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Nutricio mineral e escleromorfismo foliar de grupos funcionais e comunidades vegetais
savanicas

1 - Resumo

As savanas (localizadas na Australia, Africa do Sul e Brasil) abrigam a segunda maior
biodiversidade do planeta. Tais savanas se desenvolveram sobre solos acidos, pobres em nutrientes
e com estacdes secas e chuvosas bem definidas. Dentre os filtros ecologicos limitantes a
manuten¢do das savanas, fogo, fertilidade do solo, disponibilidade hidrica e herbivoria sdo
considerados os mais importantes. Outros filtros muito importantes, mas considerados subfiltros da
fertilidade do solo sdo: acidez do solo e disponibilidade de aluminio (Al). O Al ¢é considerado um
elemento toxico para a maior parte das plantas, entretanto as espécies savanicas sao consideradas
insensiveis ao Al, sendo algumas espécies inclusive acumuladoras. Desta forma, foi estudado o
perfil nutricional, acimulo de Al e escleromorfismo foliar de espécies savanicas em trés niveis:
regional, nacional e intercontinental. Para os niveis nacional e intercontinental acrescentamos as
variacoes de pluviosidade anual, fertilidade e acidez do solo. Em nivel regional comparamos as
variagoes no grau de escleromorfismo, concentragdo de nutrientes foliares, acimulo de Al,
fenologia e producdo de metabolitos secundarios em folhas jovens e maduras de espécies
acumuladoras e ndo acumuladoras de Al em um fragmento de cerrado em Itirapina — SP. Em nivel
nacional comparamos as variacdes das concentragdes de nutrientes foliares, acimulo de Al e
escleromorfismo foliar entre dois fragmentos de cerrado sensu stricto (s. str.): um na regido central
(Brasilia — DF) e o outro na borda sudeste do cerrado (Itirapina — SP). Em escala global, estudamos
as variagdes nutricionais, acumulo de Al e escleromorfismo foliar entre as savanas Australiana,
Brasileira e Sul Africana. Em escala regional observamos dois padroes distintos de
desenvolvimento foliar entre os dois grupos de espécies. Em escala nacional, observamos menor
ecleromorfismo e maior acumulo de nutrientes foliares na comunidade de cerrado s. str. localizada

na borda sudeste. Tais variacdes foram explicadas pela maior fertilidade do solo e estacao seca mais



curta na borda sudeste. Em escala global observamos que a savana Brasileira (cerrado) possui solos
mais 4acidos que as demais savanas e possui maior disponibilidade hidrica. Em termos de fertilidade
do solo, ndo houve variacdo significativa entre as savanas. Diante do exposto o cerrado foi
considerado o bioma savinico menos escleromorfico e com o maior numero de espécies
acumuladoras de Al. A savana Sul Africana foi considerada a mais escleromorfica, mas apresentou
maior concentracdo de N foliar. Provavelmente, o maior acimulo de N foliar por parte das espécies
africanas ¢ reflexo da alta pressdo por crescimento e desenvolvimento rapido impostos pelo fogo e
altas taxas de herbivoria no continente Africano. A savana Australiana apresentou padrdes
ecofisiologicos e nutricionais intermedidrios entre as savanas. Tal disjuncdo entre as savanas pode
ser explicada pela acdo conjunta da acidez do solo, disponibilidade de Al trocavel e precipitacao
anual.

