf of the heterospecific pairs occurred
more often than expected by chance. So, facilitatigems to be important in determining the
co-occurrence of some species in Brazilian savarth@asever, high fire frequencies changed
the pattern of occurrence of the species pairgjtneg in a spatial signature indistinguishable
from random. Frequent fires also promoted phenotghistering of species. Nevertheless,
wherever fire frequency is reduced, competition read to phenotypic overdispersion of
plant species. Thus, less harsh environmental tiondi in savannas may increase the

competition among plant species.
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Introduction

Competition and facilitation are important ecol@jiénteractions determining species
coexistence in plant communities (Callaway and Walk997, Grime 2001, Bruno et al.
2003, Butterfield 2009, Lamb et al. 2009). Comjpatitoccurs when neighbouring plants
share the same light, nutrient, and space requiten{&rime 1973, Grime 2001). Facilitation
occurs when one plant species ameliorates the émsélonment for another, especially under
harsh environmental conditions (Callaway 1995, Bruet al. 2003). However, these
ecological interactions are expected to be mordesiwithin small neighbourhoods, because
plants, as sessile organisms, only interact diregilh nearest individuals (Stoll and Weiner
2000, Hubbell et al. 2001). Thus, competition aratilitation should leave different
signatures in the pattern of co-occurrence of gseat small spatial scales (Stoll and Weiner
2000, Perry et al. 2009). As competitively inferispecies are unable to persist in the
neighbourhood of competitively superior speciedpwer number of co-occurring species
than expected at random may arise from compet(tiberman and Lieberman 2007, Perry
et al. 2009). On the contrary, a higher number @foccurring species may arise from
facilitation (Cavieres et al. 2002, Arroyo et @003, Cavieres and Badano 2009).

A straightforward way to evaluate whether compaitior facilitation is predominant
among species pairs in a community is considehegitequency of occurrence of neighbour
pairs (Perry et al. 2009, Azaele et al. 2010).tlmeowords, how often is the near neighbour
of species a member of specig® The frequency at which two species are neighbsurs
influenced by the kind of interaction between th@nime 2001, Bruno et al. 2003) and their
relative abundances (Perry et al. 2009). Thuslit@oon may result in a given pair of species
occurring more often than expected by chance (bgdi et al. 2007, Lieberman and

Lieberman 2007, Maestre et al. 2008), whereas cbtigpemay result in a given pair of



species occurring less often than expected by eh@@otelli and Ellison 2002, Gotelli and
Rohde 2002).

The outcome of competition and facilitation is fwegtly influenced by variation in the
abiotic environment, and within a given habitate tnvironmental conditions can vary
through time, also influencing the outcome of lmoiteractions and driving community
dynamics (Butterfield 2009). Likewise, the integsiand importance of these biotic
interactions vary spatially along gradients of eowimental stress or resource availability
(Greenlee and Callaway 1996, Goldberg and Novoglaid®97), hereafter referred to as
‘environmental harshness’ (sensu Brooker et al.820h plant communities, for instance,
competition and facilitation are supposed to ocsiumultaneously among different species
and to change as the age of the community advaSeesllings may use larger individuals as
‘nurses’, but compete with them when they becométadVerdu and Valiente-Banuet 2008).
Notwithstanding, empirical studies have demongtrateat facilitation increases with
environmental harshness, whereas competition pgsewader more benign conditions (that is,
the stress-gradient hypothesis; Bertness and Calal®94, Greenlee and Callaway 1996,
Brooker et al. 2008). As a consequence, the pattiecn-occurrence of plant species at small
spatial scale is also expected to change whenriieoemental conditions change (Collins
and Klahr 1991). The number of occurrences of pairseighbouring plant species should be,
hence, greater than expected by chance in commsinthat experience an increasing
environmental harshness (Lieberman and Lieberm@id, Zerry et al. 2009).

The assessment of the functional traits of speisesalso important to infer whether
competition determines the co-occurrence of hepe@sc pairs of plant species. At small
spatial scales, species plants compete directljirfoted soil nutrients (Hubbell et al. 2001,
Grime 2001, Lamb et al. 2009). Such a competitohigher among species that have similar

niches and consequently share more morphologiachlpaygsiological characteristics, that is,
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share more functional traits (Weiher et al. 1998m@ 2001). Thus, wherever competition is
predominant, neighbouring heterospecific pairs laihts are expected to differ more than
expected by chance in functional trait values (Wednd Keddy 1995, Weiher et al. 1998).

In South America, the largest savanna region esBhazilian cerrado (Gottsberger and
Silberbauer-Gottsberger 2006). Like its countegpagtsewhere, the cerrado vegetation
evolved with fire and, consequently, its plant seedcave well-developed capabilities of
regenerating, either vegetatively or by seed (@buati1990, Gottsberger and Silberbauer-
Gottsberger 2006). Even though most fires in cexrradcur at the surface, by consuming
mainly the herbaceous layer of the vegetation (Mieaet al. 1993), frequent burnings favour
the herbaceous and shrubby species, due to theergnound meristems, at the expense of
trees (Moreira 2000, Gottsberger and SilberbaudtsGerger 2006). Many herbaceous
species have the reproductive output increasecetyrment fires (Sarmiento 1992), and the
persistence of some species in the community dependigh fire frequency (Canales et al.
1994).

Near neighbour interactions have been recently @éenin forests (Lieberman and
Lieberman 2007) and shrublands (Perry et al. 200B8¢se studies did not corroborate the
stress-gradient hypothesis. Perry et al. (2009 eddghat a great number of species pairs in
rich plant communities are unlikely to occur, besmathe species are present at low densities
in samples. In this case, most of near neighboirs pae represented by a small fraction of
species and, by chance alone, the number of olisgussible pairs is lower than the
theoretical maximum. Nevertheless, these previdudies did not evaluate explicitly the
stress-gradient hypothesis, considering the speiciesactions along an environmental
harshness gradient. Studies conducted in altitudi@holer et al. 2001) and moisture
(Holzapfel et al. 2006) gradients have demonstratet the frequency of facilitative

interactions increases with the environmental haass.
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Here, we tested whether an annual fire frequeneyn@bs the pattern of co-occurrence of
herbaceous and shrubby species in cerrado, takiagccount the near neighbours. Based on
the stress-gradient hypothesis (Brooker et al. R0@@ expected that annual fires would
increase the co-occurrence of pairs of herbacemas shrubby species and assemble
neighbouring species with similar functional traits sum, we answered (1) whether a given
species pair occurs more often than expected bycehd2) whether the number of species
pairs in sites with frequent fires is higher thapected by chance, (3) whether the difference
in the functional traits of the heterospecific pas lower in sites with frequent fires, and (4)
whether small environmental variations in each siiastead of species interactions — could

explain the co-occurrence of species.

Methods

Study site

We surveyed three spatially proximate cerrado sitésmas National Park (ENP), central
Brazil (17°49’-18°28'S; 5239’-53°10'W). The ENP comprises 132,941 ha and is oné&ef t
largest and most important reserves of Cerrado &m@001). Regional climate is humid
tropical, characterised by marked rainfall seastnalith a pronounced dry season in the
winter (Aw, Koppen 1931). Annual rainfall and me@amperature lie around 1,745 mm and
24.6°C, respectively. In general, the soils arerpoautrients, well drained, and acid (Silva
and Batalha 2008). Up to 1984, the ENP was anntmiiped in the dry season to promote
forage regrowth to cattle (Franca et al. 2007)eAdiards, the ENP was fenced, and a fire
exclusion policy was established (Ramos-Neto aneelBi 2000). As a consequence,

catastrophic fires used to occur every 3-4 yeamsjibg 80% of the park’s area (Ramos-Neto
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and Pivello 2000). Since 1994, around 10 km2 olv@néive firebreaks have been burned
annually at the end of the wet season, and a figatbe works in the park during the dry
season to prevent anthropogenic fires. Thus, theee currently few occurrences of
anthropogenic fires inside the ENP (less than 2a2%e burned area from 1994 to 2003),

and the largest wildfires burn less than 30% ofttital area (Franca et al. 2007).

Data collection

In the late rainy season of 2006, we sampled taet@pecies of the herbaceous layer in
three nearby sites with different fire frequenciest with similar physiognomies (grassland
cerrado), on the same soils (Oxisols), in the ssadtern portion of the ENP. The first and
second sites were firebreaks, one burned annualtg 4994 (18°18'50”S and 52°54’00”W)
and other burned approximately biennially since41@88°19'01”S and 52°54'10”"W). The
third site was a protected cerrado, without fireee 1994 (18°17'28”S and 52°53'41"W).
The sites were distant less than 2 km apart.

In each site, we placed a 1,250 m line, with 12ktgp 10 m apart. In each point, we
sampled four individuals in the herbaceous layeth wie point-quarter method (Mueller-
Dombois and Ellenberg 1974), summing up 500 indigld in each site. We defined the
herbaceous layer as all herbaceous individualsaindoody individuals with stem diameter
at soil level lower than 3 cm. We did not sampledsiags, defined as those individuals with
cotyledons. In cerrado, most plant species preslental growth from subterranean organs
(Gottsberger and Silberbauer-Gottsberger 2006)ha&bit is occasionally hard to distinguish
ramets and genets in field. We tried to minimige firoblem counting only those individuals
that did not present clear connections to othemp$aanindividuals at soil level. We identified

the individuals sampled by comparing the colleateaterial to reference collections from
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ENP (Batalha and Martins 2002) and vouchers lodgetthe State University of Campinas
herbarium. When identification at species level was$ possible, we classified them as

morphospecies.

Data analyses

First, we described the distribution of speciesralaunces in the three sites to characterise
the general structure of the plant community, aderéng all individuals sampled. For each
site, we constructed a graph in which we plottesl flative abundance of species against
species abundance rank order (Fig. 1). Then, ih sampling point, we considered that each
individual could interact potentially with the othéhree individuals. Accordingly, we
obtained six different pairs of co-occurring indivals per sampling point, summing up 750
pairs of plants in each site. First, we calculatesl theoretical maximum number of species
pairs for each site, computing the simple formu|&+8)/2, where S was the total number of
species. Then, we computed for each site the obddrequency of all possiblg species
pairs.

To answer our first question, we generated a bigtion of expected frequencies for each
potentialij species pair in each site. We followed the nulbdelgroposed by Lieberman and
Lieberman (2007), in which the combinations of $pe@airs in a site reflect a process of
random sampling from the community: (1) we pickadlo tplants at random, with
replacement, from the complete list of individualsthe site; (2) we recorded the species
identities of the pair and, if this randomly pickpdir matched thg species combination
under consideration, we counted it; and (3) we atgzkethese steps until the number of pairs
drawn was equal to the number of pairs in the ¥ite.repeated this procedure 1,000 times,
producing a null distribution of 1,000 expected misufor a givenj species combination.

To deal with a potential bias of the non-indeperdeof the pairs at each sampling point,
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we also ran the previous analysis considering tmb/random pairs of individuals per point.

So, we picked randomly two pairs of individualshvaitit replacement at each point, summing
up 250 pairs of plants in each site. In this secoall model, we considered the highest
number of species pairs picked by chance in eaehfai 1,000 randomisations. Then, we
compared the frequency of these species pairsanmistribution of expected frequencies for
each potentiaj species pair in each site, as described above.

We used a Monte Carlo procedure to evaluate whektieepbserved number of species
pairs in each site was different than expectedhiance. We used the following procedure: (1)
we computed the observed number of species paieaah site; (2) we randomised the
individuals in the sampling points and recordedribmber of random pairs; (3) we repeated
these steps 1,000 times and estimated a random anelaSD for the null communities; and
(4) we calculated pseud®values for the observed number of species paitotapare null
and observed community characteristics. We alseatey this procedure considering only
the conspecific pairs.

To answer our third question, we measured threetiftumal traits: basal area, plant height,
and specific leaf area. In each site, we samplednigdividuals of each species to estimate the
mean of the functional traits. When there weretantindividuals of a given species, we used
all individuals sampled. Basal area is a trait teglato space occupation and resource
acquisition (Navas and Moreau-Richard 2005). Plagight is associated to competitive
ability, fecundity, and tolerance to stress (Casseln et al. 2003). Specific leaf area is
positively related to maximum photosynthetic ratgace low values of it correspond to a
high leaf structure investment (Cornelissen e2@03). We measured these traits according to
Cornelissen et al. (2003). We calculated the leaf avith the ImageJ software (Rasband
2004). Then, we compared the absolute value ofiiffierences in functional trait values of

the heterospecific pairs of each site with an aialgf variance, followed by a Tukey test.
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The term ‘phenotypic clustering’ refers to highittrisimilarity among neighbouring species,
whereas the term ‘phenotypic overdispersion’ reféos low trait similarity among
neighbouring species (Weiher et al. 1998).

Finally, to answer our last question, we consti@eletrended correspondence analysis
(Jongman et al. 1995), which allowed us to obsboxe spread species and sites scores were
in the multivariate space. With this approach, wal@ated whether theoretical environmental
variables could explain patterns of co-occurrenicgpecies within sites. We ran all analyses
in the R environment (R Development Core Team 2008 R functions we wrote are

available in http://www.cerradoecology.com.

Results

We found 97 species in the three sites; 58 spacidse annually burned site, 50 species
in the biennially burned site, and 62 species énuhburned site (Table 1). The distribution of
species abundances in the three sites was similirthe dominance of few species, such as
Axonopus suffultuandTristachya leiostachyéFig. 1).

With the first null model, we found 182 speciesrpan the annually burned site, 168 in
the biennially burned site, and 221 in the unbursiée. These values were proportionally
much lower than expected by the theoretical maxilmumber of species pairs (1,711 for the
annually burned site, 1,275 for the biennially adrsite, and 1,953 for the unburned site).
They represented 10.63, 13.17 and 11.31% of therdlieal maxima for the three sites
respectively. Moreover, in the second null moded, faund 101 pairs in the annually burned
site, 97 pairs in the biennially burned site and pairs in the unburned site. These values
accounted for 5.90, 7.60 and 6.50% of the thealetaxima for the three sites respectively.

When we analysed each observed pair of speciesthatiirst null model, we found few
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pairs that occurred less often than expected bypagh@&wo pairs in the annually burned site
and three pairs in other sites (Appendix 1). Howewapproximately half of the observed
heterospecific pairs in each site were very freguBme observed frequencies of 50.9% of the
heterospecific pairs in the annually burned si25% in the biennially burned site, and
45.5% in the unburned site were significantly higtiean expected by chance (P < 0.05,
Appendix 1). We found similar results with the sed¢amull model, given that one single pair
occurred less often than expected by chance iarheally burned site, and two pairs in the
biennially burned site (Appendix 2). Accordingly5.9, 42.8, and 41.2% of the observed
heterospecific pairs in the annually burned, bialiyiburned, and unburned sites occurred at
frequencies higher than those expected by chaneed(B5, Appendix 2).

The total number of observed pairs in the unbursieel was significantly lower than
expected by chance (mean of null pairs = 2538.7, P < 0.001). Nevertheless, the total
numbers of observed pairs in the sites with high frequencies were not different from
random (mean of null pairs = 195:/.3,P = 0.110 for the annually burned site, mean of null
pairs = 177.0t 8.2, P = 0.240 for the biennially burned site). On thbesthand, the total
numbers of conspecific pairs in all sites were icgmtly higher than expected at randob (
< 0.001). We observed 266 conspecific species paitsee annually burned site (mean of null
pairs = 202.1 12.7), 194 in the biennially burned site (meamwalf pairs = 101.3 9.6), and
180 in the unburned site (mean of null pairs = 1@39.6).

We also found a significant difference in the valwé specific leaf area of neighbouring
heterospecific pairs (F = 15.083,< 0.001). The neighbouring plant species in theuahy
burned site presented a mean difference in theesabti specific leaf area (36.284 ky'?),
lower than neighbouring species in the biennialiynied (70.781 fikg?) and unburned sites
(70.610 nikg™). The mean difference between biennially burnedi @mburned sites was not

significant. When we analysed the other functiomaits, we also did not find differences
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among the sites (Table 2, F = 2.143 for basal anebF = 1.388 for plant heigh®,> 0.100
for all comparisons).

