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and Mg), herbs (high values of SLA, leaf N and leaf Fe), 
palms (high values of stomatal conductance, leaf transpi-
ration and leaf K) and woody eudicots (sub-shrubs, shrubs 
and trees; low SLA and high leaf Ca and Mg). Despite the 
large range of variation among species for each individual 
trait and the independent evolutionary trajectory of indi-
vidual species, growth forms were strongly associated with 
particular leaf trait combinations, suggesting clear evolu-
tionary constraints on leaf function for morphologically 
similar species in savanna ecosystems.

Keywords Cerrado · Ecophysiology · Niche separation · 
Palm · Traits

Introduction

In accordance with the niche theory, habitat filtering and 
phylogeny act in concert to shape which functional strate-
gies can be successful in a particular environment (Webb 
et al. 2002; Fukami et al. 2005; Grime 2006). Temporal and 
spatial variability in abiotic filters may promote significant 
functional diversification (Lortie et al. 2004; Grime 2006; 
Cavender-Bares et al. 2004; Ackerly 2009), particularly in 
water-stressed and disturbance-prone environments such as 
savannas where fire is pervasive. Functional diversification 
often occurs along multiple axes of ecological differentia-
tion (Grime 2002; Garnier and Navas 2012; Sandel et al. 
2016), and those associated with resource capture, allo-
cation, and stress tolerance are often related to leaf struc-
tural or chemical traits and to traits regulating leaf CO2 
exchange and water loss (Westoby et al. 2002; Wright 
et al. 2005). Diversification on leaf functional strategies is 
dependent on integration at whole plant level and, as such, 
underpinned by the overall growth form of the plant. As a 

Abstract The assessment of leaf strategies has been a com-
mon theme in ecology, especially where multiple sources of 
environmental constraints (fire, seasonal drought, nutrient-
poor soils) impose a strong selection pressure towards leaf 
functional diversity, leading to inevitable tradeoffs among 
leaf traits, and ultimately to niche segregation among coex-
isting species. As diversification on leaf functional strate-
gies is dependent on integration at whole plant level, we 
hypothesized that regardless of phylogenetic relatedness, 
leaf trait functional syndromes in a multivariate space 
would be associated with the type of growth form. We 
measured traits related to leaf gas exchange, structure and 
nutrient status in 57 coexisting species encompassing all 
Angiosperms major clades, in a wide array of plant mor-
phologies (trees, shrubs, sub-shrubs, herbs, grasses and 
palms) in a savanna of Central Brazil. Growth forms dif-
fered in mean values for the studied functional leaf traits. 
We extracted 4 groups of functional typologies: grasses 
(elevated leaf dark respiration, light-saturated photosynthe-
sis on a leaf mass and area basis, lower values of leaf Ca 
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result of developmental and mechanical constraints, any 
individual growth form is not expected to fill a considerable 
part of the multivariate trait space and may be restricted to 
particular sets of trait value combinations within the mul-
tivariate trait space (Diaz et al. 2004, 2016; Santiago and 
Wright 2007). Segregation of growth forms along continu-
ous axis of variation is likely to occur at local scale driven 
by local environmental conditions and biological interac-
tions (Lavorel and Garnier 2002). Studies that attempt to 
integrate trait syndromes and growth forms better reflect 
the coordinated evolution of structure and function of the 
whole plant (Rowe and Speck 2005) and, furthermore, can 
reveal evolutionary constraints on plant function and foster 
our understanding of mechanisms of species coexistence.

Neotropical savannas are well suited for this type of 
study because a large number of growth forms with dif-
ferent evolutionary trajectories (trees, shrubs, sub-shrubs, 
herbs, grasses and palms) share dominance (Gottsberger 
and Silberbauer-Gottsberger 2006; Mendonça et al. 2008). 
Grasses and palms represent narrow taxonomic group-
ings, whereas savanna trees and shrubs are the product of 
convergent evolution of a large number of phylogeneti-
cally distant groups (Maurin et al. 2014). Most herbaceous 
eudicots are probably from lineages that have a long evo-
lutionary history within open habitats (Simon et al. 2011). 
Sub-shrubs may be on an evolutionary trajectory that con-
verges ecologically with herbaceous plants, but they might 
also share many traits with the tree lineages from which 
they evolved. In this context, studies that consider all major 
growth forms present in a plant community and having spe-
cies distributed throughout the major angiosperm lineages 
(controlling for the phylogenetic influence) can provide a 
better understanding of ecophysiological strategies, which 
generally involve not only single traits, but also complex 
suites of interrelated traits shaped by natural selection. This 
information is also essential to develop more realistic sce-
narios of future shifts in the composition and structure of 
savanna plant communities in response to global warming 
(Franco et al. 2014).

