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a b s  t r a  c t

An essential characteristic  of  savannas  is the  presence  of two main plant  functional  types: grasses  and

trees. The  tree–grass  coexistence in savannas  is  expected to be stabilised  either deterministically  by  water

availability or  by occurrences  of  fire and  herbivory.  However,  under a  neutral  macroevolutionary perspec

tive, functional  types could arise purely as  a consequence  of branching  processes in  plant lineages.  We

sought plant  functional  types  in cerrado by assessing  360 species and  11  functional  traits  that correspond

to  important  dimensions of the niche of plants.  Then,  we tested  whether random  branching processes

in  plant lineages  could  generate  the  observed  plant  functional  types. We sought  functional  types  with

the  kmeans partitioning analysis.  We  constructed  a phylogenetic  tree for all  species  sampled  and tested

whether  the  phylogeny could  be  generated by  one  of  the branching  processes  that  can  randomly  produce

functional  types:  (1)  pure  birth, (2)  rateconstant  birth–death,  and  (3) ratevariable  birth–death  mod

els. Then, we  compared the functional  types we observed  with a multivariate  analysis of variance in a

phylogenetic context. Two  major  functional  types characterised  the cerrado plant  community  –  one  type

dominated by grasses  and herbaceous  shrubs  and  other  by woody shrubs  and trees.  These  functional

types  were  different from  the functional  types simulated  under  Brownian motion  of evolution of traits.

Thus,  underlying  adaptive processes rather  than random evolutionary processes accounted  for the  plant

functional  types. The herbaceous  and woody  functional  types  seem to have appeared  as  a  consequence

of  adaptive  processes  of plants  to cope mainly with  water availability,  fire,  and  herbivory.  However,  the

niche  partition between  herbaceous and woody species  supports  that  the  reduction  in the  competitive

interactions  may be also important  to the stable  coexistence between  trees  and grass in savannas.

© 2011 Elsevier GmbH. All rights reserved.

Introduction

An essential characteristic of  savannas is the presence of two

main plant functional types (nonphylogenetical groups of  species

that have similarities in their resource uses and responses to biotic

and abiotic factors; Wilson, 1998): grasses and trees (Bourlière

and Hadley, 1970; Scholes and Archer, 1997; Sankaran et  al.,

2005; Gottsberger and SilberbauerGottsberger, 2006a).  Although

differences in the  relative abundance of plants in  these groups

promote considerable variations in the physiognomy of  savannas

(Gottsberger and SilberbauerGottsberger, 2006a),  the coexistence

of grass and tree species maintains savannas clearly distinct from

grasslands and forests (Higgins et al.,  2000; Batalha and Martins,

2002; Bond et al., 2005). Most authors agree that the association
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among several factors, such as  species interactions (competition

and facilitation), resource availability (nutrients and water), and

disturbance regimes (fire and herbivory), determines the balance

between herbaceous and woody plants (Scholes and Archer, 1997;

Sankaran et al., 2004). However, the predominant mechanisms that

allow  the persistence of the these two groups in  savannas – the

tree–grass coexistence hypotheses – are still in intense debate by

ecologists (Higgins et al., 2000; Baudena et  al., 2010; February and

Higgins, 2010).

The fossil evidence of savannas occurring globally for at least 8

million years (Bond et al., 2005; Beerling and Osborne, 2006) eas

ily dispels that they are  dynamic plant communities continuously

moving towards either forest or grasslands. This long historical

existence indicates therefore that savannas are stable systems and,

as such, they are thought to support stable longterm interactions

between trees and grasses (Baudena et al., 2010). A first attempt to

explain this stable coexistence was  with resourcebased models,

which invoke the partitioning of rooting niches of  herbaceous and
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woody species (Walker and NoyMeir, 1982; Scholes and Archer,

1997; Sankaran et al., 2004). Nevertheless, differences in root depth

between trees and grasses are  rarely observed in field (Scheiter

and Higgins, 2007; February and Higgins, 2010), and disturbance

based models have been increasingly tested. According to these

models, disturbances, such as fire,  drought, and herbivory, sus

tain predominantly the tree–grass stability, because they prevent

the recruitment of  tree seedlings into adult classes and, conse

quently, savannas from  becoming forests (Higgins et  al.,  2000).