The site scores in the detrended correspondentgsanavere somewhat spread along the
first two axes (Fig. 2), indicating that the spscmmposition in the point-quarters along
transects were different. This is an indicationealiironmental heterogeneity within sites,
which may influence the species co-occurrenceserdifitly from expected at random.
However, the detrended correspondence analysesadidhow any particular clustering of
species scores and the overall distribution of iggescores in the multivariate space was quite
overlapped. Thus, species interactions, rather It environmental variations, are likely to

explain the co-occurrence of species.

Discussion

Our results supported that more benign environnheotaditions in cerrado may increase
the competition among species plants. Although filghfrequencies did not assemble more
pairs of species as predicted by stress-gradiepbthgsis (Brooker et al. 2008), they may
diminish the strength of competitive exclusion agpghants, resulting in co-occurrences of
species indistinguishable from random. Frequepsfalso promoted phenotypic clustering of
herbaceous species in cerrado. So, wherever éguéncy is reduced, competition may lead
to phenotypic overdispersion of plant species.

The observed number of pairs of neighbouring sgewras lower than the expected
maximum number for the cerrado sites. In other isgjdthis number was also very low
(Lieberman and Lieberman 2007, Perry et al. 2008)s discrepancy is primarily due to
differences in the relative abundance of speciastpl(Table 1, Perry et al. 2009). If there are

many rare and few common species in the commuctignce alone would make it unlikely
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that rare species would occur as neighbours (Liederand Lieberman 2007). As long as
pairs of neighbouring species are determined terio extent by chance (see also Hubbell
2001), the reciprocal selective pressures actingspecies are dependent on community
context (Perry et al. 2009). Consequently, theaugons between species may be the product
of a diffuse rather than a specific pairwise sébectDiffuse evolution among plants has been
also evoked to explain the tolerance of saplingsa ttarge number of neighbouring tree
species in tropical forests (Uriarte et al. 200 )rther studies should consider competition
and facilitation as a network of species in the gamity to place the ecological interactions
in an appropriate evolutionary context (Johnson @timchcombe 2007, Verdu and Valiente-
Banuet 2008)

If chance prevents most of plant species to intevétb each other, ecological interactions
may not be important in structuring the co-occuteenf plant species (Perry et al. 2009).
However, a certain pattern emerges from that spralportion of heterospecific pairs that
occurred as neighbours at frequencies different thaected at random. In the three cerrado
sites, approximately half of the heterospecificrpaccurred more often than expected by
chance and few species pair occurred less oftem ¢éxpected by chance. In forests and
shrublands, most of the observed pairs also oatwatrdnigher frequencies than expected by
chance (Lieberman and Lieberman 2007, Perry eR@9). These findings indicate that
facilitation is important in determining the co-ocence of some species in plant
communities. In cerrado, this positive interacts@ems to be more important between rare
species, of which the pairs were more frequent thegrcommon species pairs (see Appendix
1).

The unburned cerrado showed a number of species Ipaier than expected by chance,
what is expected to occur where competition isghedominant interaction among species

(Lieberman and Lieberman 2007, Perry et al. 208@)e few species could survive in the
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neighborhood of competitively superior species 1f@ri2001, Lamb et al. 2009). In addition,
a decrease in the fire frequency promoted a phpityverdispersion of species relative to
specific leaf area. Phenotypic overdispersion g axpected when competitive exclusion
structures the community. Among neighbouring plahtavever, phenotypic overdispersion
is thought to be even higher (Weiher and Keddy ).98&cause species compete directly for
limited soil nutrients (Grime 2001). Evidence of ngmetition promoting phenotypic
overdispersion among neighbours has been also fiouather plant communities (prairies —
Fargione et al. 2003; sand dunes — Stubbs and kV2664; and tropical forests — Kraft et al.
2008). Thus, competition seems to be predominargnwéin environmental constraint is
reduced, even though facilitation continues to oesnong some species pairs.

However, for basal area and plant height, we didfind differences among the cerrado
sites. Basal area and height are traits assoamtbdhe growth forms of plants (Cornelissen
et al. 2003). Herbaceous and shrubby species presme restricted range in the values of
basal area and height than trees, for instances, Ehalear pattern of phenotypic clustering or
overdispersion relative to these traits may notrgeé the herbaceous layer of the savannas.
On the other hand, annual fires promoted a phermotgtustering of herbaceous plants,
because frequent fires acting as an environmeittiad $elect those species that can survive
within a community on the basis of their tolerarioethe abiotic conditions (Weiher and
Keddy 1995). Consequently, they tend to assembieccarring species with similar niches,
that is, species with similar functional traits kBmi et al. 2005). Silva and Batalha (2010)
have recently demonstrated that frequent fires mssemble functionally similar woody
species in cerrado. In Mediterranean vegetatiogh hiire frequencies also promote
phenotypic clustering of plants (Pausas and Ve@iBR In other savannas (Williams et al.
1999, Silva et al. 2001), as well as in the Catifarchaparral (see Syphard et al. 2006 for

reference), frequent fires changed the plant foneti types, favouring grass and shrub
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species. Although frequent fires favour herbaceplasits at the expense of woody ones
(Moreira 2000), they reduce the range of functidraits and the number of functional types
in fire-prone vegetation types, decreasing the aledunctional diversity of the plant
community.

Frequent fires, however, did not assemble specass @t frequencies higher than
expected by chance, favouring facilitation amoranpkpecies (Perry et al. 2009). Facilitation
has been documented in alpine, arid, and Meditearantype plant communities (Brooker et
al. 2008), that is, in environments that experiemaesh abiotic conditions, as the savannas. In
these vegetation types, facilitation takes the fofrmurse plants’, in which larger plants act
as favoured recruitment sites for seedlings andhfenbs by modifying microclimate, or
reducing herbivory or both (Callaway 1995, Brookéml. 2008). Here, we tested the stress
gradient hypothesis with herbaceous and shrubbgiespevhich are affected directly by fires
in cerrado (Miranda et al. 1993). Consequentlysfiids nurse effects of large woody species
were not captured by our analysis. Despite this,biar results showed that frequent fires
may decrease the strength of competitive excluaioang herbaceous plants, resulting in co-
occurrences of species indistinguishable from remdeurther studies in savannas should also
assess the pairwise co-occurrence between herbgreaslwhen testing the stress gradient
hypothesis.

The number of conspecific pairs of species wasdrighan expected at random in the
three cerrado sites. In other vegetation typesntimber of conspecific pairs was also higher
than expected by chance (Perry et al. 2009, bulsd®erman and Lieberman 2007). This
general pattern is a direct consequence of theaspistribution of plant populations. In rich
communities, most plant species present an aggegattial distribution (Condit et al. 2000,
Perry et al. 2008). In cerrado, the spatial patbténie populations is not different (San Jose et

al. 1991, Silva et al. 2009). Aggregation of indivals of the same species is a response to
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patchiness of favourable soil conditions or to displ limitation (Condit et al. 2000). In
cerrado, the conspecific aggregation is increagetthdo clonal growth of the large majority of
their plant species (Gottsberger and SilberbaudtsGerger 2006). So, frequent fires do not
seem to change the clumped pattern of spatialilision of herbaceous species and,
consequently, the co-occurrence of conspecificsgaicerrado.

Moreover, it is worth noticing that the large domamice of some grasses in the studied
sites, such as\xonopus suffultuand Tristachya leiostachydFig. 1), contributed largely to
the significance of the results. Nevertheless, damie of graminoid species are common
features in other savannas (San Jose et al. 18&hiehto 1992, Canales et al. 1994), so that
the pattern in the co-occurrence of conspecifiaspave found was consistent in other
savannas as well.

Our results also supported that the species iriters; rather than environmental
heterogeneity, explain the co-occurrence of spepass in cerrado. Other studies in
temperate forests (Cavender-Bares et al. 2006)saledophyllous shrublands (Slingsby and
Verboom 2006) also demonstrated similar trenddrat $patial scales. Thus, even thought
small variations in the environment might also uefice the outcome of competition and
facilitation (Butterfield 2009), species interactoseem to be the predominant ecological
process in the assembly of neighbour species pairs.

It is also important to notice that we could notlimle genuine replications (sensu
Hurlbert 1984) in our experimental design. In céoawhere fire frequency is high, very few
sites protected from fire during a decade can beddFranca et al. 2007), so that replicated
treatments may be hard to obtain. Hence, othercootrolled variables differing between the
cerrado sites may also account for a fraction efabserved results.

In conclusion, the frequencies of neighbour spegés in cerrado, as in other vegetation

types, follow mostly a distribution expected by ba. However, competition and facilitation
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may also influence the co-occurrence of herbacemus$ shrubby species. Among the
heterospecific pairs that departed from the frequexpected at random, facilitation seems to
be the predominant ecological interaction in cesrddompetition, on the other hand, seems
to take place in the absence of an environmentatcaint. Frequent fires may hence decrease
the strength of competitive exclusion among plargsulting in random co-occurrences of

neighbouring species.
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Appendix 1. Observed herbaceous species pairs for whichutdypothesis was rejected (

= 0.05) with the first null model. The names of pecies andj for each pair are shown,
followed by the number of individuals of each spsdn the three cerrado sites, n(i) and n(j);
f(obs) = observed number of times speciaadj occurred as a near neighbour pair; f(exp) =
expected number based on the null model. Site dually burned; site 2: biennially burned,;

and site 3: unburned since 1994.

f f

Species Specieg n(@ n() (obs) (exp) P

Annually burned site

Eremanthus

erythropappus Bulbostylis junciformis 2 9 2 0.10 0

Erythroxylum Erythroxylum

campestre campestre 11 11 3 0.33 0
Campomanesia

Eugenia angustissima adamantium 9 4 2 0.20 0

Gomphrena

macrocephala Anacardium humile 1 15 2 0.08 0
Andropogon

Gymnopogon foliosus leucostachys 1 1 1 0.01 0

Jacaranda rufa Diplusodon virgatus 3 3 1 0.04 0

Kielmeyera rubriflora  Axonopus barbigerus 1 2 1 0.02 0

Mimosa gracilis Chromolaena squalida 3 8 2 0.15 0

Mimosa xanthocentra  Chromolaena squalida 3 8 2 0.15 0

Myrciaria delicatula Axonopus barbigerus 15 2 2 0.19 0

Myrciaria delicatula Kielmeyera rubriflora 15 1 2 0.08 0
Byrsonima

Myrtaceae sp.1 guilleminiana 1 4 1 0.03 0

Myrtaceae sp.4 Declieuxia fruticosa 7 1 1 0.04 0

Ouratea humilis Myrciaria delicatula 2 15 3 0.18 0
Erythroxylum

Panicumsp. campestre 2 11 2 0.12 0
Campomanesia

Paspalunsp. adamantium 1 4 1 0.02 0

Paspalunsp. Coelorachissp. 1 2 1 0.01 0

Pavonia rosa-

campestris Eugenigp.1 4 3 2 0.09 0
Campomanesia

Poaceae sp.1 pubescens 1 4 1 0.03 0

Poaceae sp.1 I[pomoeasp. 1 3 1 0.03 0

Polycarpaea

corymbosa Palicourea coriaceae 1 4 1 0.02 0

Pradosia brevipes Anacardium humile 4 15 3 0.35 0

Pradosia brevipes Myrtaceae sp.1 1 1 0.02 0
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Riencourtia tenuifolia

Rourea induta
Coelorachissp.
Loudetiopsis
chrysothryx
Paspalunsp.
Polycarpaea
corymbosa
Psidium rufum

Coelorachissp.

Galactia decumbens
Melastomataceae sp.

Myrtaceae sp.3
Pradosia brevipes
[pomoeasp.
Jacaranda rufa

Jacaranda rufa

Palicourea coriaceae

Palicourea coriaceae
Palicourea coriaceae

Myrtaceae sp.3
Myrtaceae sp.4
Pavonia rosa-
campestris
Sida cordifolia
Myrtaceae sp.4

Pradosia brevipes
Pradosia brevipes
Campomanesia
pubescens

Ipomoeasp.
Campomanesia
adamantium
Erythroxylum
campestre
Mimosa gracilis

Casearisp. 6
Byrsonima
guilleminiana
Annona warmingiana

N -

Allagoptera campestris
Annona warmingiana

= Ol

Bulbostylis junciformis
Psidium rufum
Campomanesia
adamantium
Bulbostylis junciformis
Annona warmingiana
Chromolaena squalida
Jacaranda rufa
Eugeniasp.1
Campomanesia
adamantium
Campomanesia
pubescens 3
Campomanesia
adamantium 4
Campomanesia
pubescens 4
Jacaranda rufa 4
1
7

(Ol

WhPFPWELEDN

w

Aspilia leucoglossa
Chromolaena squalida

[pomoesp. 4

Myrtaceae sp.4 2

Myrciaria delicatula 7

Byrsonima

guilleminiana 4
Diplusodon virgatus 4

Campomanesia

adamantium 4
Campomanesia
pubescens 3

Annona warmingiana 4

Aspilia leucoglossa 11
Eugenia angustissima 3

Riencourtia tenuifolia Melastomataceae sp.

Eugenia angustissima

Myrtaceae sp.4

Eugenia angustissima

Sida cordifolia
Ouratea humilis

Chromolaena squalida9
Melastomataceae sp.

Diplusodon virgatus 9
Anacardium humile 2
Erythroxylum 2

[o20F ~N

[l o

Wwoo Oh (62 (e

I

3
15
11

[EEN

e

H

RPRRR PR

0.03 0
0.03 0
0.07 0
0.03 0
0.04 0
0.04 0
0.08 0
0.05 0
0.06 0
0.09 0
0.05 0
0.08 0
0.05 0.01
0.07 0.01
0.08 0.01
0.10 0.01
0.08 0.01
0.07 0.01
0.08 0.01
0.37 0.01
0.08 0.01
0.10 0.01
0.66 0.01
0.10 0.01
0.08 0.01
0.10 0.01
0.07 0.01
0.16 0.02
0.84 0.02
0.19 0.02
0.12 0.02

0.46 0.02
1 0.14 0.02
0.16 0.02
0.19 0.02
0.11 0.02
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campestre
Campomanesia

Tristachya leiostachya adamantium 254 4 2 6.14 0.02
Byrsonima
guilleminiana Axonopus suffultus 2 40 2 0.45 0.02
Tristachya leiostachya Myrciaria delicatula 254 15 14 22.990.03
Psidium rufum Annona warmingiana 5 6 1 0.17 0.03
Riencourtia tenuifolia  Palicourea coriaceae 6 4 1 0.16 0.03
Erythroxylum
Eugeniasp.1 campestre 3 11 1 0.20 0.03
Myrciaria delicatula Diospyros hispida 15 2 1 0.18 0.03
Eugenia angustissima  Eugenia angustissima 9 9 1 0.23 0.03
Jacaranda rufa Eugenia angustissima 3 9 1 0.16 0.03
Loudetiopsis
chrysothryx Axonopus suffultus 5 40 4 1.22 0.03
Palicourea coriaceae = Bulbostylis junciformis 4 9 1 0.20 0.03
Riencourtia tenuifolia  Annona warmingiana 6 6 1 0.20 0.03
Melastomataceae sp. Eugenia angustissima 3 9 1 0.19 0.04
Myrciaria delicatula Annona warmingiana 15 6 2 0.54 0.04
Erythroxylum
[pomoeasp. campestre 3 11 1 0.20 0.04
Axonopus suffultus Axonopus derbyanus 40 7 4 1.66 0.04
Pradosia brevipes Eugenia angustissima 4 9 1 0.23 0.04
Sida cordifolia Myrciaria delicatula 2 15 1 0.20 0.04
Eriosema crinitum Axonopus suffultus 1 40 1 0.25 0.05
Mimosa xanthocentra  Aspilia leucoglossa 3 13 1 0.22 0.05
Myrtaceae sp.1 Axonopus suffultus 1 40 1 0.24 0.05
Parinari excelsa Myrciaria delicatula 3 15 1 0.26 0.05
Myrtaceae sp.4 Axonopus suffultus 7 40 4 1.72 0.05
Biennially burned site
Declieuxia fruticosa Alibertia sessilis 2 1 1 0.01 0
Eugeniasp.2 Alibertia sessilis 1 1 1 0.01 0
Eugeniasp.2 Declieuxia fruticosa 1 2 1 0.01 0
Manihot tripartita Anemopaegma arvense 2 1 1 0.02 0
Gomphrena
Myrcia uberavensis  macrocephala 2 1 1 0.01 0
Anemopaegma
Myrcia uberavensis  acutifolia 2 1 1 0.01 0
Ouratea acuminata Myrciap. 1 2 1 0.01 0
Anemopaegma
Parinari excelsa acutifélia 6 1 1 0.04 0
Parinari excelsa Axonopus barbigerus 6 2 3 0.07 0
Peltodon pusillus Anacardium humile 1 11 2 0.06 0
Panicumsp. Myrtaceae sp.5 7 1 1 0.03 0
Protium ovatum Myrtaceae sp.4 1 6 1 0.04 0
Tristachya leiostachya Axonopus derbyanus 98 102 22 60.03 O
Myrtaceae sp.4 Manihot tripartita 6 2 1 0.08 0
Myrtaceae sp.5 Myrtaceae sp.4 1 6 1 0.03 0