This type of approach is particularly relevant for studies 
on the Cerrado vegetation, a complex mosaic of fire-prone 
savanna physiognomies covering about 2 million km2 of 
the Brazilian territory (Oliveira-Filho and Ratter 2002) and 
that supports a rich assemblage of plant species with high 
levels of phylogenetic diversity (Rossatto 2014). The long 
dry season spanning from May to September, when rains 
are not frequent, imposes significant constraints on plant 
water balance and carbon assimilation (Franco 2002; Gold-
stein et al. 2008). Additionally, aspects linked with nutrient-
poor acid soils with elevated Al concentration (Haridasan 
2000, 2008) and fire as an important source of disturbance 
(Hoffmann et al. 2012; Franco et al. 2014), may be select-
ing for a set of specific adaptations. Such combination of 

multiple sources of stress, disturbance and of plant commu-
nities with diversified growth forms makes the Cerrado a 
unique system to test whether different growth forms are 
associated with distinct strategies to acquire and allocate 
carbon and nutrients to sustain metabolic processes, growth 
and reproduction.

Here, we focused on the segregation of functional leaf 
trait values among growth forms. We chose traits related 
to leaf gas exchange, leaf structure and nutritional status, 
which were measured in 57 cerrado species, differing in 
shoot morphology and belonging to distinct families in 
the angiosperm phylogeny (APG IV 2016). All individu-
als were growing side by side in savanna conditions. We 
test the hypothesis that each growth form would be asso-
ciated with particular combinations of multiple-correlated 
leaf traits in a multivariate trait space. Specifically, we 
hypothesized that because of their small size, cerrado herbs 
would show leaf traits linked with rapid growth and faster 
life cycles, namely leaves with higher photosynthetic rates, 
higher specific leaf area and leaf nutrient content, since 
they need to quickly grow and reproduce after the fire pas-
sage in savanna environments before being overtopped by 
regrowth of the surrounding vegetation (Hoffmann 1996). 
Because the photosynthetic C4 pathway is prevalent in 
tropical savanna grasses (Edwards and Smith 2010; Liu 
et al. 2012), grasses and herbs were expected to have dif-
ferent nutrient requirements and should segregate in the 
multivariate trait space. In contrast, because of the larger 
size, selection pressures on woody species would favor leaf 
trait syndromes that contribute more strongly to long-term 
growth and survival than to rapid growth or high fecundity. 
We hypothesized that typical woody growth forms (trees 
and shrubs) would have leaves selected for lower photosyn-
thetic rates, lower specific leaf area and lower leaf nutri-
ent concentrations. Because of their unique morphology 
and the strong phylogenetically conservatism in their traits 
(Roncal et al. 2012), palms would not share the same trait 
syndromes of woody plants, while sub-shrubs would fill the 
intermediate region between herbs and woodier species in 
the multivariate trait space.

Materials and methods

Study area

This study was carried out at Ecological Reserve of IBGE 
(Instituto Brasileiro de Geografia e Estatística) in the sur-
roundings of the city of Brasília in the Federal District, 
Brazil, located at 15º56′41″S and 47º53′07″W and at an 
elevation of approximately 1100 m above sea level. In 
the year of the study, total rainfall was 1492 mm and the 
average temperature was 22.10 °C. During the dry season 
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(May–September), the total rainfall was 137.6 mm (less 
than 50 mm in each month) and average temperature was 
21.45 °C.