More recently, Sankaran et  al. (2005) demonstrated that distur

bances are major determinants only in  humid savannas, where

water availability would allow the tree dominance. In dry savan

nas, however, the trees are constrained by  the low soil moisture

availability, and tree–grass coexistence is deterministically stable

(Sankaran et al., 2005).  Thus, depending on prevailing environmen

tal conditions, the tree–grass coexistence in savannas is  expected to

be stabilised either deterministically by resources (water availabil

ity) or by disturbances (fire  and herbivory; Sankaran et al., 2005;

Baudena et al., 2010).

Although the tree–grass persistence in savannas has been

increasingly evaluated (Higgins et  al.,  2000; Baudena et  al., 2010;

February and Higgins, 2010), the phylogenetic history of  the trees

and grasses in  savanna has not received much consideration. Under

a neutral macroevolutionary perspective, functional types could

arise purely as a consequence of  branching processes in plant lin

eages (Raup and Gould, 1974; Bookstein, 1988; Pie and Wietz,

2005). Evolutionary radiations result in  a  certain distribution of

trait values within a  species assembly as lineages diversify, that

is, in a certain morphospace (Ricklefs and Travis, 1980). How

ever, when extinction occurs everywhere in the morphospace

and speciation occurs next to an extant lineage, the species have

similar functional trait values and the occupation of the mor

phospace is  consequently restricted (Pausas and Verdú, 2008). In

this case, the resulting functional group is a product of  a random

evolutionary process rather than an underlying adaptive process

(Bookstein, 1988; Pie and Wietz, 2005; Pausas and Verdú, 2008).

Moreover, when a species lineage expands into morphospace,

it becomes less and less probable that  a random morphological

change will lead outside the volume of  the morphospace already

occupied by the lineage, probably due to  genetic, developmen

tal, and ecological constraints (Gavrilets, 1999; Pie and Wietz,

2005; Pausas and Verdú, 2008). Thus, plant functional types, which

by definition are groups of plants with limited occupation of

the morphospace (Wilson, 1998), should be tested against depar

tures from functional types obtained under a neutral evolutionary

mode.

Wherever drought, fire,  and herbivory are important ecologi

cal factors, they act  as  environmental filters selecting species with

similar niches (Díaz et al., 1998; Weiher et  al.,  1998; Pausas and

Verdú, 2008). Plant species assembled by the same environmental

filters exhibit frequently similar tolerances to abiotic conditions or

responses to  biotic injuries and, as a result, share similar morpho

logical and physiological characteristics, that is,  similar functional

traits (Cornwell et al., 2006; Pausas and Verdú, 2008; Silva and

Batalha, 2010). However, several functional types emerge generally

from communities under environmental filters (Díaz et al.,  1998;

Pausas and Lavorel, 2003; Keith et al., 2007), simply because differ

ent ecological strategies solve the same ecological problems (Bond

and Midgley, 2001; Winkler and Fischer, 2001; Wainwright, 2007).

Even in communities where an environmental condition is  pre

dominant, such as  in  Australian dry woodlands with a pronounced

annual drought (ca. 300 mm  of  annual rainfall), a number of func

tional types appear (Leishman and Westoby, 1992). Thus, plant

functional types other than trees and grasses are also predicted

to  be important in savannas.

In this study, we  sought plant functional types  in cerrado,

the largest savanna region in South America (Gottsberger and

SilberbauerGottsberger, 2006a),  by assessing 360  species and 11

functional traits.  We chose traits that are considered vital for regen

eration, reproduction and dispersal (Cornelissen et al.,  2003)  and,

hence, that correspond to important dimensions of  the niche of

plants (Kraft et al., 2008). Then, we tested whether random branch

ing processes in plant lineages could generate the observed plant

functional types. In a nutshell, we tried to answer the following

questions: (1) Are there important functional types in cerrado other

than trees and grasses?; (2)  Could the evolution of cerrado species

be determined predominantly by random branching processes?; If

so, (3) could the plant functional types in cerrado be generated by

random evolution of  traits?

Methods

We surveyed a  woodland cerrado site, in  Itirapina Experi

mental Station, Itirapina municipality, southeastern Brazil, located

approximately at 22◦13′S,  47◦51′W.  Regional climate is warm

temperate with rainy summers and dry winters (Köppen, 1948).