Pradosia brevipes Croton sp. 9 2 1 0.10 0



Syagrus flexuosa
Myrtaceae sp.4
Parinari excelsa
Psidium rufum

Pradosia brevipes 3
Anemopaegma arvense 6
Myrcia uberavensis 6
Eugenia angustissima 3
Campomanesia
Eugenia angustissima pubescens 17
Poaceae sp.1 Eugenia angustissima 1
Mimosa polycephala Axonopus derbyanus 1

Gomphrena
Myrciaria delicatula ~ macrocephala 73
Eugenia angustissima  Anacardium humile 17
Manihot tripartita Anacardium humile 2
Erythroxylum
Mimosa amnis-atri campestre 1
Syagrus flexuosa Myrtaceae sp.4 3
Erythroxylum
Tristachya leiostachya campestre 98
Myrtaceae sp.6 Anacardium humile 5
Erythroxylum
Eugeniasp.1 campestre 2
Campomanesia
Panicumsp. pubescens 7

Declieuxia fruticosa 9
Axonopus derbyanus 73
Axonopus suffultus 1

Pradosia brevipes
Myrciaria delicatula
Sida cordifolia
Tontelea micrantha
Eugeniasp.1 Eugenia angustissima 2
Myrciaria delicatula Hyptis sp. 73
Tristachya leiostachya Palicourea coriacea 98
Campomanesia

adamantium Anacardium humile 3
Tristachya leiostachya Panicusp. 98
Myrciaria delicatula Croton SP. 73
Bulbostylis junciformis  Axonopus suffultus 1
Psidium rufum Axonopus suffultus 3
Erythroxylum

campestre Annona warmingiana 15
Diodia teres Axonopus derbyanus 1
Myrcia sp. Axonopus suffultus 2
Tristachya leiostachya Trachypogep. 98

Protium ovatum Axonopus derbyanus 1

Tristachya leiostachya Myrtaceae sp.6 98

Unburned since 1994
Campomanesia

adamantium Axonopus derbyanus 5
Campomanesia Campomanesia

pubescens pubescens 2
Chromolaena squalida Annona warmingiana 2
Croton pohlianus Casearisp. 1

Myrtaceae sp.6 5
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17
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17
102

1
11
11

15
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15
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15

3
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1
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0.17 0
0.04 0
0.07 0.01
0.33 0.01
0.30 0.01
0.10 0.01
0.61 0.01
0.44 0.01
1.14 0.01
0.13 0.01
0.11 0.01
0.11 0.01
8.73 0.01
0.37 0.02
0.15 0.02
0.13 0.02
0.10 0.02
45.030.02
0.53 0.02
0.14 0.02
0.19 0.02
0.45 0.03
0.56 0.03
0.19 0.03
4.07 0.03
0.95 0.03
0.54 0.03
1.59 0.04
0.23 0.04
0.57 0.05
1.05 0.05
0.63 0.05
0.62 0.05
291 0.05
1.13 0
0.02 0
0.05 0
0.01 0
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Eugenia calycina
Galactia decumbens

Galactia decumbens
Galactia martii
Mimosa gracilis

Myrcia uberavensis
Myrtaceae sp.6

Myrtaceae sp.6
Myrtaceae sp.6
Ouratea acuminata
Ouratea humilis
Palicourea coriacea
Panicumsp.
Panicumsp.
Poaceae sp.1
Poaceae sp.1
Protium ovatum
Psidium rufum
Senna rugosa
Senna rugosa
Talisia angustifélia
Trachypogorsp.
Campomanesia
pubescens

Duguetia furfuracea

Eugenia angustissima

Ouratea acuminata
Palicourea coriacea

Parinari excelsa
Parinari excelsa
Protium ovatum

Tristachya leiostachya

Myrtaceae sp.6
Panicumsp.
Parinari excelsa

Poaceae sp.1
Psidium australe
Senna rugosa
Syagrus flexuosa
Caseariasp.
Erythroxylum
campestre
Psidium australe

Coelorachsp.

Anacardium humile
Campomanesia
adamantium

4
1

1

Eugenia angustissima 1

Andira laurifélia
Loudetiopsis
chrysothryx
Andiralaurifélia
Byrsonima
guilleminiana
Mimosa gracilis

Duguetia furfuracea

Alibertia sessilis

Mimosa amnis-atri
Andira laurifélia
Mimosa gracilis

Allagoptera campestris

Diodia teres
Croton glandulosus
Paspalum carinatum
Casearia silvestris

Rauvolfia weddelliana

Pradosia brevipes
Axonopus suffultus

Anacardium humile
Byrsonima
guilleminiana
Campomanesia
pubescens

Coelorachsp.

Croton glandulosus
Erythroxylum
campestre
Myrtaceae sp.6

Palicourea coriacea

Myrciaria delicatula
Jacaranda decurrens
Myrtaceae sp.6

Parinari excelsa
Erythroxylum
campestre

Myrciap.

Coelorachsp.

Bulbostylis junciformis

Annona warmingiana

Croton pohlianus
Axonopus suffultus

1
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7
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1
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0.05

0.04
0.03
0.17
0.03
0.03
0.01
0.00
0.02
0.05
0.04
0.02
0.03
0.04
0.10
3.03

0.14

0.08

0.19
0.04
0.03

0.23
0.03
0.21
65.00
0.07
0.04
0.06
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Psidium bergianum Anacardium humile 1 11 1 0.05 0.01
Senna rugosa Myrcia uberavensis 4 3 1 0.07 0.01
Syagrus flexuosa Cayaponia espelina 7 1 1 0.05 0.01
Tontelea micrantha Eugenia angustissima 3 14 2 0.26 0.01
Tristachya leiostachya Axonopus derbyanus 163 37 23 36.490.01
Eugenia calycina Bulbostylis junciformis 4 5 1 0.13 0.01
Erythroxylum
Hyptis SP. campestre 2 9 1 0.12 0.01
Loudetiopsis
chrysothryx Axonopus derbyanus 10 37 6 2.25 0.01
Paspalum carinatum Myrciaria delicatula 1 67 2 0.39 0.01
Panicumsp. Poaceae sp.1 3 4 1 007 0.01
Panicumsp. Eugenia angustissima 3 14 2 0.27 0.01
Tontelea micrantha Protium ovatum 3 6 1 0.11 0.01
Erythroxylum
campestre Diodia teres 9 2 1 0.11 0.01
Syagrus flexuosa Axonopus suffultus 7 27 4 1.16 0.01
Miconia albicans Duguetia furfuracea 2 10 1 0.12 0.01
Psidium rufum Pradosia brevipes 4 6 1 0.15 0.02
Campomanesia
adamantium Anacardium humile 5 11 2 0.35 0.02
Duguetia furfuracea Axonopus derbyanus 10 37 6 2.28 0.02
Psidium australe Myrciaria delicatula 2 67 3 0.81 0.02
Senna rugosa Eugenia calycina 4 4 1 0.09 0.02
Tristachya leiostachya Diplusodon virgatus 163 3 7 297 0.02
Erythroxylum
campestre Casearisp. 9 2 1 0.11 0.02
Loudetiopsis
chrysothryx Coelorachisp. 10 2 1 0.11 0.02
Myrciaria delicatula Jacaranda decurrens 67 2 3 0.81 0.02
Erythroxylum
Panicumsp. campestre 3 9 1 0.15 0.02
Myrciaria delicatula Miconia albicans 67 2 3 0.84 0.02
Parinari excelsa Myrtaceae sp.6 4 7 1 0.16 0.02
Trachypogorsp. Eugenia calycina 19 4 2 0.45 0.02
Byrsonima
guilleminiana Axonopus derbyanus 1 37 1 0.21 0.02
Chromolaena squalida Axonopus derbyanus 2 37 2 0.44 0.02
Diospyros hispida Axonopus suffultus 1 27 1 018 0.02
Miconia albicans Eugenia angustissima 2 14 1 0.16 0.02
Myrciaria delicatula Allagoptera campestris 67 1 2 0.42 0.02
Syagrus flexuosa Syagrus flexuosa 7 7 1 0.12 0.02
Erythroxylum
Ouratea acuminata  campestre 3 9 1 0.17 0.03
Tristachya leiostachya Trachypogep. 163 19 10 18.540.03
Pradosia brevipes Bulbostylis junciformis 6 5 1 0.18 0.03
Diodia teres Axonopus derbyanus 2 37 2 0.44 0.03
Duguetia furfuracea Diplusodon virgatus 10 3 1 0.19 0.03
Palicourea coriacea Axonopus derbyanus 6 37 4 1.34 0.03
Palicourea coriacea Annona warmingiana 6 5 1 0.19 0.03



Campomanesia

Protium ovatum adamantium 6 5 1 0.17 0.03
Trachypogorsp. Bulbostylis junciformis 19 5 2 0.55 0.03
Tristachya leiostachya Ctenium chapadensesl63 1 3 0.95 0.04
Tristachya leiostachya Eriosema crinitum 163 1 3 0.93 0.04
Bauhinia rufa Axonopus derbyanus 1 37 1 0.23 0.04
Loudetiopsis
Ouratea acuminata  chrysothryx 3 10 1 0.20 0.04
Myrtaceae sp.2 Axonopus derbyanus 1 37 1 0.24 0.05
Poaceae sp.1 Myrciaria delicatula 4 67 4 1.59 0.05
Galactia decumbens Axonopus derbyanus 1 37 1 0.23 0.05
Loudetiopsis
Senna rugosa chrysothryx 4 10 1 0.23 0.05
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Appendix 2. Observed herbaceous species pairs for whichutdypothesis was rejected (
= 0.05) with the second null model. The names efdpecie$ andj for each pair are shown,
followed by the number of individuals of each spsdn the three cerrado sites, n(i) and n(j);
f(obs) = observed number of times speciaadj occurred as a near neighbour pair; f(exp) =

expected number based on the null model.

f

Species Specieg n(@ n() (obs) f(exp) P

Annually burned site

Sida cordifolia Anacardium humile 2 15 1 0057 O

PaspalumSP. Annona warmingiana 1 6 1 0.013 O

Myrtaceae sp.3 Aspilia leucoglossa 1 13 1 0021 O

Kielmeyera variabilis ~ Axonopus barbigerus 1 2 1 0002 O

Polycarpaea

corymbosa Bulbostylis junciformis 1 9 1 0.018 O

Campomanesia Campomanesia

pubescens adamantium 4 4 1 0.029 0
Campomanesia

Coelorachysp. adamantium 2 4 1 0013 O
Campomanesia

I[pomoeasp. pubescens 3 4 1 0.028 O
Erythroxylum

Panicumsp. campestre 2 11 1 0.046 0

Pavonia rosa-

campestris Ipomoesp. 4 3 1 0022 0

Palicourea coriaceae  Jacaranda rufa 4 3 1 0017 O

Pradosia brevipes Myrtaceae sp.1 4 1 1 0.011 0

Loudetiopsis

chrysothryx Allagoptera campestris 5 1 1 0.014 0.01

Melastomataceae SP.  Annona warmingiana 3 6 1 0.035 0.01

Banisteriopsis

campestris Aspilia leucoglossa 1 13 1 0.023 0.01

Mimosa xanthocentra  Chromolaena squalida 3 8 1 0.044 0.01
Erythroxylum

Eugeniasp.1 campestre 3 11 1 0.054 0.01

Pradosia brevipes Jacaranda rufa 4 3 1 0.023 0.01

Ouratea humilis Myrciaria delicatula 2 15 1 0.058 0.01

Eugenia angustissima  Diplusodsep. 9 3 1 0.06 0.01

Myrtaceaesp.4 Myrciaria delicatula 7 15 2 0.217 0.01
Campomanesia

Eugenia angustissima adamantium 9 4 1 0.075 0.01

Pavonia rosa-

campestris Aspilia leucoglossa 4 13 1 0.095 0.01

Pradosia brevipes Anacardium humile 4 15 1 0122 0.02

Eugenia angustissima  Chromolaena squalida9 8 1 0.151 0.02
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Sida cordifolia Axonopus suffultus 2
Tristachya leiostachya Anacardium humile 254
Myrciaria delicatula Annona warmingiana 15
Ouratea humilis Axonopus suffultus 2

Eugeniasp.1 Axonopus suffultus 3
Mimosa gracilis Axonopus suffultus 3
Byrsonima

guilleminiana Axonopus suffultus 7
Biennially burned site

Declieuxia fruticosa Alibertia sessilis 2
Campomanesia

adamantium Anacardium humile 3

Peltodon pusillus Anacardium humile 1
Parinari excelsa Axonopus barbigerus 6
Tristachya leiostachya Axonopus derbyanus 98
Pradosia brevipes Declieuxia fruticosa 9
Psidium rufum Eugenia angustissima 3

Myrtaceae sp.4 Manihot tripartita 6
Ouratea acuminata Myrcia sp. 1
Protium ovatum Myrtaceae sp.4 1
Syagrus flexuosa Myrtaceae sp.4 3
Poaceaesp.1 Eugenia angustissima

1
Parinari excelsa Myrcia uberavensis 6
Syagrus flexuosa Pradosia brevipes 3
Eugenia angustissima  Anacardium humile 17

Erythroxylum
Eugeniasp.1 campestre 2
Campomanesia
Eugenia angustissima adamantium 17
Campomanesia
Eugenia angustissima pubescens 17
Panicumsp.1 Myrtaceae SP.4 7
Myrtaceaesp.6 Anacardium humile 5
Myrciaria delicatula Anemopaegma arvense73
Myrciaria delicatula Axonopus suffultus 73
Myrciaria delicatula Hyptis sp. 73

Peltodon tomentosus Myrciaria delicatula 1
Mimosa gracilis Axonopus suffultus 1
Paspalum carinatum Myrciaria delicatula 1

1

Diodia teres Axonopus derbyanus
Gomphrena

Myrciaria delicatula ~ macrocephala 73
Sida cordifolia Axonopus suffultus 1
Mimosa amnis-atri Axonopus suffultus 1
Tontelea micrantha Axonopus suffultus 5
Eugenia sp.2 Axonopus suffultus 1
Tristachya leiostachya Trachypog&i. 98