Studied species and growth form classification

We selected 57 species from different families, which 
were growing in five 20 m × 50 m plots located at an 
extended and continuous typical savanna area (region-
ally called cerrado sensu stricto, a vegetation type asso-
ciated with the savanna biome of Brazil). This area has 
not burned for the previous 20 years (latest fire occurred 
on 1996), and had a tree basal area of 9.2 ± 1.2 m2 ha−1 
(Rossatto et al. 2012). Species were distributed through-
out the major clades of angiosperms (to control for phy-
logenetic influence) and also belonged to different growth 
forms (see Fig. 1) and were thriving on similar soil con-
ditions (Table S1). The species enclosed a wide array of 
woody and herbaceous growth forms, comprising trees, 
shrubs, sub-shrubs, herbs, grasses and palms (Fig. S1). 
Nonetheless, each of the highest clades (or nodes) of the 
angiosperm phylogeny (i.e., Magnoliids, Commelinids, 
Fabids, Malvids, Campanulids and Lamiids) was rep-
resented by at least one tree, one shrub, one sub-shrub, 
and one herb with the exception of Magnoliids and Com-
melinids clades (Fig. 1). We sampled 10 species of trees, 
10 species of shrubs, 11 species of sub-shrubs, 11 species 
of herbs, 10 species of grasses and 5 species of palms. The 
selected species represent the most common and domi-
nant species in the studied area. We followed the clas-
sification system proposed by Dansereau (1951), which 
relies on the form (morphological aspects and height) that 
plants can achieve in their aboveground structure. Based 
on this classification and field observations, we adopted 
the following growth form definitions: 

•	 Tree: Woody plant with a defined stem, generally taller 
than 2 m and with highly suberized trunk and shoots.

•	 Shrub: Woody plant with 2–3 m of height without a pre-
dominant stem, being ramified near the stem base, also 
possessing thickened branches and stems.

•	 Sub-shrub: A semi-woody plant of around 0.5–1 m in 
height, ramified, generally with a thickened, partially 
lignified stem, but with herbaceous branches and dying 
back near to the ground at each dry season.

•	 Herb: A small eudicot plant around 10–30 cm in height, 
with herbaceous stems and branches.

•	 Palms: here defined as a species of the Arecaceae fam-
ily, generally having an unbranched stem with a termi-
nal crown of evergreen palmate or pinnate leaves.

•	 Grasses: here defined as a species of the Poaceae fam-
ily; plants with herbaceous stems in the form of culms 
and slender sheathing leaves.

Leaf functional trait measurements

We measured functional leaf traits related to leaf gas 
exchange and leaf nutrient status during the wet season, 
in February 2009. The wet season is the time of the year 
when these traits are at their maximum, given the high 
availability of resources such as light, water and nutrients 
(Franco et al. 2005; Rossatto et al. 2013a). Maximum CO2 
assimilation (Aarea), transpiration (E) and stomatal con-
ductance (gs, the degree of stomatal opening) on a leaf area 
basis were determined under ambient CO2 (399–410 ppm) 
with a portable open photosynthesis system (LCpro, Ana-
lytical Development Co., Hoddesdon, UK). The system 
was coupled with a led light source providing a light inten-
sity between 1300 and 1400 µmol m−2 s−1, proved enough 
to saturate the photosynthetic apparatus of most savanna 
species (Franco et al. 2005). However, as most of the stud-
ied grasses were C4 (Table S2) we used a light intensity 
of 2000 µmol m−2 s−1 for grasses. Leaf respiration (Dresp) 
was also measured by submitting the leaves to total dark-
ness for a period of about 5 min. Leaf temperature was 
maintained around 26±1.5 °C in all cases. All measure-
ments were carried on one sunlit leaf of five pre-marked 
individuals of each species during a 2- to 4-h period 
between 08:00 and 12:00 h. We calculated CO2 assimila-
tion on a mass basis (Amass), as the product of specific leaf 
area (SLA; cm2 g−1) and Aarea (µmol m−2 s−1) and intrin-
sic water use efficiency (IWUE) as the ratio of Aarea to gs. 
After gas exchange measurements, each leaf was collected 
and scanned on a flatbed scanner and its area was deter-
mined using the free software Image J. The leaf was then 
dried at 70 °C for three days and weighed for the determi-
nation of SLA. The dried leaves used for SLA were finely 
ground and a subsample was taken for total N, P, K, Ca, 
Mg and Fe determinations. N was determined in diluted 
acid digests according to the micro-Kjeldahl procedure 
(Allen et al. 1974). Total extractable P was determined 
colorimetrically by complex formation with molybdovana-
date according to Allen et al. (1974). Other elements were 
determined by flame spectrophotometry.