Within a grid with 200  quadrats of  25 m2 (5 m  × 5 m),  we ran

domly  picked 50 quadrats, where we  sampled all vascular plants

in 12 monthly field trips from August 2005 to July 2006. We

identified the species and characterised their niches classify

ing them in relation to 11  qualitative functional traits: (1)

lifeforms (phanerophyte, chamaephyte, hemicryptophyte, geo

phyte, and therophyte); (2) growthforms (dwarf shrub, epiphyte,

erect leafy,  herbaceous and  woody liana, palmoid, parasite, semi

basal, short basal, shrub, succulent, tree, and tussock); (3) height

class (up to 0.25 m, 0.25–0.5 m,  0.5–1.0 m,  1.0–5.0 m,  and higher

than 5.0 m);  (4) pollination mode (anemophily, cantherophily,

chiropterophily, generalist pollination, melittophily, myiophily,

ornithophily, phalenophily, psychophily, sphingophily, and by

thrips); (5)  flower odour (fruity, spicy, resinous, sweet, unpleas

ant, and no odour); (6) anthesis (diurnal, nocturnal, or  both); (7)

perianth colour (blue, brown, cream, green, orange, pink, red, vio

let, white, and yellow); (8) flower sexuality (hermaphrodite and

unisexual); (9) propagule type (dry seed, fleshy seed, dry fruit, and

fleshy fruit); (10) dispersal mode (active and passive autochory,

anemochory of  plumed seed and of  winged seed, endozoochory,

epizoochory, and synzoochory); and (11) presence of trichomes in

the leaves. The lifeforms and growthforms were classified accord

ing  to Cornelissen et  al. (2003),  the height classes, according to

Skov (2000),  and the reproductive and dispersal traits, according to

Gottsberger and SilberbauerGottsberger (2006a,b).  We  obtained

additional data on plant species and functional traits in cerrado

from published studies (Gottsberger and SilberbauerGottsberger,

2006a,b; Martins and Batalha, 2006).

Most of the cerrado species present belowground organs,

which allow them to sprout after fires that remove com

pletely the aboveground parts of the plant (Gottsberger and

SilberbauerGottsberger, 2006a,b). As a consequence, the tradi

tional classification of cerrado species according to survival after

fire (that is, sprouters, resisters, and seeders sensu; Bond and Van

Wilgen, 1996) become impracticable. For that reason, we  used the

life forms of  species as a proxy for regenerative strategies of cerrado

plants.

To answer our first  question, we constructed a matrix with

the species in rows and the functional traits as dummy variables

in columns. Then, we sought functional types with the kmeans

partitioning analysis (Legendre and Legendre, 1998). The kmeans

partitioning consists in, given  n objects in  a  pdimensional space,

determining the partition of  the objects in k groups, so that  objects
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within a given group are more similar among themselves than

among objects in other groups (Legendre and Legendre, 1998). We

randomly assign the objects into 2–10 groups and, for each value

of k, we calculated the pseudostatistics F (Calinski and Harabasz,

1974), with the kmeans software (Legendre, 2001). The best par

tition is that in which the number of groups showed the highest

F  value (Legendre and Legendre, 1998). In addition, we compared

the number of groups by  plotting the F  values against k. An  abrupt

change between the highest and the second highest F  values (i.e.,

the knee point detection) would confirm the number of  groups  in

the data for the highest F  value. To obtain the functional traits that

were better associated with the functional types, we  also ordered

the data with a  principal component analysis and constructed a

biplot with both species and functional trait scores, distinguish

ing the functional types previously assigned by  the partitioning

analysis (Legendre and Legendre, 1998).