Mimosa polycephala Axonopus derbyanus 1
Casearia SP. Axonopus suffultus 1

40
15

40
40
40

40

11
11

102

11
1
88
1
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88
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0.179 0.02
7.655 0.03
0.177 0.03
0.154 0.03
0.228 0.04
0.264 0.04
0.582 0.04
0004 O
0052 O
0028 O
0024 O
19.984 0
0038 O
0092 O
0.02 0
0005 O
0.018 O
0035 O
0.033 0.01
0.023 0.01
0.061 0.01
0.383 0.01
0.073 0.01
0.117 0.01
0.11 0.01
0.08 0.01
0.106 0.02
0.14 0.02
12.9850.02
0.153 0.02
0.151 0.02
0.192 0.02
0.13 0.02
0.176 0.02
0.155 0.02
0.16  0.02
0.174 0.03
0.887 0.03
0.181 0.03
0.208 0.03
0.201 0.03
0.182 0.03
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Myrtaceae sp.5 Axonopus derbyanus 1 102 1 0.188 0.03
Tristachya leiostachya Palicourea coriacea 98 1 1 0.198 0.04
Tristachya leiostachya Bulbostylis junciformis 98 1 1 0221 0.04
Galactia decumbens Axonopus derbyanus 1 102 1 0.233 0.04

Unburned since 1994

Ouratea humilis Alibertia sessilis 1 3 1 0005 O

Campomanesia

pubescens Anacardium humile 2 11 1 0034 O

Galactia decumbens Anacardium humile 1 11 1 0019 O

Myrtaceaesp.7 Andira laurifolia 7 1 1 0012 O

Chromolaenasp.1 Annona warmingiana = 2 5 1 0.023 O

Campomanesia

adamantium Axonopus derbyanus 5 37 3 0384 0
Byrsonima

Duguetia furfuracea  guilleminiana 10 1 1 0.028 0

Senna rugosa Coelorach$$. 4 2 1 0016 O

Palicourea coriacea Croton glandulosus 6 1 1 0.012 0

Erythroxylum

campestre Croton pohlianus 9 1 1 0.017 0

Miconia albicans Duguetia furfuracea 2 10 1 0049 O

Galactia martii Eugenia angustissima 1 14 1 0.03 0

Panicumsp. Mimosa gracilis 1 1 1 0002 O

Senna rugosa Rauvolfia weddelliana 4 1 1 0005 O

Bauhinia rufa Axonopus derbyanus 1 37 1 0.064 0.01
Campomanesia

Eugenia angustissima pubescens 14 2 1 0.068 0.01
Erythroxylum

Hyptissp. campestre 2 9 1 0.034 0.01

Miconia albicans Eugenia angustissima 2 14 1 0.047 0.01

Myrciaria delicatula Jacaranda decurrens 67 2 2 0256 0.01
Loudetiopsis

Ouratea acuminata  chrysothryx 3 10 1 0.054 0.01

Pradosia brevipes Bulbostylis junciformis 6 5 1 0.063 0.01

Erythroxylum

campestre Diodia teres 9 2 1 0.036 0.01

Talisia angustifélia Pradosia brevipes 3 6 1 0.05 0.01

Erythroxylum

campestre Annona warmingiana 9 5 1 0.101 0.01

Poaceae sp.4 Axonopus derbyanus 4 37 2 0309 o0.01

Caseariasp. Axonopus suffultus 2 27 1 0.11 0.01

Psidium australe Axonopus suffultus 2 27 1 0116 0.01
Loudetiopsis

Myrcia uberavensis  chrysothryx 3 10 1 0.061 0.01

Psidium rufum Eugenia angustissima 4 14 1 0.115 0.01

Protium ovatum Myrtaceae SP.7 6 7 1 0.078 0.01

Eugenia calycina Eugenia angustissima 4 14 1 0.119 0.01
Loudetiopsis

Senna rugosa chrysothryx 4 10 1 0.092 0.01

Paspalum carinatum Myrciaria delicatula 1 67 1 0119 0.01



Myrtaceae sp.6

Poaceae sp.4
Myrciaria delicatula
Chromolaenasp.1
Duguetia furfuracea

Myrciaria delicatula 1

Erythroxylum

campestre 4
Allagoptera campestris 67

Axonopus derbyanus 2
Bulbostylis junciformis 10

Tristachya leiostachya Diplusodap. 163

Tontelea micrantha
Coelorachyssp.
Syagrus flexuosa
Trachypogorsp.
Trachypogorsp.
Ouratea acuminata
Myrcia sp.

Psidium australe

Axonopus suffultus 3
Axonopus derbyanus 2
Myrciaria delicatula 7
Eugenia calycina 19
Bulbostylis junciformis 19
Axonopus derbyanus 3
Axonopus suffultus 4
Myrciaria delicatula 2

37

67

|_\
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0.126

0.094
0.147
0.143
0.127
0.984
0.153
0.159
0.926
0.165
0.183
0.219
0.207
0.255

0.02

0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.04
0.05
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Table 1L Number of individuals of the species samplednme& National Park, central Brazil.
Annually burned site (18°18'50”S and 52°54’00”Whjennially burned site (18°19'01”S

and 52°54'10”W), and unburned since 1994 site (¥&8”S and 52°53'41"W).

Family Species Annually Biennially Unburned
Amaranthaceae = Gomphrena macrocephaka St-Hil. 1 1 -
Anacardiaceae  Anacardium humilé. St-Hil. 15 11 11
Annonaceae Annona warmingiandello-Silva & Pirani 6 3 5
Annonaceae Duguetia furfuracedA. St.-Hil.) Saff. - - 10
Apocynaceae Rauvolfia weddelliandill. Arg. - - 1
Arecaceae Allagoptera campestriMart.) Kuntze 1 - 1
Syagrus flexuos@Mart.) Becc. - 3 7
Asteraceae Aspilia leucoglossalme 13 - -
Chromolaena squalidéA. DC.) King & H.Rob. 8 - 2
Eremanthus erythropappyPC.) MacLeish 2 -
Riencourtia tenuifoligGardner 6 - -
Vernonia bardanoidekess. 1 -

Bignoniaceae Anemopaegma acutifoliumC. - 1
Anemopaegma arvengéell.) Stellfeld - 1

1
N

Jacaranda decurrenS€ham. -
Jacaranda rufeSilva Manso 3 - -
Burseraceae Protium ovatunkngl. - 1 6
Caryophyllaceae Polycarpaea corymbos@..) Lam. 1 - -
Celastraceae Tontelea micranth@Mart. ex Schult.) A.C. Sm. - 5 3
Chrysobalanaceca®arinari excelsaSabine 3 6 4
Clusiaceae Kielmeyera rubrifloraCambess. 1 - -
Connaraceae Rourea induta&Planch. 1 - -
Convolvulaceae Ipomoeasp. 3 - -
Cucurbitaceae Cayaponia espelin€ogn. - - 1
Cyperaceae Bulbostylis junciformigKunth) C.B.Clarke 9 1 5
Scleria scabranilld. - - 1
Ebenaceae Diospyros hispidaA.DC. 2 1 1
Erythroxylaceae Erythroxylum campestra. St-Hil. 11 15 9
Euphorbiaceae  Croton glandulosus. - - 1
Croton pohlianusviull. Arg. - - 1
Crotonsp. - 2 -
Manihot tripartita (Spreng.) Mull. Arg. - 2 -
Fabaceae Andira laurifélia Benth. - - 1
Bauhinia rufa (Bong.pteud. - - 1
Chaemecrista setog®&ogel) Irwin & Barneby 2 - -
Eriosema crinitun{Kunth) Gardner 1 1
Galactia decumben@enth.) Chodat & Hassl. 1 1 1
Galactia martiiDC. - - 1
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Lamiaceae

Lythraceae
Malpighiacecae

Malvaceae

Melastomataceae

Myrtaceae

Ochnaceae

Poaceae

Mimosa amnis-atrBarneby

Mimosa gracilisBenth.

Mimosa polycephal&enth.

Mimosa xanthocentrMart.

Senna rugos&s. Don) H.S. Irwin & Barneby

Hyptissp.

Peltodon pusillugohl

Peltodon tomentosuohl

Diplusodon virgatussardn. ex Koehne

Banisteriopsis campestr{#\. Juss.) Little

Byrsonima guilleminian&.Juss.

Pavonia rosa-campestria. St-Hil.

Peltaea edouardi{Hochr.) Krapov. & Cristobal

Sidacordifolia A. St-Hil.
Melastomataceae sp.

Miconia albicangSw.) Triana

Campomanesia adamantiy@ambess.) O.Berg

Campomanesia pubescdis DC.) O.Berg

Eugenia angustissima.Berg

Eugenia calycin&Cambess.

Eugeniasp.1

Eugeniasp.2

Myrcia bellaCambess.

Myrcia sp.

Myrcia uberavensi®©. Berg

Myrciaria delicatula(A. DC.) O.Berg

Myrtaceaesp.1

Myrtaceaesp.2

Myrtaceaesp.3

Myrtaceaesp.4

Myrtaceaesp.5

Myrtaceaesp.6

Psidium australeCambess.

Psidium bergianuniNied.) Burret

Psidium rufumMart. Ex A.DC.

Ouratea acuminatéDC.) Engl.

Ouratea humilisEngl.

Andropogon leucostachyainth

Axonopus barbigerulitchc.

Axonopus derbyanuBlack

Axonopus suffultu@.C.Mikan) Parodi

Coelorachissp.

Ctenium chapadendgaoll

Gymnopogon foliosu@Villd.) Nees.
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Rubiaceae

Salicaceae

Sapindaceae
Sapotaceae

Loudetiopsis chrysothryhNess) Conert
Panicumsp.

Paspalum carinaturilumb. & Bonpl. ex Fliggé
Paspalunsp.

Poaceaesp.

Trachypogorsp.

Tristachya leiostachyalees

Alibertia sessilisSchum.

Declieuxia fruticos&Kuntze

Diodia teresWalter

Palicourea coriacegchum.

Casearia sp.

Casearia sylvestrigichler

Talisia angustifoliaRadlk.

Pradosia brevipegPierre) Penn
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Table 2.Mean differences + standard deviations in basa éxef), height (cm), and specific
leaf area (hkg®) between neighbouring species of herbaceous planterrado, Emas
National Park, central Brazil. Different letterglicate significant differences between means

(o = 0.05) in the annually burned site, the biengi@llrned site, and in the site unburned

since 1994,

Functional trait Annually Biennially Unburned F P
Basal area 3.562 6.446 2.248+6.120 3.22+5.048 2.143 0.118
Height 19.782+ 14.281 19.677+12.831 22.042+17.657 1.388 0.25

Specific leaf area  36.284 32.909 70.781+ 81.244 70.610 + 71.063 15.083 0.001
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Figure 1. Rank-abundance curves of the herbaceous specied in three cerrado sites under

different fire frequencies in Emas National Padqtcal Brazil.
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Figure 2. Detrended correspondence analysis of herbaceousespabundances in three
cerrado sites under different fire frequencies atak National Park, central Brazil. Open

black circles are species scores, and crossefesessores.
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Coocorréncia de especies arboreas em savanas
brasileiras sob diferente frequéncias de fogo

2 Trabalho aceito no periodicActa Oecologiacom o titulo “Woody plant species co-

occurrence in Brazilian savannas under differgstffiequencies”.
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ABSTRACT

Fire plays an important role in determining theusture of the vegetation of savannas.
Consequently, frequent fires are expected to adseohdsely related plant species with very
similar fire-related functional traits. We assestelinfluence of different fire frequencies on
patterns of co-occurrence of woody species atea $patial scale in Brazilian savannas. We
used quantile regressions to test the relationbeigveen co-occurrence indices and both
phylogenetic distances and functional differencesculated for every possible pair of
species. Our results indicated that fire changegtitern of co-occurrence of woody plants.
Functionally different species co-occurred predantty in a site protected from fire,
whereas functionally similar species co-occurregdpminantly in sites frequently burned.
However, we did not find correlations between couscence and phylogenetic distance of
species, due probably to the random distributiosomhe functional traits in the phylogeny of
savanna species. Thus, fire acts as an importasroamental filter at fine spatial scales in

Brazilian savannas, promoting functional — but pioglogenetic — clustering of plants.

Keywords: cerrado, competitive exclusion, environmental filter, phemm¢ clustering,

phylogenetic relatedness
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1. Introduction

Fire is one of the major forms of environmentakutisance in the world (Bond and Keeley,
2005), playing an important role in determining teeurrence of savannas (Thonicke et al.,
2001; Bond et al., 2005). The occurrence of firerdte past 25 million years in savannas has
allowed the evolution of fire-tolerant and fire-@gplent plant species, which without fire
could be potentially replaced by tropical foresedps (Thonicke et al., 2001; Bond et al.,
2005). In South America, the largest savanna reitine Brazilian cerrado (Gottsberger and
Silberbauer-Gottsberger, 2006). Like its overseasusna counterparts, the cerrado vegetation
evolved with fire (Coutinho, 1990; Gottsberger &itberbauer-Gottsberger, 2006). Cerrado
woody species present thick corky bark and subtemm meristems that protect them from
high temperatures and allow resprouting after f{fgesttsberger and Silberbauer-Gottsberger,
2006). However, annual fires tend to favour herbaseplants at the expense of woody ones
(Durigan.and Ratter 2006; Hoffmann et al., 2009ns2quently, the pattern of co-occurrence
of woody species is expected to change along @fadient.

Environmental filters, such as fire, are thoughtétermine the functional similarity and
the phylogenetic relatedness of co-occurring pspeties (Webb et al., 2002; Cavender-Bares
et al., 2006; Slingsby and Verboom, 2006). Envirental filters select those species that can
persist within a community on the basis of theletance to the abiotic conditions (Weiher
and Keddy, 1995). As a consequence, they are esgbeot assemble co-occurring species
with similar niches, that is, species with similanorphological and physiological
characteristics (i.e., functional traits, ChaseP320Fukami et al., 2005). In relation to
phylogenetic relatedness, environmental filters greglicted to assemble closely related co-
occurring species (phylogenetic clustering; Webbakt 2002) if functional traits are

conserved in the evolution of species lineages, (iraits are more similar among closely
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related species; Prinzing et al.,, 2001; AckerlyD20 Nevertheless, if functional traits

evolved convergently and closely related speciesfanctionally different, environmental

filters are predicted to favor co-occurrence of endistantly related species (phylogenetic
overdispersion; Webb et al., 2002).

In some cases, the evolution of traits is indistisgable from random (Silvertown et al.,
2006), and a clear pattern of phylogenetic clustear overdispersion may not emerge (Silva
and Batalha, 2009). A widespread phylogenetic $igas been observed in plant traits related
to environmental tolerances (i.e., light, soil nais, and pH, Prinzing et al., 2001). These
plant traits are related to habitat requirements, émerefore, they define thg hiche’ of the
species, referring to the scale at whigldiversity is determined (Silvertown et al., 2006).
However, random distributions in the plant phylogen traits that determine within-habitat
a-diversity @ niche) also seem to be common (Silvertown et24(6), because niches
define the species interactions within a commuanty is expected to be different for species
coexistence to be possible (Silvertown et al., 2006

Studies conducted at fine scales have found pattefnphylogenetic overdispersion
(Cavender-Bares et al., 2004; 2006; Slingsby andbdtan, 2006). However, the functional
similarity of co-occurring species still remainscamclusive (see Leibold, 1998 for
references). Recently, we observed that the enwviemtal filters might determine the co-
occurrence of functionally similar tree speciesénrado (Silva and Batalha, 2009). Here, we
tested whether annual fire frequencies change dlterp of local co-occurrence of cerrado
woody species at a fine spatial scale, taking attcount the nearest neighbours. We used
quantile regressions to test the relationship betweo-occurrence indices and both
phylogenetic distances and functional differencedculated for all pairs of species. We
expected that the functional similarity among ptamtould increase with fire frequencies,

whereas the phylogenetic distances among plantsdwether decrease, if functional traits
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were conserved, or show no pattern, if functiomaitd were randomly distributed in the

phylogeny of the plants.