Palavras chave: aluminio, area foliar especifica, bioma, tropical

Mineral nutrition and leaf scleromorphism of functional groups and savanna's plant
communities

2 - Abstract

Savannas (located in Australia, Brazil and South Africa) hold the second largest biodiversity on the
planet. These savannas have developed their vegetation structure on acidic and nutrient-poor soils,
under a well-defined dry and rainy seasons. Among the limiting ecological filters, fire, soil fertility,
water availability and herbivory are considered the most important ones. Other filters, which may
be considered subfilters of the soil fertility are acidity and aluminum (Al) availability in the soil.
Aluminum is considered a toxic element for most plant species, however savanna plants are
insensitive to Al, and some species are Al-accumulators. We studied leaf nutritional status, Al
accumulation and leaf scleromorphism of savanna species at three levels: regional, national and

intercontinental. For national and intercontinental analysis we evaluated variations in the annual



rainfall, soil fertility and soil acidity. At the regional level, we compared leaf scleromorphism,
nutritional status, Al accumulation, leaf phenology and the concentration of secondary metabolites
in young and mature leaves of Al-accumulator and non-accumulator species in a cerrado remnant in
Itirapina-SP. At the national level we compared the nutritional status, Al accumulation and leaf
scleromorphism variations between two cerrado sensu stricto (s. str.) fragments:, one in the core
region (Brasilia - DF) and another on the southeastern periphery of the cerrado (Itirapina - SP). On a
global scale, we studied the dissimilarities on the nutritional status, Al accumulation and leaf
scleromorphism between the Australian, Brazilian and South African savannas. At the regional
level, we observed two distinct strategies of leaf development between Al-accumulator and
non-accumulator species. At the national level, we concluded that the peripheral cerrado community
was less scleromorphic than the community in the core. These variations were explained by the
higher soil fertility and shorter dry season in the periphery as compared to the core region. The
Brazilian savanna presented the highest annual rainfall and the soils were more acidic than the other
tropical savannas in Australia ans South Africa. The Brazilian savanna is the least scleromorphic,
and comprises many times more Al-accumulator species than the other Tropical savannas. Despite
the lower leaf scleromorphism, South African species showed the highest leaf N concentration. This
reflects the higher pressure for fast growth and development in S. Africa, due to great incidence of
fire and herbivory. The Australian savanna presented an intermediate behavior amongst savannas.
The disjunction between these savannas can be explained by the variations on soil acidity, Al
availability and annual rainfall, which are distinct between the three sites.

Key words: aluminum, specific leaf area, biome, tropical
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3 - Introducio geral

Aproximadamente 20% das terras emersas do planeta sdo compostas por solos acidos (pH ~
4)6-, ricos em aluminio (Al- e pobres em nutrientes minerais € matéria organica. Originalmente
esses solos abrigavam milhares de km” de savanas tropicais. Entretanto, com a expansdo das
cidades e a necessidade de aumento na produ¢do de alimentos, boa parte desta vegetagdo nativa foi
substituida por culturas agricolas altamente sensiveis aos efeitos fitotoxicos causados pelo Al
edafico.

Devido ao processo acelerado de substituicdo da vegetacdo nativa das savanas tropicais
(principalmente do cerrado brasileiro- por culturas agricolas, pouco sabemos a respeito da nutri¢do
mineral dessas espécies. E praticamente desconhecemos os porqués do acumulo e dependéncia de
Al por certas espécies do cerrado, uma vez que o Al é considerado um elemento altamente toxico
para muitas espécies vegetais.

Baseado na hipdtese de que o Al edafico, em solos acidos, reduz a absor¢ao de nutrientes do
solo, e que seu acimulo € capaz de interferir no crescimento e desenvolvimento vegetal o objetivo
do presente trabalho foi estudar as variagdes ecofisioldgicas (escleromorfismo foliar-, nutricionais e
acimulo de Al em espécies vegetais savanicas, englobando analises em escala local a partir da
utilizacdo de grupos funcionais do cerrado (espécies acumuladoras e ndo acumuladoras de Al-
localizados em um mesmo fragmento na regido de Itirapina — SP; em escala regional comparando
duas comunidades de cerrado sensu stricto localizadas na regido central (Brasilia)DF- e periférica
(Itirapina- do cerrado; e em escala global, comparando comunidades savanicas localizadas na

Australia, Africa do Sul e Brasil.
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4 - Revisao de literatura
4.1 - Savanas e o cerrado brasileiro