To answer our second and third questions, we constructed

first a phylogenetic tree for all species using the phylomatic

module (Webb and Donoghue, 2004) of  the Phylocom software

(Webb et al.,  2008). The phylomatic is  a  phylogenetic toolkit

for the assembly of phylogenetic trees based on several pub

lished phylogenies (Webb and Donoghue, 2004). The lengths of

the branches were estimated from ages of the current phylo

matic tree (tree R20080147). We fixed the root and all dated

nodes, and we extrapolated branch lengths, placing the non

dated nodes evenly between dated nodes and between dated

nodes and terminals, using the bladj algorithm in  the Phylocom

software (Webb et  al., 2008). When a  family node  presented poly

tomies, we distributed the genera into their subfamilies following

the last angiosperm phylogenetic relationship (Angiosperm Phy

logeny Website, http://www.mobot.org/MOBOT/research/APweb/

and several recent published papers). We  assigned branch lengths

of these genera by spacing undated nodes evenly above the family

node.

Then, we tested whether the phylogeny could be generated by

one of  the branching processes that can produce randomly func

tional types: (1) pure birth, (2) rateconstant birth–death, and (3)

ratevariable birth–death models (Nee, 2001; Rabosky, 2006). We

compared the fits of the three models of  evolution by means of  like

lihood ratio tests, using the laser package for R (Rabosky, 2006).  In

likelihood methods, model selection is similar to hypothesis test

ing, by comparing a rateconstant model (models 1 and 2) to a

model where diversification rates have varied over time (model

3). The Akaike Information Criterion (AIC; Akaike, 1973) has been

widely used to  select among different models of  diversification

(Rabosky, 2006; Rabosky and Lovette, 2008). AICs are calculated

for a set of models, and the model with the lowest  AIC is taken to

be the model that best approximates the data (Rabosky, 2006). We

also did this analysis considering only the phylogeny of Fabaceae

(54 species in  total, see Appendix 1 in  Supplemental Material),

because this family shows the best timecalibrated resolution of

polytomies among genera when comparing to published phyloge

nies of other cerrado families (Simon et  al., 2009). In addition, the

Fabaceae assembles species with most of  the functional traits stud

ied here. The remaining politomies within genera were solved by

dichotomising randomly the phylogeny of congeners.

To answer our last question, considering all sampled species, we

first summarised all trait information into three orthogonal ordi

nation axis (Ricklefs and Travis, 1980), with a principal coordinate

analysis (Legendre and Legendre, 1998). Then, we compared the

functional types we observed with a multivariate analysis of  vari

ance in a  phylogenetic context. We compared the observed value of

the Wilkis statistic (i.e., the likelihood ratio statistic) of this multi

variate analysis of  variance to a  distribution of  values of the Wilkis

statistic expected from simulated functional types. These simulated
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Fig. 1.  Distribution of  F values from the pseudostatistics proposed by Calinski and

Harabasz (1974) against number of groups in  the  kmeans partitioning analysis

(Legendre  and Legendre, 1998).

functional types were obtained from trait axes  generated under

a Brownian motion model of evolution of  the species. We  simu

lated the values of  the trait axes using the phylogeny of all  species

and the observed independent contrasts between them (i.e., the

evolutionary variancecovariance matrix, Revell et al., 2007). We

compared the observed values of the Willis statistic to a  distribu

tion  of  1000 simulated values with the geiger package for R  (Harmon

et al., 2008). If the value of the Willis statistic for the observed

functional types was not different from the values expected from

simulated functional types, then we  could not reject the possibil

ity that the observed functional types were generated by random

branching processes during the evolution of cerrado plants (Pie and

Wietz, 2005).

Results

We  obtained the functional traits of 360 plant species belong

ing to 67 families – 93 species sampled in  Itirapina and the others,

from literature (Appendix 1 in Supplemental Material). The high

est value of F  which represented the best partition of  species in the

kmeans analysis was  68.630 for two groups (Fig. 1). For the other

numbers of groups, the values of  F decreased successively from

three (46.413) to 10 groups (27.367) (Fig. 1). We found hence two

main functional types in cerrado: one represented by herbaceous

and small shrubby species (herbaceous type) and other represented

by large shrubby and tree species (woody type) (Appendix 1  in

Supplemental Material,  Fig. 2). The herbaceous type was  charac

terised mainly by the hemicryptophytic lifeform, tussock habit,

green flowers with no odour, dry fruits passively dispersed, and

hairy  leaves. The woody type was characterised mainly by phanero

phytic lifeform, tree habit, coloured flowers with sweet odour,

fleshy fruit dispersed by animals, and glabrous leaves (Fig. 2).