2. Material and Methods

2.1. Study area

We surveyed three nearby cerrado sites in EmasmatPark (ENP), located in the Brazilian
Central Plateau (£49’-18°28'S; 5239-53°10°'W). The ENP comprises 132,941 ha and is
one of the largest and most important reserveshéen Gerrado domain (Unesco, 2001).
According to Kdppen’s (1931) system, regional cliens classified as Aw, humid tropical,
with wet summers and dry winters. Up to 1984, tinPEvas exploited by farmers for cattle
ranching, and burning in the dry season was usguiamote forage regrowth (Franca et al.,
2007). Afterwards, the ENP was fenced, and a fuausion policy was established (Ramos-
Neto and Pivello, 2000). As a consequence, cafastrofires occurred every 3-4 years,
burning 80% of the park’s area (Ramos-Neto andIBiv2000). Since 1995, around 10 km?2
of preventive firebreaks have been burned annwlihe end of the wet season, and a fire
brigade works in the park during the dry seasoprévent anthropogenic fires (Franca et al.,
2007). Thus, there are currently few occurrenceantfiropogenic fires inside the ENP (less
than 2.2% of the burned area from 1994 to 2003),the largest wildfires burn less than 30%

of the total area. Fire frequency at a given srexrages 6-7 years (Franca et al., 2007).

2.2. Data collection

In the late rainy season of 2006, we sampled thedywepecies occurring in three cerrado
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sites with similar physiognomy, similar soil typ@xisols), and under different fire
frequencies: two firebreaks, one burned annually tfee last ten years (approximately
18°18'50”S; 52°54'00”"W), another burned around ey two years (approximately
18°19'01"S; 52°54’10”W), and a site without firesince 1994 (approximately 18°17°'28"S;
52°53'41"W). The sites were distant less than 2 &ne from each other. In each site, we
placed a 2,500 m long transect, with 250 pointanl&part from each other. In each point, we
used the point-quarter method (Mueller-Dombois Blenberg, 1974) to sample four woody
plants with stem diameters at the soil leve cm (SMA, 1997). We identified the species by
comparing collected samples to those of ENP’s eefeg collection (Batalha and Martins,
2002) and to vouchers lodged at the University am@inas and University of Brasilia
herbaria.

We measured eight soft functional traits (i.e.itéréhat are relatively easy and quick to
quantify; Hodgson et al., 1999) that may be usedcasirate surrogates of plant functional
responses, such as growth coefficients and hafgtptirements (Cornelissen et al., 2003).
These traits were: basal area, bark thickness,pgaheight, height, leaf dry matter content,
specific leaf area, stem specific density, leafogién concentration, and leaf phosphorus
concentration.

According to Cornelissen et al. (2003): (1) basahas a trait positively related to space
occupation, resource uptake, total biomass, anddeptive capability; (2) bark thickness is a
trait related to protection of vital tissues agaiim® damage and may also decrease mortality
by fire or accelerate post-fire recovery; (3) cantyeight is related to avoidance of crown
fires; (4) height is associated to competitive ealdecundity, interval between two
perturbations, tolerance to stress, undergrounch&ss, root depth, lateral ramification, and
leaf size; (5) leaf dry matter contents are reldtedlammability and resistance to physical

hazards; (6) specific leaf area is positively \datio maximum photosynthetic rates, since low
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values of it correspond to a high leaf structuresgiment; (7) stem specific density is related
to structural strength and resistance against palyslamage; and (8) leaf nitrogen and
phosphorus concentrations are related to maximuwtopiinthetic rate.

We measured and computed most of the traits fofiguthe procedures described in
Cornelissen et al. (2003). For each species in saehwe measured stem specific density,
leaf nitrogen, and leaf phosphorus for five indiats we drew at random. For the specific
density, we collected a 10 cm long section of axthaof about 5 cm in diameter for each
individual. For the leaf nutrient analysis, we ectied 20 g of fully expanded leaves without
symptoms of herbivore and pathogen attack for @adiwidual, at the end of rainy season of
2006. We measured the other functional traits f@rrdndom individuals, except for rare

species, for which we measured them in five indigid at least.

2.3. Phylogenetic data

We constructed a phylogenetic tree for all sampieecies with the Phylomatic software, a
phylogenetic toolkit for the assembly of phylogéndtees (Fig. 1, Webb and Donoghue,
2005). Phylogenetic distances among species fréereint families were estimated from the
dated Angiosperm super-tree of Davies et al. (20@/h)en a family node presented many
polytomies (Fabaceae and Asteraceae, for instamee)distributed the genera into their
subfamilies following the last angiosperm classificn (Angiosperm Phylogeny Website;
Stevens, 2001). We assigned branch lengths of thexsera by spacing undated nodes evenly
above family node. We drew the phylogenetic traettie families sampled with the ADE-4
package (Analyses des Données Ecologiques; Thiseletial., 1996) for the R environment
(R Development Core Team, 2008).

We investigated whether the functional traits tehttebe phylogenetically conserved (i.e.,
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phylogenetic signal) or convergent in the phylogehthe sampled species, using a test based
on the variance of phylogenetic independent cotgr@C; Blomberg et al., 2003). If related
species are similar to each other, the magnituded#pendent contrasts will generally be
similar across the tree, resulting in a small varéaof contrast values (Blomberg et al., 2003).
Observed contrast variances are compared to thec@tns under a null model of randomly
swapping trait values across the tips of the Wée.used the mean trait values normalized by
their standard deviations. We did this analysihhie Picante package (Kembel et al., 2008)

for the R environment (R Development Core TeamB8200

2.4. Data analysis

We compared in each site the degree of co-occwerehspecies pairs in the sampled points
to the absolute value of mean pairwise differemedgnctional trait values. We calculated the
pairwise values of co-occurrence (C) based on ptapal similarity (Schoener, 1970) as
follows: CGhr=1 - 0.5% | Dij - Phj | , Where G, is the co-occurrence of specieandh, andp; is

the proportion of occurrences of tite or hth species in th@h point. Then, we tested the
relationship between C values and functional d#ifees with quantile regressions. The term
‘phenotypic clustering’ refers to high trait sinritg among co-occurring species, whereas the
term ‘phenotypic overdispersion’ refers to low tisimilarity among co-occurring species.

If co-occurring species are phenotypically overdispd, limited co-occurrence is
expected for species with similar trait values. ldger, a broad range of co-occurrence levels
iIs possible among species with different traits.n&sely, if co-occurring species are
phenotypically clustered, limited co-occurrenceexpected for species with different trait
values. Again, a broad range of co-occurrence $eiggbossible between species with similar

traits. Therefore, co-occurrence may have incre@sedecreased variance with decreasing
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functional similarity, so that a triangular relatghip with a positively or negatively sloping
hypotenuse may arise. In these cases, quantilesggn should be used (Cade et al., 1999).
In this study, we were interested in the limitirfget of fire in the species co-occurrence and
hence we focused on the upper bound of the variahdke relation between species co-
occurrence and trait difference. We examined theraaof this upper bound with quantile
regressions with data points in the 0.95 (upper Sfantile, using Quantreg package
(Koenker, 2008) for R environment (R DevelopmentreCdeam, 2008). We assessed the
significance of the slopes of quantile regressioits bootstrapped standard errors (Koenker,
2008).

Then, we compared the pairwise values of co-ocnugdo the phylogenetic distances
among species. We calculated the phylogenetic rista from the estimated intervening
branch length distances (measured in millions @frgebetween all species pairs with the
Phylocom, using the Phydist module (Webb et al0720We also assessed the upper bound
of the variance of the relation between speciesamurence and phylogenetic distances with
quantile regressions, with data points in the Q@3per 5%) quantile. We also did this
analysis with Quantreg package (Koenker, 2008)Roenvironment (R Development Core
Team, 2008). We assessed the significance of tlamtidgl regression coefficients with

bootstrapped standard errors (Koenker, 2008).

3. Results

We sampled 1,000 individuals of woody plants inhesite. We found 28 species in the

annually burned site, 36 species in the bienniallsned site, and 39 species in the protected

site (Table 1). We observed significant slopesha ¢comparison between pairwise indices of

species co-occurrence and values of mean pairwfgereshces in functional trait values
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(Table 2). We found negative slopes in the annuaily biennially burned sites for basal area,
stem specific density, and leaf N and P conceptratndicating that co-occurring species
were more similar than expected by chance. Howewer,found positive slopes in the
protected site for basal area, bark thickness)eafd\N and P concentration indicating that co-
occurring species were less similar than expecyedhlance (Fig. 2, Table 2). On the other
hand, the comparison between pairwise indices etisp co-occurrence and phylogenetic
distances showed non-significant levels with thamgile regressions (Tables 2).

We found phylogenetic signals in some functionaitsr(Table 3). The mean value of the
variances and of the random variance means of iglgenetic independent contrasts were
0.020 and 0.034 respectively (mean of fhealues = 0.101). Consequently, phylogenetically

related woody species showed some degree of furattsimilarity in the cerrado.

4. Discussion

Our results supported the postulate that fire charige pattern of co-occurrence of plants at
fine spatial scales. The functional similarity argaro-occurring species was higher in sites
with higher fire frequency. Thus, fire acts as mportant environmental filter at fine spatial
scale in cerrado, driving phenotypic clusteringlaints.

Our results indicated that a high fire frequencyyraasemble functionally similar plant
species in cerrado areas. In Mediterranean vegetahigh fire frequencies also promote
phenotypic clustering of plants (Pausas and Ve2808). However, evidence in other fire-
prone vegetations is only indirect. In other saanfWilliams et al., 1999; Silva et al., 2001)
as well as in the California chaparral (see Syplerdl., 2006 for reference), frequent fires
promote changes in plant functional types, favaugrass and shrub species. Thus, frequent

fires may reduce the range of functional traits mednumber of functional types in fire-prone
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vegetation types, decreasing the overall functiataérsity of the plant community as a
result.

Competitive interactions are expected to limit foactional similarity of locally co-
occurring species, because competition should batgr among species that have similar
niches (Hutchinson, 1959; Leibold 1998). Based lwes¢ expectations, Weiher and Keddy
(1995) postulated that phenotypic overdispersioplaifts is greater at smaller spatial scales,
where species compete directly for limited soilrigunits. Evidence of competitive exclusion
determining phenotypic overdispersion at fine gpatcale has been found in different plant
communities (e.g., prairies — Fargione et al., 2@@% forests — Cavender-Bares et al., 2004;
sand dunes — Stubbs and Wilson 2004; and tropicaktfs — Kraft et al. 2008). However,
Valiente-Banuet et al. (2006) demonstrated recetitht facilitation is also expected to
promote phenotypic overdispersion in fire-prone pamities. Nurse species may favour
species with different traits to establish in tleenenunity (Valiente-Banuet et al., 2006). We
found a phenotypic overdispersion in the site mtet from fire. So, competitive interactions
and facilitation may limit the co-occurrence of ¢timnally similar plants in cerrado, but only
insofar as fire is excluded.

For some functional traits, we did not find sigcéint correlations with the species co-
occurrence, which may be due to high similarity agithe values of functional traits among
species. For instance, the most important morpledbgnodification associated to burnings
in cerrado woody plants is thick corky bark (Gottgler and Silberbauer-Gottsberger, 2006).
This attribute is widespread in tree and largeulshspecies (Gottsberger and Silberbauer-
Gottsberger, 2006), so that a clear phenotypictelungy of plants relative to bark thickness
may not emerge in frequently burned cerrados. Fenelgiires also reduce the height of woody

species and, as a result, the range of height ¥gdMereira, 2000). Thus, the small range of
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some traits among cerrado plant species may preveatall correlations between trait
differences and species co-occurrences.

Our analysis indicated no clear pattern of phylegienclustering or overdispersion of the
cerrado woody species. For a woodland cerrado uthsastern Brazil, we also did not find
any pattern of species co-occurrence in relatiosptries phylogenetic relatedness (Silva and
Batalha, 2009). The absence of a phylogenetic npatite these cases, may be due to random
distributions of some functional traits in the pdgény of species (Webb et aRD02;
Silvertown et al., 2006). Most of the functionadits we analysed are surrogates of habitat
requirements in fire-prone vegetations (that igkkhickness, leaf nutrient concentration,
stem specific density; Cornelissen et al., 2003)ictv are expected to be conserved in the
phylogeny of plant species (Prinzing et al., 20@igwever, others, such as plant height and
leaf specific area, are surrogates of growing dciefits (Cornelissen et al., 2003), which are
not expected to present phylogenetic signal (Sibvem et al., 2006). Differences in the values
of these traits are important for species coext&eto be possible, mainly at fine spatial
scales, where the species interactions are str¢Sgeertown et al., 2006). As a consequence,
a clear phylogenetic pattern in the co-occurrenicelant species may not emerge at fine
spatial scales.

Moreover, other factors may also account for the phylogenetic signal of functional
traits compared to morphological or physiologicales (Freckleton et al.,, 2002), which
present a widespread conservatism on plant line&ekerly, 2003). The temporal and
geographical variation, as well as poor estimatksrt from few populations, may introduce
error in analysis of trait evolution (Losos, 200Burther studies on evolution of functional
traits in cerrado plants should consider a highenler of species and of traits, analysing
traits of species from distinct places to confirar bndings.

It is worth noticing that environmental filters arere commonly observed at large spatial
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scales (Chase, 2003; Pausas and Verdu, 2008).nAt dpatial scales, competition and
facilitation are thought to be the most importacwlegical processes (Cavender-Bares et al.,
2006; Slingsby and Verboom, 2006). However, theat$ of environmental filtering at fine
spatial scale have been recently investigated 4%ihd Batalha, 2009). For example, Fukami
et al. (2005) demonstrated that experimental ptmmhmunities in small plots converged
similar functional traits under similar environmaintonstraints irrespective of the initial
specific composition. Here, we also observed phgrot attraction under a severe
environmental constraint, that is, under high freguencies. Thus, environmental filters are
also important at fine spatial scales.

Finally, fire is a strong environmental filter imv&nnas and also determines the species
co-occurrence at fine spatial scales. High firgdiencies tend to assemble plant species with
similar niches. Under low fire frequencies, plapeaes with different niches tend to co-
occur. However, fire may not drive phylogeneticstiring of species, as expected for larger
spatial scale (Verdu and Pausas, 2007). Thus, dtterp of species co-occurrence at fine
spatial scale was independent, to a certain extétihe evolutionary history of the functional

traits in the cerrado.
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Table 1 - Cerrado woody species sampled in EmammNdtPark, central Brazil. Site 1 =
annually burned site (approximately, 18°18'50"Sdab2°54’00"W); site 2 = biennially
burned site (approximately, 18°19'01”S and 52°®4'WV); and site 3 = protected site

(approximately, 18°17°28”S and 52°53'41"W).

Family Species Sites
Anacardiaceae Anacardium humilé\. St-Hil. 1
Annonaceae Annona crassifloraviart. 1,2,3
Duguetia furfuracedA. St-Hil.) Benth. & Hook. 1
Apocynaceae Himatanthus obovatugvill. Arg.) Woods. 2
Araliacae Schefflera macrocarp8&eem. 2
Arecaceae Allagoptera leucocalyxMart.) Kuntze 1
Asteraceae Chresta sphaerocephalaC. 1
Chromolaena squalidéSpr.) King & H. Rob. 1
Eremanthus erythropapp&ch. Bip. 1,2,3
Piptocarpha rotundifoligLess.) Baker 1,2,3
Vernonia bardanoidekess. 1
Bignoniaceae Tabebuia aure4Silva Manso) S. Moore 2,3
Tabebuia ochraceé@Cham.) Standl. 1,2,3
Caryocaraceae Caryocar brasiliensisCambess. 2,3
Clusiaceae Kielmeyera coriaceMart. 2,3
Connaraceae Rourea indutaPlanch. 1,2,3
Dilleniaceae Dauvilla eliptica A. St-Hil. 1,2,3
Ebenaceae Diospyros hispida. DC. 1,2,3
Erythroxylaceae Erythroxylum campestra. St-Hil. 1,2,3
Erythroxylum suberosum. St-Hil. 2,3
Euphorbiaceae Manihot tripartita (Spreng.) Mdll. Arg. 1
Fabaceae Acosmium dasycarpugvogel)Yakovlev. 1,2,3
Anadenanthera falcatéBenth.) Speg. 1,2,3
Bauhinia rufaSteud. 3
Dimorphandra molliBenth. 1,2,3
Machaerium acutifoliunvogel. 1,3
Mimosa amnis-atrBarneby 1,2,3
SclerolobiumaureumBaill. 3
Stryphnodendron adstringefilart.) Coville 1,2,3
Lythraceae Lafoensia pacarA. St-Hil. 3
Malpighiaceae Byrsonima coccolobifolid\. Juss. 2,3
Malvaceae Eriotheca gracilipegK. Schum.) A. Robyns 2,3
Eriotheca pubescen#art. & Zucc.) A. Robyns 2,3
Melastomataceae Miconia albicansTriana 3
Miconia ferruginataA. DC. 2,3
Myrtaceae Campomanesia pubescea. DC.) O. Berg 3
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Ochnaceae

Proteaceae
Rubiaceae
Salicaceae
Sapotaceae

Solanaceae
Verbenaceae
Vochysiaceae

Eugeniaaff. piahuiensisMart.