As savanas ocupam 20% da superficie terrestre e estdo distribuidas, principalmente, pelos
continentes africano, australiano e sul americano (Baudena e Rietkerk 2012-. Estas savanas se
desenvolveram sobre solos acidos (Hill et al 2010, Haridasan 2008-, com duas esta¢des climaticas
bem definidas (verdo chuvoso e inverno seco- (Mott et al. 1985, Oliveira e Marquis 2002- e alta
incidéncia de fogo (Lehmann et al 2011- e herbivoria (Sankaran et al 2005-. Durante milhdes de
anos, essa combinagdo de filtros ecoldgicos selecionou diferentes fisionomias savanicas compostas
por gramineas Cs, arbustos e espécies lenhosas (Lehmann et al 2011-. Apesar das similaridades
entre as savanas, elas diferem significativamente em sua composicao floristica e caracteristicas
ecofisiologicas, devido as diferentes pressdes impostas pelos filtros ecologicos em cada continente.

O Cerrado ¢ composto pelas fisionomias: campo limpo, campo sujo, campo cerrado, cerrado
sensu stricto e cerraddo (Batalha 2011-. Inicialmente, o Cerrado ocupava 21% do territorio
brasileiro (Souza e Habemann 2012- e abrigava a segunda maior diversidade de espécies do
territorio brasileiro, perdendo em ntimero absoluto de espécies apenas para a Floresta Amazonica
(Guarim Neto e Morais, 2003-. Devido ao elevado nimero de espécies endémicas e ameagadas de
extingao, o cerrado ¢ considerado um dos 25 “hotspots” distribuidos ao redor do planeta, juntamente
a Mata Atlantica (Myers et al 2000-. Entretanto, por ser considerado uma da tultimas fronteiras
agricolas do planeta, o cerrado vem sendo severamente fragmentado desde o inicio dos anos 1960 e
substituido por culturas agricolas, principalmente por pastagens e soja no Brasil central (Phalan et al

2013- e cana)de)agucar (Rodrigues e Ortiz 2006- e laranja no sudeste (Souza e Habermann 2012-.

4.2 - Grupos funcionais: espécies acumuladoras e ndo acumuladoras de Al
O termo “grupos funcionais” foi proposto por Cummins (1974- ao sugerir a possibilidade de

agrupamento arbitrario de espécies distintas com padrdes ou respostas ecofisiologicas semelhantes
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em relagdo ao ecossistema (ex. acumulo de nutrientes, deciduidade foliar, etc.-, promovendo a
ligacdo entre diversidade de espécies e fungdo no ecossistema (Blondel, 2003-.

De um modo geral, o numero de estudos sobre grupos funcionais vegetais aumentou
significativamente nas duas Ultimas décadas, entretanto a maior parte desses estudos foram
conduzidos em florestas temperadas, seguido por nimero reduzido de estudos em florestas tropicais
(Alvarez)Aforve et al 2008-. Apesar das savanas tropicais ocuparem aproximadamente 20% da
superficie terrestre e abrigar um grande nimero de espécies vegetais (Grace et al 2006- pouco
sabemos sobre seus grupos funcionais, principalmente em relacdo ao acimulo de Al.

O Al ¢ o terceiro elemento mais abundante na crosta terrestre, perdendo em niimero absoluto
apenas para o O e Si, sendo por consequéncia o metal mais abundante na Terra (Zuckerman et al
2011-. Apesar de todas as espécies vegetais nativas de regides com solos acidos (pH~4- serem
tolerantes aos efeitos fitotoxicos causados pelo Al edafico, as espécies savanicas e florestais podem
ser agrupadas em dois grupos funcionais distintos em relacdo ao acumulo de Al: espécies
acumuladoras e ndo acumuladoras de Al (Jansen et al 2002-. As espécies nao acumuladoras de Al
sdo capazes de acumular até 1000 mg kg'' de Al foliar, enquanto que as espécies acumuladoras, ou
hyperacumuladoras, sdo capazes de acumular concentragdes altissimas de Al foliar (1000 e 10000
mg kg'- (Souza e Habermann 2012, Jansen et al 2002-, sendo que algumas espécies da familia
Vochysiaceae sdo capazes de acumular valores proximos a 20000 mg kg de Al (Haridasan 1982-,

sendo consideradas hiper)acumuladoras de Al (Jansen et al 2002-.