Data analysis

We used one-way ANOVA followed by Tukey’s HSD 
test (α = 0.05) to compare individual leaf traits among 
the growth forms. Prior to the analysis, we checked for 
data normality and homoscedasticity. Transformation 
using log10 was used when necessary. We used princi-
pal components analysis (PCA) to verify if species that 
shared the same type of growth form also had a similar 
syndrome of functional leaf traits. All data were stand-
ardized (z-transformation) before applying the analysis. 
For the PCA, we used the Euclidian distance with the 
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Fig. 1  Phylogenetic relation-
ships of the 57 studied species. 
Name of the species is followed 
by types of growth form. Names 
at intermediate positions indi-
cate presumably monophyletic 
groups according to APG IV 
(2016)
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variance–covariance matrix method (Gotelli and Ellison 
2004). Only the two most significant axes are shown. The 
PCA was performed using the free software PAST 2.17b 
(Hammer et al. 2001).

Results

Leaf trait variation among growth forms

We observed significant difference (F5,51 > 10, P < 0.01) 
among growth forms in all studied gas exchange traits 
(Fig. 2). Grasses stood as an out-group, being the growth 
form with the highest Aarea, Amass and SLA (Fig. 2a, d, e). 
Although the other five growth forms differed in Aarea and 
SLA, they converged to similar values of photosynthe-
sis on a mass basis (around 100 μmol kg−1 s−1, Fig. 2e), 
which suggests that any differences in Aarea among these 
growth forms were compensated by changes in SLA in the 
opposite direction: herbs and sub-shrubs had lower values 
of Aarea but higher values of SLA than trees and shrubs. 
Because grasses had the lowest values of gs, they also had 

the highest values of IWUE (Fig. 2f). On the other hand, 
palms and herbs had the lowest values of IWUE. This was 
the result of the highest values of gs among growth forms 
in palms and of the lowest values of Aarea among growth 
forms in herbs (Fig. 2a, b). There was a tendency for her-
baceous growth forms to present higher rates of Dresp, in 
particular grasses had rates of Dresp that were significantly 
higher than those of the other growth forms (Fig. 2c).

With respect to leaf nutrient traits, we found a sig-
nificant difference between growth forms (F5,51 > 12, 
P < 0.01), where grasses also stood out. They had the low-
est leaf concentrations of N, P, Ca, Mg and K but the high-
est leaf concentrations of Fe (Fig. 3). In particular, their 
leaf N and P concentrations were very low in comparison 
to the other growth forms. Palms shared similar low values 
of leaf Ca and Mg with grasses (Fig. 3c, d). On the other 
hand, they had the highest leaf concentrations of P and K 
among growth forms (Fig. 3b, e). Trees had the highest leaf 
concentrations of Ca (Fig. 3c) and Mg (Fig. 3d) and, after 
grasses, the lowest leaf concentrations of N (Fig. 3a) and P 
(Fig. 3b). Shrubs, sub-shrubs and herbs shared similar val-
ues of leaf N, P and Mg (Fig. 3a, b, d). Herbs differed from 

Fig. 2  Variation among growth 
forms in gas exchange traits 
and specific leaf area. a Aarea: 
maximum CO2 assimilation on 
a leaf area basis; b gs: stomatal 
conductance at Aarea; c Dresp: 
leaf respiration under dark 
conditions; d SLA: specific leaf 
area; e Amass: maximum CO2 
assimilation on a leaf mass basis 
and f IWUE: intrinsic water use 
efficiency. Vertical bars indicate 
standard error (n = 5 for palms, 
n = 11 for herbs and sub-shrubs 
and n = 10 for the other growth 
forms). Means denoted by the 
same letter are not significantly 
different according to Tukey’s 
HSD test (P < 0.05)
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shrubs and sub-shrubs by the very high leaf concentrations 
of Fe (similar to grasses; Fig. 3f) while sub-shrubs differed 
from herbs and shrubs by the higher leaf concentrations of 
Ca and K (Fig. 3c, e).