Eugenia punicifolig Kunth) A. DC.

Psidium laruotteanun€ambess.
Ouratea acuminat#A. DC.) Engl.
Ouratea spectabiligMart.) Engl.
Roupala montanaubl.
Palicourea rigidaKunth
Casearia sylvestriSw.

Pouteria ramiflora(Mart.) Radlk.
Pouteria torta(Mart.) Radlk.
Solanum lycocarpurA. St-Hil.
Aegiphila lhotzkiana&Cham.
Qualea grandifloraMart.

Qualea parvifloraMart.

1,2
2,3
1,2,3
1,2,3
2,3

1,2,3
2,3
1,2,3
1,2,3
1,2,3

2,3

92



Table 2 - Tests for spatial phylogenetic and fuoral structure of all co-occurring cerrado

woody plant species sampled in Emas National RagRkiral Brazil. For each data set, the

slope of the regression with data points in the50(@pper 5%) quantile between co-

occurrence indices and phylogenetic distances andtibnal differences are given. The

values for bootstrapped standard errors are algengiSignificant values ai = 0.05 are

presented in bold face. Site 1 = annually burngg] site 2 = biennially burned site; and site 3

= protected site.

Data type Site 1 Site 2 Site 3
slope P slope P slope P
Phylogenetic distance 0.001 0.769 0.001 0.189 0.0010.767
Basal area -0.025 0.041 -0.019 0.045 0.020 0.002
Bark thickness -0.011 0.357 -0.006 0.560 0.015 0.010
Canopy height 0.003 0.804 -0.036 0.001 -0.002 0.884
Leaf dry matter content -0.006 0.599 -0.005 0.559 .00D 0.901
Plant height 0.005 0.688 0.006 0.496 -0.002 0.884
Specific leaf area 0.006 0.582 -0.006 0.491 -0.0040.714
Stem specific density -0.027 0.021 -0.024 0.019 -0.003 0.765
Leaf N concentration -0.018 0.017 -0.015 0.041 0.017 0.045
Leaf P concentration -0.031 0.014 -0.012 0.047 0.018 0.026
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Table 3 - Tests for phylogenetic signal of the fiowal traits of cerrado woody species, in
Emas National Park, central Brazil. The observaithuwae and the mean of random variances

of the phylogenetic independent contrasts are gi&gnificant values at. = 0.05 are

presented in bold face.

Trait Obs_erved Random p
variance mean

Bark thickness 0.024 0.026 0.307
Basal area 0.018 0.027 0.054
Canopy height 0.019 0.026 0.107
Leaf dry matter content 0.020 0.026 0.180
Leaf N concentration 0.021 0.027 0.158
Leaf P concentration 0.017 0.026 0.023
Plant height 0.017 0.026 0.029
Specific leaf area 0.026 0.098 0.048

Stem specific density 0.015 0.026 0.007
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Fig.1 - Phylogenetic tree assembled for the cerrsuiecies in all sampled sites in Emas

National Park, central Brazil. The relationship agcpecies was based on Davies et al.

(2004).
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Fig.2 - Quantile Regression for significant< 0.05) upper 5% quantiles between functional
trait differences and co-occurrence indices of codoring cerrado woody plant species,
central Brazil. The slopes of quantile regressiondasal area, leaf N and leaf P
concentrations in the annually burned, bienniallynied and protected sites were respectively

-0.025, -0.018, -0.031, -0.019, -0.015, -0.01220,®.017, 0.018.
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Estrutura filogenetica de campos e savanas
brasileiras sob diferentes regimes de fogo

* Trabalho submetido ao periédidournal of Vegetation Sciencem o titulo “Phylogenetic

structure of Brazilian grasslands and savannasrutifierent fire regimes”.
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Abstract

Question: Do frequent fires assemble grasslands and savanmithsclosely related species (phylogenetic
clustering)? If so, what are the clades pruneditgyif the phylogenetic trees? Are life forms ardeanerative

traits conserved on the phylogeny of the species?

Location: Central and southeastern Brazilian savannas (insBvadional park, 18°18'S, 52°54'W; in Brasilia
sites, 15°56'-15°57'S, 47°53'-47°56'W; and in Cohatai-Itirapina sites, 22°13'-22°15'S, 47°37'-4A\B%and

Southern Brazilian grasslands (in Porto Alegre0308, 51°07'W)

Methods: We recorded woody species in several savannaaigderbaceous species in grassland sites under
different fire regimes. We obtained data from hteire and field sampling. We compared the meanogieyletic
distance of the species between sites with diftefiem regimes. We obtained significance by randsing the
species among the tips of phylogenetic trees. We assessed whether life-forms and regeneratiite ware
evolutionary conserved across phylogeny of all gslgphylogenetic signal) with tests based on théawnae of

phylogenetic independent contrasts.

Results: No marked pattern emerged from sites with differbré regimes. We observed a phylogenetic
overdispersion as well as a phylogenetic clustefimgsavannas sites protected from fire. In grasisan
nonetheless, recent fires led to a phylogenetisteting of the plant community. We found phylogénsignals

in the traits across the phylogeny of the 325 gseitivestigated.

Conclusion Fire may have different roles in assembling pkpecies in Brazilian grasslands and savannas. We

postulate that the absence of phylogenetic clugen savannas is mainly due to the persistendengf-lived

resprouting species.

Key words: Campos; Cerrado; Environmental filtering; Phyloggc diversity; Regenerative traits.
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Introduction

Fire is a strong evolutionary agent for plants (@& Midgley 1995; Schwilk & Ackerly
2001) and plays an important role in determining dirstribution of grasslands and savannas
in the world (Bond et al. 2005). Natural fires haeeurred in these vegetation types from the
late Tertiary onwards (Bond et al. 2003). Howewser the past 10,000 years, anthropogenic
fires have extended areas of flammable vegetatBowan 1998; Brooks et al. 2004).
Currently, fire-prone plant formations cover arouti®o of the world’s land surface (Chapin
et al. 2002).

In South America, southern Brazilian grasslandsnfmas, Overbeck et al. 2007) and
central Brazilian savannas (cerrado, GottsbergerSiéberbauer-Gottsberger 2006) are
amongst the most widespread flammable communiiead & Keeley 2005). Together, they
covered originally 2.2 million ki or approximately 25% of the Brazilian territoBGE
2004). Like their overseas fire-prone vegetatiorunterparts, Brazilian grasslands and
savannas evolved with fire (Overbeck et al. 2087AYl their species present many adaptations
to it (Gottsberger & Silberbauer-Gottsberger 20Q&erbeck & Pfadenhauer 2007). Fire
absence is expected to modify the structure ofethegetation types: protection from fire
leads to woody encroachment and forest expansiocanpos (Oliveira & Pillar 2004; Muller
et al. 2006) and to shifts in vegetation physiogiesnmo more closed forms in cerrado
(Moreira 2000). Although changes in the structurgrasslands and savannas have been well
reported throughout the world (see Gottsberger IReBbauer-Gottsberger 2006; Overbeck et
al. 2007 and references therein), there is a lddtudlies — to the best of our knowledge —
considering the phylogenetic relatedness of thetpland the effects of fire on it.

Traditionally, plant species from fire-prone comnti@s are classified according to

survival of fire and reproductive response to {(Bend & Van Wilgen 1996). They have been

101



grouped into plants resisting fire with part of itheboveground biomass (resisters), plants
dying back completely aboveground, but sproutirmnfrsoil after fires (sprouters, Bond &

Van Wilgen 1996), and plants germinating eithenfritie seed bank or from newly dispersed
seeds (seeders, Verdu & Pausas 2007). Howevermafmn on germination requirements

for most of the Neotropical species is still scaraed other disturbance-related functional
traits have been studied in Brazilian plant commiesi(Overbeck & Pfadenhauer 2007).

Raunkiaer’s life forms (Raunkiaer 1934), on theeothand, is a functional classification

based on position and protection of regenerativdshilnat has been considered a good
predictor of disturbance (Cornelissen et al. 20685 applied to fire-prone vegetation

(Chapman & Crow 1981; Batalha & Martins 2002a; @eek & Pfadenhauer 2007).

Recently, analyses of the phylogenetic structureéiofogical communities have been
increasingly used to answer questions on contempe@logical forces assembling species
(Vamosi et al. 2009). Most of the these studiesHaund a phylogenetic clustering (Vamosi
et al. 2009), that is, the tendency of co-occurrspgcies to be more closely related than
expected by chance (Webb et al. 2002). These fysdirave been attributed to effects of local
environmental filters assembling ecologically samispecies (Fukami et al. 2005). Since
species present commonly a high degree of evolatyostasis (Qian & Ricklefs 2004) and
niche conservatism (Prinzing et al. 2001; Prin2bg@l. 2008), closely related species tend to
present similar niches, being preferentially selédiy local environmental filters (Webb et al.
2002). Although several studies assessed the phyltig structure of forests (see Vamosi et
al. 2009 and references therein), grasslands arahisas still remain poorly studied (Proches
et al. 2006; Silva & Batalha 2009).

The phylogenetic structure of fire-prone commusitie expected to change along fire
gradients. In Mediterranean shrub vegetation, feangple, frequent fires assemble

phylogenetically clustered communities (Verdu & & 2007). In this study, we
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investigated the phylogenetic structure of Bramiligrasslands (campos) and savannas
(cerrado) under different fire frequencies. We uaddgical framework to assess whether fire
changes the phylogenetic relatedness of co-ocgumiant species (Webb et al. 2002).
Frequent fires are expected to assemble closelyerklspecies when functional traits are
conserved in the evolution of plant lineages (liatraits are more similar among closely
related species; Prinzing et al. 2008). Converseygn functional traits evolved convergently
and closely related species tend to be functiordiffigrent, frequent fires are expected to
assemble more distantly related species (phylogewserdispersion; Webb et al. 2002).
Accordingly, if fire acts as a strong environmeritiér in fire-prone vegetation types (Verdu
& Pausas 2007), campos and cerrados under fredireat should present phylogenetic
clustering. We addressed the following questiody: Do frequent fires assemble plant
communities with closely related species?; (2plfwhat are the clades pruned by fire in the
phylogenetic trees?; and (3) Are life forms andereggative traits conserved on the phylogeny

of the species?

Methods

Study area and data

We surveyed two nearby cerrado sites in Emas NaltiBark (ENP), in the Brazilian
Central Plateau (£49’-18°28'S; 5239'-53°10'W). The ENP is one of the largest reserves in
the Cerrado domain with 132,941 ha (Unesco 2004giddal climate is humid tropical, with
a wet summer and a dry winter (Aw, Képpen 1931) dhy season is from June to August
and the wet season from September to May. Annirgflatband mean temperature lie around

1,745 mm and 24.6°C, respectively. In the ENP,ethera gradient from open (68.1% of its
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area) to closed savannas (25.1%), as well as wagsignds (4.9%) and riparian and
semideciduous forests (1.2%; Ramos-Neto & Pivel@®@. There are currently few
occurrences of anthropogenic fires inside the E&R, the largest wildfires burn less than
30% of the total area. Fire frequency at a giveimtpe around 6-7 years on average (Franca
et al. 2007).

In the late rainy season of 2006, we sampled thedywapecies occurring in two cerrado
sites with similar physiognomy, with similar sojpes, and under different fire frequencies: a
firebreak burned annually for the last ten yeapp(aximately, 18°18'50”S; 52°54'00”W)
and a site without burnings since 1994 (approxityale°17'28”S; 52°53'41”W). The sites
were distant less than 2 km one from the otheedoh site, we placed a 2,500 m transect,
with 250 points, 10 m apart one from the othere&th point, we used the point-quarter
method (Miller-Dombois & Ellenberg 1974) to samgtaur woody plants with stem
diameters at the soil level3 cm. We identified the species by comparing ctdlé sample to
those of the ENP (Batalha & Martins 2002b) and @ochers lodged at the herbaria of the
State University of Campinas and of the Universitfrasilia.

In addition, we carried out a broad survey of palid articles and theses with data on
Brazilian plant communities under different fireduencies (Table 1). We recorded the plant
species and their abundances or relative dengitiesmpos (Overbeck & Pfadenhauer 2007)
and cerrados (Cesar et al. 1988; Durigan et al4;18ato 2003; Fiedler et al. 2004; Castro-
Neves 2007).

We assigned the life form of the cerrado speciassidering the following Raunkiaer’s
(1934) classes: phanerophytes, chamaephytes, lyghophytes, geophytes, and therophytes
(see Electronic appendix 1). For a detailed desonpof the life forms and their functional
significance, see Cornelissen et al. (2003). We attablished the main regenerative strategy

of the cerrado species (Electronic appendix 1).giéeiped them into: (1) non-sprouter, when
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the species dies after fire; (2) sprouter, whensiiecies loses its aboveground biomass but
can recover from belowground organs; or (3) resisten the species manages to keep at
least some aboveground biomass during a fire. Mbserrado species present belowground
organs which allow them to sprout after fires tteahove completely the aboveground parts
of the plant (Gottsberger & Silberbauer-Gottsber@606). As a consequence, a clear
distinction between sprouters and resisters is tamathieve. Thus, we classified the species
according to the most common regenerative strategigr surface fires. We obtained the life
forms and the regenerative traits of the grassksmeties from Overbeck & Pfadenhauer

(2007).

Phylogenetic data

We constructed a phylogenetic tree for the speitiesach plant community with the
Phylomatic software, a phylogenetic toolkit for tesembly of phylogenetic trees (Webb &
Donoghue 2005). Phylogenetic distances among speftamn different families were
estimated from the dated Angiosperm super-treeadfid et al. (2004). We assigned branch
lengths to the phylogenetic tree by using the BLABthnch Length Adjustment) averaging
algorithm of the Phylocom version 4.0.1 softwarekaae (Webb et al. 2008). The BLADJ
spaces undated nodes evenly between dated nodes tree (Webb et al. 2008). When a
family (Asteraceae, Fabaceae, and Poaceae) nosenped many polytomies, we distributed
the genera into their subfamilies following thetlasgiosperm classification (Angiosperm
Phylogeny Website, Stevens 2001). We assigned bri@mgths of these genera by spacing
undated nodes evenly above the family node.