4.3 — Escleromorfismo foliar, nutricio mineral de plantas e producio de metabdlitos
secundarios

As vegetagdes savanicas sao compostas por espécies esclermomorficas e o grau de
esclermorfismo foliar, pode variar, entre diversos fatores, em fun¢do das concentracdes de

nitrogénio (N- nas folhas (Delgado et al 2013-. Assim, as espécies vegetais que possuem baixa area
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foliar especifica (AFE- e baixas concentragdes de nutrientes foliares sdo mais escleromorficas que
as espécies com alta AFE e maior concentracdo de nutrientes foliares. Tais varia¢des, podem ser
usadas para a distingdo entre fisionomias (savana x floresta- (Franco et al 2005- e pares
congenéricos (Habermann e Bressan 2011-.

Além das relagdes com o escleromorfismo foliar, as concentracoes de nutrientes foliares
estdo relacionadas ao crescimento e maturacdo foliar, e a producdo de metabolitos secundarios de
defesa. As espécies savanicas possuem basicamente duas estratégias de desenvolvimento foliar: 1 —
alta absor¢do de nutrientes do solo e rdpido desenvolvimento foliar (Kursar e Coley 2003-; e lenta
absor¢ao de nutrientes ¢ lento desenvolvimento foliar. Nesse caso, estas espécies investem na
producao de metabolitos secundarios de defesa como compostos fendlicos, taninos, alcaldides e
flavonoides, havendo significativa reducdo na producdo desses compostos apds a maturagdo foliar
(Varanda et al. 2005-.

Devido ao sucesso em pesquisas agrondmicas a nutrigdo mineral de plantas ¢ uma das areas
mais estudadas, entretanto muito pouco se conhece sobre a nutricdo mineral de plantas nativas das
savanas. De acordo com os conhecimentos agrondmicos o Al edafico ¢ um elemento altamente
toxico para as plantas (Menzies 2003-, capaz de comprometer o desenvolvimento do sistema
radicular (Kopptike et al 2008- e interferir negativamente na absor¢do de nutrientes para o
desenvolvimento vegetal (Marshner 1995-.

Entretanto, as espécies do cerrado, foram selecionadas sobre solos extremamente acidos
(pH~4- e com elevadas concentragdes de Al trocavel (Haridasan 2008-, de modo que estas espécies
sdo insensiveis aos efeitos toxicos do Al edafico. Além da insensibilidade e habilidade para
acumular elevadas concentragdes de Al nas folhas, duas espécies do cerrado sado
alumino)dependentes: Miconia albicans (Melastomataceae- (Haridasan 1988- e Vochysia elliptica
(Vochysiaceae- (Haridasan 2008-. Este autor observou severa reducao no desenvolvimento dessas

duas espécies ao cultivd)las em solos alcalinos e solugdes nutritivas desprovidas de Al. Apesar de
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tal insensibilidade ter sido sugerida por Haridasan (1982, 1987- ao observar que as concentragdes
de nutrientes foliares eram semelhantes entre as espécies acumuladoras e ndo acumuladoras de Al,
existe a possibilidade de que o acimulo de Al interfira nas reagdes metabdlicas das espécies
acumuladoras de Al, alterando a produ¢do de metabolitos secundérios e seus ciclos fenologicos.
Assim os objetivos desta tese foram: capitulo 1, testar a hipotese de as espécies
acumuladoras e ndo acumuladoras de Al apresentardo similaridades fenoldgicas e nutricionais, além
de apresentar niveis similares de escleromorfismo foliar; capitulo 2, testar a hipotese de que duas
comunidades de cerrado sensu stricto localizadas nas regides central e periférica do cerrado sdo
igualmente escleromorficas e apresentam concentracdes semelhantes de nutrientes e Al foliar;
capitulo 3, testar a hipotese de que os fatores edafoclimaticos sdo responsaveis pelas variagdes no
status nutricional, acumulo de Al e escleromorfismo foliar antre as savanas australiana, brasileira e