Functional trait typologies

The first and second axes of the PCA explained, respec-
tively, 56.33 and 27.08% of the variation in the 13 analyzed 
leaf traits (Fig. 4). The first axis was defined primarily by 
leaf traits linked with gas exchange and leaf productiv-
ity (Amass, SLA, Dresp and Aarea) and two nutrients (P and 
Fe) (Table S3). Traits forming the first axis increased 
from the right to the left and the herbaceous species and 
grasses appeared on the left side of the axis, whereas the 
sub-shrubs, shrubs, palms and trees appeared on the right 
side of the axis (Fig. 4). Along the second axis, the posi-
tioning of growth forms was attributed to leaf Ca, leaf Mg 
and E (Fig. 4; Table S3) with monocotyledons appearing 
on the upper part of the graph (palms and grasses). Con-
sidering the two axes, it was possible to define 4 groups of 

functional typologies: grasses (with high Amass, SLA, Dresp 
and Aarea and low Ca and Mg), herbs (high SLA, P, Ca and 
Mg), palms (high gs, E and K) and woody eudicots (sub-
shrubs, shrubs and trees; low SLA and higher Ca and Mg).

Discussion

In agreement with our hypothesis, growth forms in this 
savanna ecosystem show distinct trait syndromes related to 
leaf gas exchange, leaf structure and leaf nutrient balance. 
We, therefore, argue that the growth forms are function-
ally different, occupying different regions of multivariate 
functional trait space (as showed by the PCA), thus differ-
ing in the way they use and conserve major resources (CO2, 
H2O and mineral nutrients) in species-rich savanna ecosys-
tems. The segregation of non-woody and woody plants has 
been previously described at the global scale with a more 
limited set of traits (adult plant height, stem-specific den-
sity, leaf area, leaf mass per leaf area, leaf N and diaspore 
mass) (Díaz et al. 2016) or for cerrado plant communities 

Fig. 3  Variation among growth 
forms in leaf nutrient concentra-
tions. a N: leaf nitrogen con-
centration; b P: leaf phospho-
rous concentration; c Ca: leaf 
calcium concentration; d Mg: 
leaf magnesium concentration; e 
K: leaf potassium concentration 
and f Fe: leaf iron concentra-
tion. Vertical bars indicate 
standard error (n = 5 for palms, 
n = 11 for herbs and sub-shrubs 
and n = 10 for the other growth 
forms). Means denoted by the 
same letter are not significantly 
different according to Tukey’s 
HSD test (P < 0.05)
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at a local scale based on traits related to plant regeneration, 
reproduction and dispersal (Silva and Batalha 2011). Stud-
ies that have specifically focused on leaf traits have gen-
erally explored bivariate scaling relationships influencing 
specific physiological and mechanical functions of leaves 
(e.g., Wright et al. 2005; Niklas et al. 2007). Here we took 
much broader approach, by including not only a much 
larger number of traits that better represent leaf functional 
typologies but also by sampling a large diversity of growth 
forms. In this way, we were able to relate leaf functional 
typologies to specific plant morphologies and, therefore, 
provide strong evidence of coordinated evolution of struc-
ture and function of the whole plant.

The great diversity of plant growth forms is frequently 
overlooked in functional studies of plant communities, 
especially in savannas, where studies focused mostly on 
grasses and trees, the dominant growth forms in many Afri-
can and Australian savannas (Prior et al. 2004; Goldstein 
et al. 2008; Cianciaruso et al. 2013). Functional groups 
have been used as an important tool to simplify the descrip-
tion of patterns and processes in community assembly and 
function (Pla et al. 2012). Because our results show that 
species with similar external plant morphology also share 
similar values for a large range of leaf traits, we can also 
effectively represent plant community structure and func-
tion in diverse savannas by assembling the species into 
plant morphological groups (growth forms).