We investigated whether the life forms and regdneratraits tended to be
phylogenetically conserved (that is, to presenthglqgenetic signal) or convergent in the

phylogeny of the sampled species with a test bamedthe variance of phylogenetic
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independent contrasts (PIC, Blomberg et al. 20038¢lated species are similar to each other,
the magnitude of independent contrasts will gehelsd similar across the tree, resulting in a
small variance of contrast values (Blomberg et28l03). Observed contrast variances are
compared to the expectations under a null modedrddomly swapping trait values across the
tips of the tree. For a detailed description of pamative analyses using phylogenetically
independent contrast, see Garland et al. (1992yeéemmended by Webb et al. (2008), we
considered life form as a trait with ordered statesthe analysis, from therophytes to
phanerophytes, according to the increasing dedgréeid protection. The regenerative traits,
nevertheless, were coded as a set of s - 1 binaryry variables, where s was the number of
states. We did this analysis with a phylogenege tior all species, with the Picante package
(Kembel et al. 2008) for the R environment (R Depehent Core Team 2008).
Data analyses

Since the plant communities were sampled with okfie methods and efforts, we first
established a design for comparisons among sitegdban their locations and fire
frequencies. We made the following comparisons:b@fveen the two sites we sampled in
ENP; (2) between the two sites with bi- and quadiarfires studied by Castro-Neves (2007);
(3) between the two nearby southeastern sitesestumi Cesar et al. (1988) and Durigan et al.
(1994); (4) between the two samples in a site stliby Fiedler et al. (2004); (5) between the
two sites with different periods after fire studieg Overbeck & Pfadenhauer (2007); and (6)
between the two samples in a site studied by 24103) - one sample before fire and other
after five biennially fires in the late dry seagdiable 1).

To answer whether fire constrains the phylogenstiacture of Brazilian fire-prone
communities, we compared the mean phylogeneticanist (MPD) between sites with
different fire regimes (Webb et al. 2008). We chilted the MPD as the mean phylogenetic

distance among all pairwise combinations of spe(Webb et al. 2008). The MPD is a
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measure of the phylogenetic diversity of commusitieat is computed in millions of years.
To determine whether the phylogenetic structurahef sites with high fire frequency or
recently burned sites (hereafter, HiFi) differednfrthe phylogenetic community structure of
low fire frequency or unburned sites (hereafterwEQ, we compared observed MPD values
to the distribution of MPD values for randomly geated null communities (Gotelli & Graves
1996). We generated null communities by randomisiegphylogenetic relationships among
species of both HiFi and LowFi sites. This null rebdssumes that species of the LowFi sites
are equally able to colonise HiFi sites. This pohe is implemented in Phylocom
(COMSTRUCT algorithm), which shuffles species labatross the entire phylogeny (Webb
et al. 2008). We also tested other null modeléngéemented in this software,, but the results
were the same.

Then, we calculated the net relatedness index (NRtjch was defined as [-(MPD —
MPDnull)/sd.MPDnull], where MPDnull was the mean DIRor the cerrado species from 999
null communities and sd.MPDnull was the standardatien of MPD for the cerrado species
from these 999 null communities (Webb et al. 200831 has been proposed as a measure of
tree-wide phylogenetic distance of species (Web#l.e2008). Positive NRI scores indicate
that species are more phylogenetically related éxgpected by chance, whereas negative NRI
scores indicate that species are less phylogelgtieiated than expected by chance.

Finally, we also compared the architecture of thglggenetic trees of LowFi and HiFi
sites. We assembled the phylogenetic trees fogehera sampled in the cerrado sites with the
highest fire frequencies (the annually burned siesand Durigan et al. 1994 sampled) and
cerrado sites with the lowest fire frequencies (pihetected sites we and Cesar et al. 1988
sampled), as well as in the campos without fire doe and three years (Overbeck &
Pfadenhauer 2007). Then, we computed the propodisshared nodes in the campos and

cerrado trees, by using the COMNODE algorithm & Biylocom to idendify common nodes
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between trees (Webb et al. 2008). We also ass#ssesiimilarity of families and genera with
Sgrensen indexes (Magurran 2004) between LowFiHaRdsites. We drew and determined
the number of nodes and paths of the phylogenstestwith the ADE-4 package (Analyses
des Données Ecologiques; Thioulouse et al. 1996jh® R environment (R Development

Core Team 2008).

Results

In the ENP, we found 28 species in the annuallynédrsite and 39 species in the
protected site. The species number was among fieced values for frequently burned sites
(Table 2). We found phylogenetic signals in lifenfié and regenerative traits across the
phylogeny of the 325 species investigatBd<(0.05). The values of the variance and of the
mean of the random variances of the phylogenetiependent contrasts were respectively
0.024 and 0.033 for life forms and 0.004 and 0. fad8egenerative traits.

The mean of MPDs of LowFi sites were 21%.6.6 and of HiFi sites were 215+36.6
million years, respectively. In general, no markgdtern emerged from sites with different
fire regimes (Table 2). We observed a phylogenaterdispersion as well as a phylogenetic
clustering in cerrado sites protected from firel[€a2). In campos, nonetheless, recent fires
led to a phylogenetic clustering of the plant comity(Table 2).

The phylogenetic trees of the LowFi and HiFi ceaaites, as well as of the recently
burned and unburned sites in campos, were sinita.phylogenetic trees of the cerrado sites
shared 42 nodes, which comprised all nodes ofréeedf the HiFi sites and 71% of the nodes
of the tree of LowFi sites (see Electronic apperg)ixThe phylogenetic trees of the campos
shared 45 nodes, which comprised 98% of the noflésedree of recently burned campos

and 85% of the nodes of the tree of unburned cartgees Electronic appendix 3). We found
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50 genera and 29 families in HiFi cerrado sites @Bdgenera and 39 families in LowFi
cerrado sites, and 80 genera and 25 families ientgcburned campos and 92 genera and 31
families in unburned campos. The genus and faniiylarities were high in the cerrados
(0.634 and 0.677, respectively) and in the campo82@ and 0.744, respectively).
Accordingly, frequent fires excluded some generd tmilies, but without pruning entire

older clades.

Discussion

Fire did not promote the phylogenetic clusteringcerrados. On the contrary, the fire
exclusion led to opposite patterns of phylogenatiicturing of plant communities in
cerrados. In campos, however, recent fires assehtitesely related plants. Consequently,
fire may have different roles in assembling plapéaes in cerrados and in campos. We
postulate that the absence of phylogenetic cluggeim the cerrado is mainly due to the
persistence of long-lived resprouting species.

The studies in frequently burned communities foarghort-term enrichment of the plant
communities in campos (Overbeck et al. 2005) afahg-term impoverishment in cerrados
(Durigan et al. 1994). These findings suggest &ewint role of frequent fires on these
communities, favouring a greater number of spetiesampos than in cerrado. In fact, fire
exclusion changes the specific composition of canpeading to the dominance of tall
tussock grasses, which are better competitordgbt (Rodriguez et al. 2003; Overbeck et al.
2007). In cerrados, alternatively, fire exclusidiows the growth of fire-sensitive species,
increasing the richness of woody plants (Cesalt. 4988; Moreira 2000). In other grasslands
and savannas, however, this is not always the easkfrequent fires may lead to opposite

patterns of diversity and richness (see Uys et2@D4 for references). Thus, high fire
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frequency may assemble closely related specieanpos; but, in cerrados, only the absence
of fire seems to modify the phylogenetic structafeéhe plant community. Similarly to the
patterns of species diversity in savannas (seeetygs 2004), the absence of fire in cerrados
may lead to opposite patterns of phylogenetic dityer

The absence of phylogenetic clustering in cerrady be due to the persistence of many
plant species after frequent fires. The resproutbgity is recognized as an important
dimension of the ‘persistence niche’ of plants amaly explain the survival of plants under
several environmental constraints (Bond & Midgl€d02). Most cerrado species of distant
plant lineages can resprout after complete remokéhe aboveground parts (Gottsberger &
Silberbauer-Gottsberger 2006). Whereas sproutergpise around 60% of the species in
campos (Overbeck & Pfadenhauer 2007), in cerratiey, may represent more than 90% of
the species (Gottsberger & Silberbauer-Gottsbe§$)6). Thus, the presence of a great
number of resprouting species in cerrado may pteuernto assemble closely related plants.

Savannas have experienced fire for 30 million ygBand et al. 2003). However, fire
becomes more frequent in this vegetation type wiitlly the predominance of@rasses, at 8
million years (Beerling and Osborne 2006). Thugréhwas sufficient time for multiple
colonisations in flammable environments by phylagemally distant lineages. In the
Mediterranean vegetation, conversely, fire appeavely in the Quaternary, and some
important adaptations (for example, seeders) tpaeared concomitantly to fire are also
recent (Pausas & Verdu 2005). These adaptationsameentrated in few lineages (such as
Cistaceae and Fabaceae) and are specific adapisveces to fire (Verdd & Pausas 2007).
However, fire-related traits in cerrados are ndatesl to specific families or older clades
(Simon et al. 2009). Fabaceae, for example, hasiespavith all regenerative traits and
presents vicariant species from tropical rainfo{&mon et al. 2009). In general, vicariant

rainforest species, with long and different phyloggc histories, constitute an important
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element of the component of the cerrado flora (§bettger & Silberbauer-Gottsberger 2006).
These vicariant species present functional traiish as the strong suberization of trunks and
branches, which are vital to survive in flammabteieonments (Simon et al. 2009). They
could colonise the cerrado environment because ekielve in situ such characteristics, in a
scenario of successive colonisations from lateidmri(Simon et al. 2009). In cerrado, for
example, the great number of species without comgebelonging to distant related clades
(for example, Bowdichia virgilioides Kunth, Fabaegaand Hancornia speciosa Gomes,
Apocynaceae; see Electronic appendix 3) indicdtast fires have occurred long enough to
allow a differentiation at the generic level (Gb#sger & Silberbauer-Gottsberger 2006). In
campos, fires also became very frequent only inQbaternary (Overbeck et al. 2007). Thus,
the long history of fire occurrence in cerrado nadso justify the absence of phylogenetic
clustering in their plant communities.

The similar design of the phylogenetic trees of Eownd HiFi sites also indicated that
species of campos and cerrados experience a laigtienary history of fire. Species from
different lineages share traits that allow themdierate frequent fires (Electronic appendix
1). Notwithstanding, in campos, frequent fires témdassemble closely related species. The
herbaceous component of the campos flora includegher number of €grass species that
cannot withstand high fire frequencies (Overbecklef007). In addition, the fire exclusion
in campos allows the colonisation of forest piong@ecies of distinct families (for example,
Anarcadiaceae and Sapindaceae) that cannot alsoat®lfrequent fires (Overbeck &
Pfadenhauer 2007). As a result, campos with high fiequencies may present a low
phylogenetic diversity.

Life forms and regenerative traits were evolutignemnserved on the phylogeny of plant
species of Brazilian grasslands and savannas.rergke these traits are broadly conserved

across phylogeny of European plants (Verda & Pa@683; Prinzing et al. 2008). It is well
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know that some life-forms are concentrated in a families, such as the therophytes in
Poaceae. When considering the regenerative ttatsever, this taxonomic pattern is less
evident (Electronic appendix 1), because sprousibdity is widely distributed in plant
lineages, being especially common among specid¢gish environments (Bond & Midgley
2001). Nevertheless, in some fire-prone vegetatympes, such as in Mediterranean woody
communities, germination is stimulated by fire-ded factors (heat, smoke, and charred
wood). Consequently, sprouting, although also widesd, is not predominantly favoured by
frequent fires (Verdd & Pausas 2007). In camposaanchdos, alternatively, sprouting is the
prevalent regenerative strategy after fires.

As more information on dated phylogenetic treesobexs available, analyses of
phylogenetic structure of communities will becomereasingly possible and more reliable.
The tree used here is one of the fully dated apgiws tree (Davies et al. 2004). However, it
was used a single calibration point to date it (Bs\et al. 2004). Multiple calibration points,
as well as the use of different data and methodsonstructing the trees, should bring new
insights into the phylogenetic structuring of gtasds and savannas.

Fire has been viewed as a force that triggers sifieation in fire-prone communities
(Ojeda 1998, Verdu & Pausas 2007). Nonethelesguémt fires should play different roles in
the structuring of Brazilian fire-prone communitiggromoting phylogenetic clustering in
campos, but not constraining the phylogenetic srecof cerrados. The presence of many
resprouting species in cerrados may blur the liatwken fire frequency and phylogenetic
structure of plant communities, contrary to whas Heeen observed in other fire-prone
vegetation types (Verdu & Pausas 2007). Furthadiesushould assess the relation between
fire frequency and plant relatedness in African @agstralian savannas and grasslands to

validate our generalisations.
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Table 1L Number of sites, fire frequencies, and locatibthe fire-prone communities.

Source Number of sites and fire frequencies  Looatio Vegetation
type
This study One site annually burned and other Emas National Park, central savanna

protected from fire during 12 years Brazil (18°18'S, 52°54'W)

Cesar et al. One site protected from fire during 2% orumbatai, southeastern Brazilsavanna
(1988) years (22°13'S, 47°37'W)
Durigan et al.  One site burned annually for several ltirapina, southeastern Brazil ~ savanna
(1994) years (22°15'S, 47°49'W)
Sato (2003) Three sites protected from fire durirrasilia, central Brazil (15°56’S, savanna

18 years were burned biennially from47°53'W)

1992 to 2000 in the late dry season.
Fiedler et al. One site sampled one month and thr8easilia, central Brazil (15°57’S, savanna
(2004) years after the fire 47°56'W)
Castro-Neves Two sites protected from fire during Brasilia, central Brazil (15°56'S, savanna
(2007) 18 years were burned biennially and 47°53'W)

guadrennially from 1992 to 2004
Overbeck & Two similar sites without fire for one Porto Alegre, Southern Brazil  grassland
Pfadenhauer  and three years (30°03'S, 51°07'W)

(2007)
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Table 2 Number of taxa (N), observed (MPD) and random{sedMPD) mean phylogenetic

distances, and net relatedness indexes (NRI, Welsd. 008). LowFi = sites with low

frequency of fire, HiFi = sites with high frequeno§/fire. The values of MPD and rndMPD
are in million years. Th&-value of the sites reflects the departure of theeoved MPD and

MNTD values from the null model. Significant valuss: = 0.05 are in bold.

Source Sites N MPD  mdMPD  NRI P

LowFi 39 210.3 2153 1.865 0.046
This study

HiFi 28 216.5 213.3 -0.617  0.288
Cesar et al. (1988) andLowFi 95 219.9 218.1 -1.143 0.046
Durigan et al. (1994) HiFi 44 209.0 216.5 1.491 081

LowFi 58 219.3 219.0 -0.405 0.422
Sato (2003)

HiFi 55 218.8 218.8 0.031 0.419

LowFi 40 206.5 206.1 -0.215 0.461
Fiedler et al. (2004)

HiFi 34 207.3 205.7 -0.509 0.327

LowFi 31 2111 213.1 0.486  0.300
Castro-Neves (2007)

HiFi 36 214.9 212.3 -1.095 0.133
Overbeck and LowFi 130 226.7 227.6 0.692 0.223
Pfadenhauer (2007)  HiFi 120 225.3 227.9 1.578 0.043
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Appendix 1. Species, life forms (LF), and regenerative tréi®$) of Brazilian grasslands and
savannas. We classified life forms into therophigje geophyte (g), hemicryptophyte (h),
chamaephytes (c), phanerophytes, (p), and lianand) regenerative traits in resister (r),

sprouter (s), and non-sprouter (n).

,_
T
py
5

Family Species

Amaranthaceae Pfaffia tuberosaicken
Amaryllidaceae Habranthus gracilifoliudHerb.
Anacardiaceae Anacardium humilé\. St.-Hil.

Schinus weinmanniaefoliEng|.
Annonaceae Annona coriacedMart.

Annona crassifloraMart.

Duguetia furfuracedA. St.-Hil.) Saff.

Xylopia aromaticgLam.) Matrt.
Apiaceae Eryngium ciliatumCham. & Schiltdl.

Eryngium elegan€ham. & Schitdl.

Eryngium horriduniMalme

Eryngium pristisCham. & Schitdl.

Eryngium sanguisorb&ham. & Schlitdl.

Hydrocotyle exigudalme
Apocynaceae  Aspidosperma macrocarpdiart.

Aspidosperma tomentosuvtart.

Hancornia specios&omes

Himatanthus obovatu®ull.Arg.) Woodson

Aquifoliaceae llex cerasifoliaReissek

Araliaceae Schefflera macrocarpgCham. & Schitdl.) Frodin
Schefflera vinoséCham. & Schitdl.) Frodin & Fiaschi

Arecaceae Allagoptera leucocalyxDrude) Kuntze

Butia capitata(Mart.) Becc.