sul africana.
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Abstract

The flora of the Brazilian savanna (cerrado- comprises species which differ in aluminum (Al-
accumulation in leaves: Al)accumulating and non)accumulating. Both groups grow on acidic soils
with low fertility, high exchangeable Al, and are exposed to the same climate. Despite the existence
of these groups, their ecological importance or biological strategies have not been suggested yet.
We evaluated the leaf flushing pattern of both functional groups throughout the year, the leaf
concentration of N, P, K, Ca, Mg, S, Al, total flavonoids, polyphenols, and the specific leaf area
(SLA- in young and mature leaves within and between both groups. Non)accumulating species had
constant leaf flushes throughout the year, whereas Al)accumulating had a peak of flushing at the
end of the dry season (September-. Non)accumulating store more macronutrients in their leaves,
regardless of the leaf phase, and show high SLA ever since the juvenile leaf phase. We propose the
leaf flushing patterns in Al)accumulating and non)accumulating species is not related with the
defense compounds in leaves of any group of plants. In addition, non)accumulating plants absorb
more macronutrients and produce leaves with high SLA ever since the juvenile leaf phase, while
leaves of Al)accumulating plants seem to face competition between Al and macronutrients. This
may slow the increase of SLA in Al)accumulating plants, which achieve SLA values comparable to
the rest of the plant community only in the wet season, when sunlight capture is important for
growth of new branches.

Keywords: Aluminum, Community, Herbivory, Mineral nutrition, Phenology, Specific leaf area
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Introduction

Aluminum (Al- is the most abundant metal and the third most common element in the
Earth’s crust (Guillard et al. 2012-. In the soil, soluble Al (Al’- is toxic to most crops, causing
physical damage to cell walls (Horst et al. 2010- and root tips (Kopittke et al. 2008-, and Al
chelation and/or exclusion at the root tip seem to be an important Al)avoiding strategy for crops
(Ryan et al. 2011- and native plants (Brunner and Sperisen 2013-.

However, some plants are able to accumulate great amounts of Al, with no apparent damage
to their metabolism. These plants frequently grow on Al)rich soils of tropical areas. In the Brazilian
savanna, called ‘Cerrado’, Al)accumulating and non)accumulating plants co)occur (Haridasan
1982-. These are woody species growing in forest) and savanna)type physiognomies within the
Cerrado vegetation. The soils of these areas are poor, acidic (pH < 4.0-, sandy and rich in Al
(Haridasan 2008; Habermann and Bressan 2011-, and support the typical savanna)type
physiognomy, called cerrado sensu stricto (s. str.-, with small trees and shrubs, where
Al)accumulating and non)accumulating plants occur more frequently.

Al)accumulating plants show 1,000 to 15,000 mg Al per kg of leaf dry mass (LDM-,
whereas non)accumulating plants store 100 to 600 mg Al per kg LDM (Haridasan 1982-. Despite
the large number of woody species (1000 — 2000- in the Cerrado (Ratter et al. 2003-, only few
species from few families have been identified as Al)accumulating plants: Miconia sp., Palicourea
rigida, Qualea sp. and Vochysia sp. (Haridasan 1982-. Occurrences of Al)accumulating plants are
extremely variable between vegetation. Haridasan (1982- observed 35% Al)accumulating plants in a
cerrado s. str. Haridasan and Aradjo (1988- found 18% in a ‘Cerradao’ (seasonal forest- growing on
a dystrophic soil, but less than 8% when this forest physiognomy grows on mesotrophic soils, while
Aratjo (1992- found 7% Al)accumulating plants in a semidecidual forest.