There is an ongoing debate on the role of abiotic and 
biotic interactions on the assembling of cerrado plant com-
munities (Silva et al. 2010). Studies using functional traits 
have shown that functional similarity does not limit the 
co-occurrence of species (Silva and Batalha 2009; Silva 
et al. 2010), which suggests that the assembling of plant 
species in typical cerrado communities would be mainly 
dependent on the role of environmental filters (especially 
fire frequency, rainfall seasonality and nutrient-poor soils) 
(Silva et al. 2010). The much higher number of herbs and 
grasses, as opposed to large woody species in Brazilian 
savannas (around 7.1:1, Mendonça et al. 2008), suggests 
that plants in this type of environment have been subjected 
to selection pressures favoring shorter growth forms (Veld-
man et al. 2015). Taken this into account, fire may be the 
strongest selective factor favoring divergence in plant func-
tional traits related to the patterns of resource acquisition 
and use, as predicted for disturbance-prone environments 
(Grime 2006). Frequent fires would constrain strategies 
that would require that a plant reaches a relatively large 
size for successful reproduction, because the stem would 
be repeatedly destroyed (Hoffmann et al. 2012). Species 
with traits allowing rapid shoot growth or accumulation of 
reserves that could be rapidly remobilized for plant growth 
and reproduction following a fire event would be favored, 
which would be the case in most cerrado herbs, grasses and 
sub-shrubs (Appezzato-da-Glória et al. 2008; Almeida et al. 
2015, De Moraes et al. 2016). This reasoning is further sup-
ported by the higher values of SLA (Fig. 2) of those growth 
forms (grasses, herbs and sub-shrubs). SLA is a key trait 
because it is recognized to be positively correlated with the 
rates of resource extraction (Wilson et al. 1999; Reich et al. 
2003) and growth (Evans and Poorter 2001; Shipley 2002; 
Rossatto et al. 2009).

Despite grasses being the growth form with the lowest 
leaf macronutrient concentrations (Fig. 4), they had the 
highest rates of CO2 assimilation on an area and mass basis, 
which is consistent with their high dominance in terms 
of species, biomass and productivity in tropical savan-
nas (Sankaran et al. 2004). The high photosynthetic rates 
are explained by the fact that the majority of the studied 
grasses were C4 (see Table S2), possessing mechanisms for 
increasing the CO2 concentration in the bundle sheath cells 
(Schmitt and Edwards 1981). Herbs would be subjected 
to strong competition with grasses for aboveground space 
occupancy in the savanna understory (Del-Val and Crawley 
2005). Because of their higher leaf nutrient requirements, 
herbs would not be able to rapidly achieve the high shoot 
biomass that would allow them to outcompete grasses. 
Their low values of IWUE in comparison to grasses would 
also make herbs more dependent on the periods of high 
moisture availability in the soil and suggest an earlier onset 
of dormancy as the soil starts drying during the dry season. 

Fig. 4  Species of distinct growth forms projected on the plane 
defined by principal component axes 1 and 2. Dashed lines indicate 
weighing of vectors representing the 13 leaf traits considered. Aarea 
maximum CO2 assimilation on a leaf area basis, gs stomatal conduct-
ance at Aarea, E leaf transpiration, Dresp leaf respiration under dark 
conditions, SLA specific leaf area, Amass maximum CO2 assimila-
tion on a leaf mass basis, IWUE intrinsic water use efficiency, N leaf 
nitrogen concentration, P leaf phosphorous concentration, Ca leaf 
calcium concentration, Mg leaf magnesium concentration, K leaf 
potassium concentration, Fe leaf iron concentration
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Investment in bud-bearing underground storage organs 
and the catabolism of existing reserves rather than current 
photosynthates as the main driver for growth and reproduc-
tion would be crucial for perennial herbs (De Moraes et al. 
2016). Although further studies are necessary, we also sug-
gest that small differences in the timing of resprouting and 
in shade tolerance may play a significant role in minimiz-
ing the effects of aboveground competition with grasses in 
this regard.

Much has been proposed about the coexistence of 
grasses and trees in savanna systems in the context of 
resource exploitation and competition, especially for water 
and nutrients (Walter 1971; Sankaran et al. 2004, 2005). 
Our results reinforce the idea that not only grasses and 
trees, but herbs as well have different leaf nutrient require-
ments that might enable them to exploit different soil 
resource-based niches (for instance, exploring different soil 
depths; Higgins et al. 2000; February and Higgins 2010). 
We recently showed that patterns of soil water uptake dif-
fer drastically between trees, herbs and grasses coexisting 
in the same savanna site (Rossatto et al. 2013b, 2014), so 
water and nutrient uptake may occur in different zones of 
the soil profile, providing the required nutrients for each 
growth form without strong belowground competition for 
these resources. On an individual basis, a tree has more 
leaves than a small plant, and would require a greater 
amount of nutrients when considering total biomass (Lud-
wig et al. 2001). The exploitation of different soil niches 
and different nutrient requirements for optimal leaf func-
tion could be crucial for coexistence.