Syagrus comos@art.) Mart.

Syagrus flexuos@Vart.) Becc.
Asteraceae Achyrocline satureioided.am.) DC.

Acmella bellidioidegSmith in Rees) R.K. Jansen

Aspilia montevidensiéSpreng.) Kuntze

Baccharis articulatgLam.) Pers.

Baccharis cognat®C.

Baccharis dracunculifolidC.

Baccharis intermixtaardner

Baccharis leucopappBC.

Baccharis ochrace&preng.

Baccharis patenBaker

Baccharis rufescenSpreng.
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Bignoniaceae

Baccharis sessiliflord/ahl

Baccharis trimeraDC.

Calea unifloralLess.

Chaptalia integerrimgVell.) Burkart
Chaptalia runcinataKunth

Chaptalia sinuatgDC.) Baker

Chresta sphaerocephal@C.

Conyza bonariensid..) Cronquist
Conyza chilensiSpreng.

Eremanthus eriopuBaker

Eremanthus glomerulatusess.
Eremanthus goyazengisam.) Cuatrec. & Lourteig
Eremanthus molli$ch. Bip.
Chromolaena squalidéDC.) R.M. King & H. Rob.
Eupatorium ascender&ch. Bip. ex Baker
Eupatorium intermediurdC.

Eupatorium ivaefoliuniHook. & Arn.
Eupatorium lanigeruntHook. & Arn.
Eupatorium ligulaefoliunHook. & Arn.
Eupatorium tweedianuridook. & Arn.
Eupatorium vauthierianurdC.
Gochnatia pulchraCabrera
Heterothalamus psiadioidésss.
Hieracium commersonMonnier
Hypochoerissp. L.

Lucilia acutifolia (Poir.) Cass.

Lucilia nitensLess.

Noticastrum gnaphalioide@aker) Cuatrec.
Otopappus angustifoliuSleason
Piptocarpha rotundifoligLess.) Baker
Porophyllum lanceolaturdC.
Pterocaulon rugosurfivahl) Malme
Senecio heterotrichiusC.
Stenachaenium riedeBaker

Stevia aristatdD. Don ex Hook. & Arn.
Stevia cinerascerSch. Bip. ex Baker
Verbesina subcordataC.

Vernonia bardanoidekess.

Vernonia diffusd_ess.

Vernonia flexuos&ims

Vernonia nudiflora_ess.

Viguiera anchusaefolié@DC.) Baker
Cybistax antisyphiliticgVell.) J.F. Macbr.
Jacaranda carobdVell.) A. DC.
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Tabebuia auredSilva Manso) Benth. & Hook. f. ex S. Moore p

Tabebuia caraibgMart.) Bureau
Tabebuia ochraceéCham.) Standl.

Campanulaceae Wahlenbergia linarioidegLam.) A. DC.

Caryocaraceae
Celastraceae

Caryocar brasiliensé\.St.-Hil.

Maytenus communReissek

Plenckia polpune&eissek in Mart. & Eichler
Salacia crassifoligG.Don

Salacia ellipticaG.Don

Chrysobalanacea€ouepia grandiflorgMart. & Zucc.) Benth. ex Hook. f.

Cistaceae
Clusiaceae

Combretaceae

Commelinaceae
Connaraceae

Convolvulaceae

Cyperaceae

Dilleniaceae
Ebenaceae

Erythroxylaceae

Licania humilisCham. & Schiltdl.
Halimium brasiliens€Lam.) Grosser
Kielmeyera coriacedart. & Zucc.
Kielmeyera rubrifloraCambess.
Kielmeyera speciosa. St.-Hil.
Kielmeyera variabilidMart. & Zucc.
Terminalia argentedMart.

Terminalia brasiliensigCambess. ex A. St.-Hil.) Eichler
Commelina erecta.

Connarus suberoswBlanch.

Rourea indutaPlanch.

Convolvulus crenatugahl

Dichondra serice&w.

Evolvulus sericeuSw.

Bulbostylis closiBarros

Bulbostylis juncoidegvahl) Kik. ex Osten
Bulbostylissp

Bulbostylis sphaerocephal@B.Clarke
Carex phalaroide&unth

Cyperus aggregatu@Villd.) Endl.
Cyperus lanceolatuBoir.

Rhynchospora globularigChapm.) Small
Rhynchospora setigef&unth) Boeckeler
Scleria sellowian&unth

Scleriasp.

Dauvilla elliptica A. St.-Hil.

Diospyros burchelliHiern

Diospyros hispida. DC.

Diospyros inconstan3acq.
Erythroxylum ambiguurA. St.-Hil.
Erythroxylum argentinur®.E. Schulz
Erythroxylum campestra. St.-Hil.
Erythroxylum deciduur. St.-Hil.
Erythroxylum suberosum. St.-Hil.
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Euphorbiaceae

Fabaceae

Erythroxylum tortuosuriviart.

Croton nitrariifolium Baill.

Croton thermarunMull.Arg.

Euphorbia sello(Klotzsch & Garcke) Boiss.
Manihot tripartita (Spreng.) Mull.Arg.
Pera glabrata(Schott) Poepp. ex Baill.
Acosmium dasycarpuivogel) Yakovlev
Acosmium subelegalsliohlenbr.) Yakovlev
Aeschynomene elega@bam. & Schitdl.
Anadenanthera falcatéBenth.) Speg.
Andira humilisMart.

Andira inermis(W. Wright) Kunth ex DC.
Bauhinia rufa(Bong.) Steud.

Bowdichia virgilioidesKunth

Centrosema virginianurfL.) Benth.
Chamaecrista nictitansloench

Clitoria nanaBenth.

Collaea stenophyll@Hook. & Arn.) Benth.
Copaifera langsdorffi{Desf.) Kuntze
Crotalaria tweedianaenth.

Dalbergia miscolobiunBenth.
Desmanthus tatuhyendikehne
Desmodium incanumC.

Dimorphandra mollilBenth.

Enterolobium gummiferurgMart.) J.F. Macbr.

Galactia marginalisBenth.

Hymenaea stigonocarpdart. ex Hayne
Machaerium acutifoliunvogel
Machaerium opacuriogel
Machaerium stipitatunvogel
Machaerium villosunvogel
Macroptilium prostratun{Benth.) Urb.
Mimosa amnis-atrBarneby

Mimosa claussenBenth.

Mimosa parvipinnaBenth.

Plathymenia reticulat®enth.
Platypodium elegangogel

Pterodon pubescerigenth.

Rhynchosia diversifolidicheli
Sclerolobium aureur(irul.) Baill.
Stryphnodendron adstringefidlart.) Coville
Stryphnodendron obovatuBenth.
Stylosanthes monteviden$isgel
Sweetia dasycarp@/ogel) Benth.
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Iridaceae

Vatairea macrocarpdBenth.) Ducke
Zornia sericeavioric.

Cypella coelestigLehm.) Diels
Sisyrinchium macrocephalu@raham
Sisyrinchium scariosumM.Johnst.
Sisyrinchium vaginatur8preng.

Lacistemataceae Lacistema floribundurvlig.

Lamiaceae
Lauraceae

Linaceae
Loganiaceae

Lythraceae

Malpighiaceae

Malvaceae

Glechon squarros&enth.

Salvia procurren8enth.

Ocotea acutifoligNees) Mez

Ocotea pulchellgNees) Mez

Cliococca selaginoideg.am.) C.M. Rogers & Mildner
Strychnos brasiliensiSpreng.) Mart.
Strychnos pseudoquirfa St.-Hil.

Cuphea glutinos&ham. & Schiltdl.
Lafoensia pacarA. St.-Hil.

Byrsonima coccolobifoligunth

Byrsonima crassalied.

Byrsonima crassifolia Lunan ex Griseb.
Byrsonima intermedid. Juss.

Byrsonima pachyphyllA. Juss.

Byrsonima verbascifoliél..) DC.
Heteropterys byrsonimifoliA. Juss.
Heteropterys escalloniifolid. Juss.
Eriotheca gracilipegK. Schum.) A. Robyns
Eriotheca pubescern®art. & Zucc.) Schott & Endl.
Krapovickasia urticifolia(A. St.-Hil.) Fryxell
Pavonia hastat&av.

Sida rhombifolial.

Waltheria douradinha. St.-Hil.

Wissadula glechomatifoliR.E.Fr.

MelastomataceaelLeandra involucratdDC.

Monimiaceae

Leandra lacunos&ogn.

Miconia albicangSw.) Triana
Miconia ferruginataDC.

Miconia langsdorffiiCogn.
Miconia ligustroidegDC.) Naudin
Miconia pohlianaCogn.

Miconia rubiginosaBonpl.) DC.
Miconia sellowianaNaudin
Miconia stenostachyBC.
Tibouchina clidemioide€ogn.
Tibouchina graciligBonpl.) Cogn.
Siparuna guianensiaubl.
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Moraceae
Myristicaceae
Myrsinaceae

Myrtaceae

Nyctaginaceae

Ochnaceae
Oxalidaceae

Poaceae

Brosimum gaudichaudiirécul
Virola sebiferaAubl.

Myrsine ferruginegdSw.) R. Br. ex Roem. & Schult.

Myrsine guianensi§Aubl.) Kuntze
Myrsine lancifoliaMart.

Myrsine umbellatgdMart.) Mez
Blepharocalyx salicifoliugkunth) O.Berg
Campomanesia aurga.Berg
Campomanesia cambessede@nBerg
Campomanesia pubescgiMart. ex DC.) O.Berg
Eugenia aurataD.Berg

Eugenia bimarginat®.Berg

Eugenia lividaO.Berg

Eugenia piauhiensi®.Berg

Eugenia punicifolig Kunth) DC.

Myrcia albotomentos®C.

Myrcia castrensigO.Berg) D.Legrand
Myrcia lingua(O.Berg) Mattos

Myrcia multiflora(Lam.) DC.

Myrcia rostrataDC.

Myrcia tomentosgAubl.) DC.

Psidium laruotteanur@ambess.
Psidium myrsinoide®.Berg

Psidium pohlianun®.Berg

Guapira graciliflora(Mart. ex J.A.Schmidt) Lundell
Guapira noxia(Netto) Lundell

Neea theiferaDerst.

Ouratea hexasperm@. St.-Hil.) Baill.
Ouratea spectabiligMart. ex Engl.) Engl.
Oxalis brasiliensi<s. Lodd.

Oxalis conorrhizalacq.

Andropogon lateralidNees

Andropogon leucostachy#sinth
Andropogon selloanu@ack.) Hack.
Andropogon ternatublees.

Aristida circinalisLindm.

Aristida filifolia (Arechav.) Herter
Aristida flaccidaTrin. & Rupr.

Aristida laevis(Nees) Kunth

Axonopus suffultuviikan ex Trin.) Parodi
Briza calothecdTrin.) Hack.

Brizasp.

Briza subaristatd_am.

Briza uniolae(Nees) Steud.
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Polygalaceea
Proteaceae
Rubiaceae

Salicaceae
Sapotaceae

Danthonia montevidensidack. & Arechav.
Danthonia secundiflord.Presl & C.Presl
Dichanthelium sabulorurfLam.) Gould & C.A.Clark
Elionurus muticugSpreng.) Kuntze
Eragrostis polytrichaNees

Leptocoryphium lanaturgKunth) Nees
Melica brasilianaArd.

Panicum peladoenddenrard

Paspalum plicatulunMichx.

Piptochaetium monteviden§gpreng.) Parodi
Saccharum asperuteud.

Schizachyrium microstachyufidam.) Roseng., B.R.Arrill. &

lzag.

Schizachyrium spicatugspreng.) Herter
Schizachyrium teneruidees
Setaria parviflora(Poir.) Kerguélen
Setaria vaginaté&preng.
Sporobolus multinodislack.

Stipa filiculmisDelile

Stipa filifolia Nees

Stipa tenuiculmigiack.
Trachypogon montufailees
Monnina oblongifoliaArechav.
Roupala montanaubl.

Alibertia macrophyllaK.Schum.
Amaioua guianensi&ubl.

Borreria capitataDC.

Borreria fastigiataK.Schum
Borreria verticillataG.Mey.
Chiococca albgL.) Hitchc.

Diodia apiculata(Willd. ex Roem. & Schult.) K.Schum.

Galium uruguayensBacigalupo

Palicourea rigidakunth

Psychotria sessilivell.

Relbunium hirtunK.Schum.

Richardia grandiflora(Cham. & Schltdl.) Steud.
Richardia humistratdCham. & Schltdl.) Steud.
Tocoyena formosgCham. & Schlitdl.) K.Schum.
Casearia sylvestriSw.

Pouteria ramiflora(Mart.) Radlk.

Pouteria torta(Mart.) Radlk.

Scrophulariaceae Angelonia integerrim&preng.

Gerardia communi€ham. & Schiltdl.
Mecardonia herniarioide¢Cham.) Pennell
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Smilacaceae
Solanaceae

Styracaceae
Symplocaceae
Thymelaeaceae
Turneraceae

Velloziaceae
Verbenaceae

Vitaceae
Vochysiaceae

Smilax campestriGriseb.

Petunia integrifolia(Hook.) Schinz & Thell.
Solanum lycocarpurA. St.-Hil.

Styrax camporuriohl

Styrax ferrugineuslees & Mart.
Symplocos rhamnifolia. DC.
Symplocos tenuifoliBrand

Symplocos uniflorégPohl) Benth.
Daphnopsis fasciculatéMeisn.) Nevling
Turnera selloiArechav.

Turnera sidoides.

Vellozia squamat&onhl

Aegiphila lhotzkian&ham

Glandularia megapotamicgSpreng.) Cabrera & G.Dawson
Lantana montevidens{§$preng.) Brig.
Verbena ephedroidgSham.

Verbena pseudojuncé&ay) Moldenke
Cissus striateRuiz & Pav.

Qualea dichotom@Mart.) Warm.
Qualea grandifloraMart.

Qualea multifloraMart.

Qualea parvifloraMart.

Vochysia cinnamomeRohl

Vochysia ellipticaviart.

Vochysia thyrsoideRohl

Vochysia tucanoruriart.

T ©T T T T T T T ~—~ OIS O >JToOOT OOOT0T T oT T T T OS5 —

- =S == = = = = = 0O ununuunuun - =" NHws >SS =35 0o

127



Appendix 2. Summary of the phylogenetic tree assembled f@ziBan savanna species
under (A) annual fire frequency and (B) fire exabums The tree A presents 41 nodes and 91
branches, and the tree B presents 58 nodes andrhBthes. We based the relationship

among families on the Angiosperm super-tree of Bseit al. (2004).
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Appendix 3. Summary of the phylogenetic tree assembled faziBan grassland species (A)
one year and (B) three years after fire. The trg@esents 46 nodes and 126 branches and the
tree B presents 53 nodes and 143 branches. We thaseelationship among families on the

Angiosperm super-tree of Davies et al. (2004).
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V - Conclusao geral
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Concluséo geral

O fogo é um importante filtro ambiental para asnfdla de cerrado em uma pequena
escala espacial, promovendo agrupamentos fendtipgaato de espécies do componente
herbaceo-subarbustivo quanto do componente arbuativoreo. Quando a frequéncia de
fogo é reduzida, a competicdo pode promover unm@edido fenotipica das plantas. Contudo,
elevadas frequéncias de fogo parecem nao afetatr@uga filogenética da comunidade e
nenhum padrédo parece emergir em nas escalas espagiestigadas. Postulamos que a
auséncia de agrupamentos filogenéticos em cerraddsvido a persisténcia de espécies
rebrotantes de longa vida e a presenca de esplxi@zhagens filogeneticamente distantes.
Por outro lado, em escala espacial regional, anaiss@&o fogo pode modificar a estrutura
filogenética em cerrados, levando a padrdoes opaitosstruturacdo, ou seja, a atracao e
dispersao filogenética. Isso porque a exclusdmdo permite que espécies tanto de linhagens

distantes quanto aparentadas colonizem o ambiente.
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