Similar to climates found in African and Australian savannas, in the Cerrado, the dry season

occurs in the fall)winter, from May to October, and the warm and rainy season between November
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and April (Ferreira Jinior et al. 2003; Kissmann et al. 2012-. Therefore, for most tropical
vegetation, leaves flush and develop during the spring)summer (Kushwaha et al. 2011-, as water
availability and the warm weather enhance photosynthesis and growth of new branches. As far as
we are concerned, there is no information about leaf flushing of these two important functional
groups in the Cerrado. Therefore, the first question we raised in this paper is whether
Al)accumulating and non)accumulating plants show distinct leaf phenology throughout a year.

Some Cerrado woody plants flush at the end of the dry season, probably because flushing
early in the season avoids the exposure of tender tissues during the wet season, when herbivory is at
its highest pressure, at least for coleoptera (Marquis et al. 2002; Pinheiro et al. 2002-, hemiptera and
isoptera (Pinheiro et al. 2002-. Thus, the exposure of mature rather than young leaves in the wet
season avoids injuries (Mantovani and Martins 1988-. But some species go further into herbivory
protection and rapidly reach leaf maturity (Kursar and Coley 2003-, investing in secondary
metabolites, including phenols, tannins, alkaloids and flavonoids (Varanda et al. 2005-. Therefore,
the second question we raised is whether a possible distinct leaf phenology between Al functional
groups is associated with patterns of secondary metabolites (flavonoids and polyphenols- in juvenile
and mature leaves.

Finally, coriaceous leaves are characteristic of many cerrado plants. But Arens (1958-
hypothesized that edaphic Al causes sclerophylly in cerrado plants and that it would help them
survive seasonal droughts, not the herbivory pressure. However, coriaceous leaves are associated
with low specific leaf area (SLA, cm?’g- and reduced nutritional status (Gongalves)Alvim et al.
2006-. Therefore, our third question is whether Al accumulation and nutritional status are associated
with divergent SLA during leaf development in these groups. In this way, although both groups
co)occur and grow on the same soils under the same climate, with apparent no phylogenetic
correlations, Al has not yet been demonstrated to be essential to these plants. In this paper, we

investigate possible ecological strategies for these groups that might be hidden behind leaf traits.
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Material and Methods
Study site and species selection

This study was conducted in a cerrado s. str. fragment (22°13'S 47°53'W; 610 m of altitude;
260 ha- on the Sao José da Conquista farm, in central Sdo Paulo state, Brazil. This vegetation was
growing on an oxisol, which was sandy, acidic (pH < 4.0-, with low availability of macronutrients,
as well as high exchangeable Al. The climate in the region is classified as CWA (K&ppen 1948- with
a wet summer and a dry winter. The mean monthly temperature varies between 32°C in February
and 18°C in July, and the total annual rainfall is around 1520 mm (Camargo et al. 2011-.

The Al)accumulating group was comprised of four species from two families
(Melastomataceae and Vochysiaceae-, and the non)accumulating group consisted of 18 species from
13 families (Table 1-. The small number of species in the Al)accumulating group is consistent with
the few families of cerrado plants that have been identified as Al)accumulating plants (Haridasan
1982; Haridasan and Araujo 1988-. In the present study, Al)accumulating plants comprised 22% of
the species. This percentage is very close to the average proportion of Al)accumulating species
(20%- found in a Cerrado s. str. (Haridasan 1982- and in a Cerraddo (Haridasan and Araujo 1988-.
As also observed in a cerrado s. st. (Haridasan 1982- and in a Cerradao (Haridasan and Aragjo
1988-, in the present study there are no congeneric species between Al)accumulating and

non)accumulating plants (Table 1-.