The phylogeny of all species did not fitted well any evo

lution mode (AIC = 92.658 for the pure  birth and rateconstant

birth–death model, and AIC = 262.943 for the ratevariable

birth–death model), mainly because of the lack of  resolution of

the  phylogenetic tree. However, the branching pattern of the

Fabaceae phylogeny (Fig. 3) fitted a ratevariable birth–death

model (AIC = 5.136, LH =  0.432, r1 =  0.146, r2 = 0.008) better than

the pure birth model (AIC = 39.128, LH =  −18.564, r = 0.089) and

the  rateconstant birth–death model (AIC = 41.128, LH =  −18.564,

r =  0.089).
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Fig. 2. Biplot of plant species belonging to  the woody functional type (white circles) and to  the  herbaceous functional type (black circles) and main functional traits (vectors)

in  cerrado. The main functional traits were related to lifeforms (ph =  phanerophyte, hem =  hemicryptophyte, t  = therophyte), growthforms (trees and tussocks), plant height

(height 2  = 0.25–0.5 m, height 3 = 0.5–1.0 m,  height 4 =  1.0–5.0 m, height 5  =  higher than 5.0 m),  pollination modes (generalist = gen, melittophily = bee), flower odour (sweet

and no odour), flower color (green, yellow, and  white), propagule type (dry  fruit = dryfru, dry seed =  drysee, flesh fruit = flesfr), dispersal mode (endozoochorous =  end, passive

autochourous = pass, anemochory of  winged seed = wing) and presence (trich) or absence (glab) of  trichomes. Short vectors were omitted.
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Fig.  3. Phylogenetic tree of  the Fabaceae species in cerrado. The relationship among

genera was based on Phylomatic’s reference tree (R20080147; Webb & Donoghue,

2004)  and Simon et al. (2009).  The scale is in  million years.

The herbaceous and woody functional types  were also different

according to the multivariate analysis of  variance (Wilks =  0.198,

F = 472, P < 0.001). These functional types  were different from

the functional types simulated under  random evolution of traits

(P <  0.001). Thus, underlying adaptive processes rather than ran

dom evolutionary processes accounted for the ecological strategies

associated with herbaceous and woody functional types in  cerrado.

Discussion

Two major functional types emerged from cerrado plants: one

type dominated by grasses and herbaceous shrubs and other by

woody shrubs and trees. Grasses and trees are the growthforms

that characterise the savanna physiognomy (Scholes and Archer,

1997)  and, as such, they are considered undeniably important func

tional types (Sankaran et  al., 2004; Baudena et al., 2010). However,

other important types could also appear in savannas because of  the

several ecological responses of plants to the same environmen

tal problems (Bond and Midgley, 2001; Wainwright, 2007). This

seems to be the case in cerrado, where two larger functional types

– a  herbaceous and a  woody type  – which  encompass grasses and

trees, seem to encapsulate the predominant ecological strategies

of plants to cope with environmental constraits.

The resourcebased model of  tree–grass coexistence in savan

nas predicts niche partitioning between grasses and trees (Scholes

and Archer, 1997). This model is  frequently refuted in  experi

ments focusing on the partition of rooting niches (Scheiter and

Higgins, 2007; February and Higgins, 2010). Nevertheless, differ

ences between herbaceous and woody species arise when other

dimensions of the niche are considered (Fig. 1). In relation to the

regenerative niche of  plants, most of  the herbaceous species were

characterised by the hemicryptophytic and therophytic lifeform,

whereas the woody species, by the phanerophytic lifeform. So,

herbaceous species seem to have two main ecological strategies

to deal with fire and drought, which are different from that of

the woody species – the hemicryptophytes are  able to resprout

promptly after the disturbance and the therophytes to avoid the

disturbances, whereas the phanerophytes are able to  resist the

disturbances (Bond and Midgley, 2001; Cornelissen et al., 2003).
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The hemicryptophytes and phanerophytes are always well  repre

sented in cerrado sites, and these overrepresentations distinguish

the cerrado from other vegetation types (Batalha and Martins,

2002). In regard to the aspects of  niche associated with dispersal,

for example, most of the herbaceous species disperse predomi

nantly dry fruits without assistance of animals, whereas most of

the woody species disperse predominantly fleshy fruits  that are

eaten by animals (Fig. 1). These findings are  in accordance with the

generalisation made by various authors that the biotic dispersal

is associated with woody plants and the abiotic dispersal modes,

with herb plants (Hughes et  al.,  1994; Ozinga et al.,  2004). The dis

tinct phenological periods between herbaceous and woody species

are also an evidence of niche partitioning in cerrado (Batalha and

Martins, 2004). Thus, the differences in several dimensions of  the

niche of herbaceous and woody species support the resourcebased

model of tree–grass coexistence in savannas.