In comparison to the other growth forms, individual leaf 
traits of palms showed contrasting patterns depending on 
which trait was examined. In some cases, trait values were 
similar to those of trees (as for SLA, Dresp and Amass); how-
ever, distinct from woody and herbaceous species, palms 
showed the highest values of gs and the lowest values of 
IWUE. The clear separation of palms from trees and shrubs 
along the second axis of the PCA ordination strongly sug-
gests that palms have a distinct syndrome of leaf traits, 
which are perhaps the result of phylogenetic inertia (Shana-
han 2011) and their exclusive growth form. Palms have 
their origin in the Cretaceous ca 100 m y or more ago in 
humid tropical regions (Couvreur et al. 2011) and are com-
monly encountered in tropical vegetation, especially in 
savanna landscapes (Lima et al. 2003). Cerrado palms are 
characterized by the presence of erect underground stems 
and a relatively deep root system and may take several 
years to flower (Rawitscher and Rachid 1946; Rawitscher 
1948). They are also reported to be fire resistant due to the 
absence of a peripheral cambium whereas the single mer-
istem is covered by thermally insulating leaf bases at the 
stipe apex. Although additional studies are required, such a 
distinct set of traits suggests different patterns of resource 

acquisition and water use strategies, which are probably 
associated with their unique vasculature and large water 
storage capacity (Tomlinson 2006) while the apparent 
inability of palms to undergo dormant periods (Tomlinson 
2006) might make the deep-rooted habit essential in sea-
sonal tropical environments, such as savannas. Overall, 
these features may contribute to alleviate resource competi-
tion with trees and shrubs, which are the major dominant 
woody growth forms on the savanna environment (Barot 
et al. 2000). Furthermore, it would also allow the mainte-
nance of high rates of transpiration (high gs), which might 
explain the high concentrations of K in the leaf tissues of 
those species.

IPCC predictions of higher air temperatures, increasing 
CO2 levels, more frequent fires and more intense droughts 
(IPCC 2013) would be beneficial for the smaller C3 
growth forms, i.e. herbs and sub-shrubs. Positive growth 
responses of C3 species to CO2 enrichment are better char-
acterized when nutrients are non-limiting (e.g., Dijkstra 
et al. 2002); which is not the case of the cerrado of Cen-
tral Brazil. Most of the cerrado occur on highly leached 
soils depleted of nutrients, particularly Ca and P (Hari-
dasan 2008). The relative high nutrient requirement of 
herbs and sub-shrubs leaves (particularly Ca and Mg) sug-
gests that any increases in carbon gain would probably be 
diverted to underground storage which would make these 
growth forms more resilient to long periods of droughts 
or more frequent dry season fires, but larger increases in 
biomass relative to grasses are not expected. On the other 
hand, several reports have suggested that increasing CO2 
levels have resulted in increases in canopy cover of the 
woody layer and in encroachment of the woody vegeta-
tion in grasslands and in open types of savannas (Stevens 
et al. 2016). However, the observed increase in wood layer 
cover and biomass in savannas has only occurred in fire-
protected areas and significantly impacted the richness and 
diversity of herbs, sub-shrubs and shrubs (Pinheiro et al. 
2016).

In conclusion, we provide strong evidence that the use of 
growth forms as functional groups is an efficient and con-
venient way of simplifying plant diversity in savanna sys-
tems. At the leaf level, shrubs and trees, herbs, grasses and 
palms have unique nutrient requirements for optimal leaf 
function and converged to different combination of trait 
values within the multivariate trait space, which suggests 
major trends of specialization in terms or resource use and 
conservation. Sub-shrubs are unique in the sense that they 
have a leaf anatomy similar to herbs (Rossatto et al. 2015) 
but are functionally clustered with trees and shrubs, which 
suggests that even though they are on an evolutionary tra-
jectory that converges ecologically with herbaceous plants, 
they are not phylogenetically independent of the tree line-
ages from which they evolved.
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