Phenological observations

To evaluate the leaf flushing pattern of each functional group, 36 transects measuring 25 m x
2 m, 50 m distant from each other were established on the southern and eastern faces of the
vegetation fragment. Phenological observations were performed monthly, from January to

December 2011. The presence or the absence of leaf flush was registered according to Morellato et
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al. (2000-. A total of 805 individuals, being 203 Al)accumulating and 602 non)accumulating plants

were identified.

Leaf traits

Mature leaves were sampled in the second week of February (wet season- and young leaves
in the first week of September (dry season- 2011. The canopy of each plant was divided into
cardinal directions and leaves were collected from 4)6 plants per species, according to the
availability of leaves in each season. Leaf subsamples from each cardinal direction on each plant
(replications- were mixed, immediately taken to the laboratory, and washed under distilled water.

Five discs of known area (cm?- were excised from each of the six leaves sampled per plant.
The leaf discs were oven)dried to constant dry mass at 60°C, and SLA was calculated as the ratio
between leaf area (cm?- and leaf dry mass (g- (Habermann and Bressan 2011-. For the nutritional
status, leaves were oven)dried at 60°C to constant dry mass, ground and digested in a
nitric)percloric acids solution. Concentrations of Ca and Mg were determined by the atomic
absorption spectrophotometer method, K was determined in a flame photometer, S was determined
using a turbidimetric method, P and Al was quantified colorimetrically, and N was determined by
the micro)Kjeldahl method of digestion and analysis (Sarruge and Haag 1974; Dantas and Batalha

2011-.

Secondary metabolites

Total polyphenol concentration was expressed as mg per LDM (g- (Cortés)Rojas et al.
2012-, which employed adaptations of the Folin)Denis colorimetric method. Leaves were dried at
50°C for 96 h, then ground to pass through a 20)mesh sieve, and 50 mg were extracted in 2.5 mL
methanol:water (7:3- solution, after 1h in ultrasound bath. The crude extract was diluted 10 times,

and using microtiter plates with 96 wells, we deposited 155 pL of distilled water, 20 pL of
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Folin)Denis reagent, 20 uL of Na,COs saturated at 35%, and 5 pL of the crude extract in each well.
Absorbance was measured at 760 nm using a microtiter plate reader after 30 min of incubation in
the dark, at room temperature.

Total flavonoids, calculated as quercetin from a calibration curve and also expressed as mg
per LDM (g-, was measured using adaptations (Woisky and Salatino 1998- of a method that
employs microtiter plates with 96 wells. We poured 175 pL of methanol, 5 uL of AlICl; at 35% and
20 pL of the crude extract into each well, and absorbance was measured at 425 nm using a

microtiter plate reader after 30 min of incubation in the dark, at room temperature.

Statistical analyses

The leaf flush pattern was described based on an activity index, which indicates the
percentage individuals manifesting a certain phenophase on each observation date (Camargo et al.
2011-. Differences in leaf flushing between Al)accumulating and non)accumulating plants were
tested using the Spearman's rank correlation (rs-.

A t)test at 5% of probability was used to compare leaf traits (concentrations of N, P, K, Ca,
Mg, S, Al, flavonoids, total polyphenols and SLA- between young and mature leaves in
Al)accumulating and non)accumulating plants, and also between these functional groups. To check
normal distribution, data was transformed using a box)cox transformation (x**(1)(4/2--- (Box
1964-.

The relative percentage change (RPC=((C,)Ci-/Cy-100%- in leaf nutrients (N, P, K, Ca, Mg,
S, and Al- from young to mature leaves in Al)accumulating and non)accumulating plants was
calculated according to Teklay (2004-, in which C, is the concentration of a target leaf nutrient in
young leaves, and C,, the concentration of a target leaf nutrient in mature leaves. Positive RPC
values indicate resorption whereas negative values suggest enrichment of N, P, K, Ca, Mg, S, and

Al from the juvenile to the mature leaf phase. We performed a t)test at 5% of probability to check
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differences in RPC between the functional groups.