However, some functional traits seem to be  common in both

herbaceous and woody species, such as the dispersal of dry seeds

(Fig. 1).  In this case, overall environmental filters may account for

the similar responses of  the plants (Díaz et al.,  1998; Weiher et al.,

1998). The dispersion of  dry seeds tend to be common in  commu

nities with frequent disturbances, where a selective advantage is

gained by those species that succeed in  spreading high propagule

densities across large parts of the landscape (Ozinga et  al., 2004).

Thus, the dispersal of  dry seeds, mainly those winged ones, seems

to be an overall ecological strategy favoured by  the pronounced dry

season and frequent fires in cerrado.

Our results also supported that  random branching pro

cesses alone, which could potentially generate functional types

(Bookstein, 1988; Pie and Wietz, 2005), do not explain the ori

gin of herbaceous and woody species in  cerrado. The phylogeny

of Fabaceae was better described by the ratevariable birth–death

model, in  which both speciation and extinction have occurred at

different times during the evolutionary process. Considering that

the radiation of  most of the plant species in cerrado was  in situ  via

frequent recent adaptive shifts to resist fire stands (Simon et  al.,

2009), it is  reasonable to suppose that other families also had

similar variable rates of  speciation and extinction. Under a  neu

tral evolutionary scenario, these variable paterns of  speciation and

extinction could produce functional types (Pie and Wietz, 2005).

Nevertheless, the simulated functional types evolving according to

a stochastic model did not reproduce the discrete morphospace

occupation of  the observed functional types. Thus, adaptive pro

cesses explain the evolution of the distinct functional responses of

herbaceous and woody species in cerrado.

We sought functional types considering traits that are consid

ered vital for regeneration, reproduction and dispersion of  plants

(Cornelissen et  al.,  2003). However, we could not include two  other

important plant functional traits associated with the responsive

ness to opportunities for rapid growth and the ability to  cope with

disturbances –  the specific leaf area and the seed mass (Westoby,

1998). These traits are expected to vary largely among woody

species in savannas (Hoffmann and Franco,  2003; Hoffmann et al.,

2005). Nonetheless, between herbaceous and woody species, the

variation of  these traits is  still not  understood. As long as herba

ceous and woody species exhibit distinct ecological strategies

associated with the traits assessed here, differences are  expected to

arise when specific leaf  area and seed mass are also evaluated. Fur

ther studies should seek differences in these traits to validate the

generalisations concerning the herbaceous and woody functional

types.

The functional types we found here  should be seem as  an

starting point for the construction of more  elaborate functional

classifications for savanna species. The two groups we  identified

with kmeans partitioning analysis were those in which  species

were more similar among themselves than among species in  other

groups (Legendre and Legendre, 1998). However, these two large

functional types contain smaller types into  which species share a

number of functional similarities. The purpose of  clustering analy

ses, such as the kmeans partitioning, is to identify various objects

types that may  be used to describe the structure of the contin

uum; it is thus immaterial to wonder whether these clusters are

natural or unique (Legendre and Legendre, 1998; Anderson and

Clements, 2000). Notwithstanding, functional types are still more

useful than taxonomic groups when one is interested in explain

ing plant responses to environmental changes (Wilson, 1998; Díaz

et al., 1998).

In conclusion, two major functional types characterised the cer

rado plant community – the herbaceous and the woody functional

types. These functional types seem to have appeared as  a conse

quence of adaptive processes of plants to cope mainly with water

availability and fire rather than as a  consequence of stochastic

branching processes during the evolution of  plant lineages. How

ever, the niche partition between herbaceous and woody species

supports that the reduction in  the competitive interactions may be

also important to the stable coexistence between trees and grass

in savannas.
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