Results

According to the Spearman rank correlation, the leaf flushing differed (P = 0.02, rs = 0.65-
between Al)accumulating and non)accumulating plants (Fig. 1-. Al)accumulating plants showed a
leaf)flushing peak from August to November and in contrast, no flushing peak was observed for
non)accumulating plants (Fig. 1-.

Leaves of Al non)accumulating plants showed higher macronutrients (except for S-
concentrations in comparison to Al)accumulating plants, and while Al non)accumulators diminished
nutrient concentrations (except for Ca and Mg- from the juvenile to the mature leaf phase,
Al)accumulators maintained these concentrations (except for Mg- between leaf phases (Table 2-. In
Al)accumulating plants, the Al concentration conspicuously increased from the juvenile to the
mature leaf phase, whereas no change in the Al concentration was observed between leaf phases in
Al non)accumulating plants (Table 2-.

Leaves of Al non)accumulating plants showed high and the same SLA between leaf phases,
whereas Al)accumulating plants increased SLA from the juvenile to the mature leaf phase, when
values became similar to those of Al non)accumulating plants (Table 2-.

In Al non)accumulating plants leaf flavonoids were higher than in Al)accumulating plants,
and while Al non)accumulating plants decreased their leaf flavonoids from the juvenile to the
mature phase, this compound had similar concentrations between leaf phases in Al)accumulating
plants. Polyphenols, on the contrary, was higher in Al)accumulating in relation to Al
non)accumulating plants, and for both plant groups this compound had similar concentrations
between leaf phases (Table 2-.

Both Al non)accumulating and accumulating plants exhibited Ca leaf enrichment. As

expected, Al)accumulating plants exhibited an Al enrichment of more than 200% from the juvenile
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to the mature leaf phase, whereas Al non)accumulating plants showed an Al resorption of 27%

between leaf phases (Table 3-.

Discussion

Our results demonstrate that the Al)accumulating group flush at the dry)wet seasons
interface, while the non)accumulating group assume a consistent flush throughout the year. This
answers our first question, but does this suggest an ecological strategy for these groups of plants in
terms of exposing their leaves with different traits at different times?

For tropical plants, in general, it is described that young leaves suffer higher rates of
herbivory, requiring greater diversity of secondary metabolites (Kursar et al. 1999- when compared
to mature leaves (Coley and Barone 1996-. In the Cerrado, insects seem to prefer young leaves
whereas pathogens attack more mature leaves (Marquis et al. 2001-. For instance, Varanda et al.
(2008- demonstrated caterpillars’ preference for young expanding leaves of Xylopia aromatica, an
Al)non)accumulating plant from the Cerrado, as compared to their tannin)enriched mature leaves.
Thus, secondary metabolites have always been associated with leaf protection against herbivores
and/or pathogens.

The escape strategy (flushing at the dry)wet seasons interface- has been extensively debated
(Silva and Batalha 2011- with no clear understanding for Cerrado plants. Except for some insect
orders (Marquis et al. 2002; Pinheiro et al. 2002-, herbivory pressure in the Cerrado is apparently
similar throughout the year (Marquis et al. 2002-. Insect leaf damage also seems to be independent
of leaf age (Gongalves)Alvin et al. 2011-, and the season of escape may also depend on herbivore
species (Marquis et al. 2001-, although Silva and Batalha (2011- argue that herbivory is
underestimated in the Cerrado.

For both groups of plants studied here the secondary metabolism seems to be under balance.

Leaf polyphenols, which includes tannins, are higher in Al)accumulating in relation to
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non)accumulating plants, whereas the opposite is observed for leaf flavonoids. Furthermore, no
conspicuous differences in these metabolites appear between leaf phases in both groups, weakening
any suggestion of escape strategy involving these compounds during leaf development. In addition,
although high leaf Al concentration has been demonstrated to be associated with low leaf tannin
concentration in Qualea parviflora, an Al)accumulating plant from the Cerrado, leaf tannin
concentration does not influence the herbivory leaf damage in this species (Gongalves)Alvin et al.
2011-. Therefore, Al accumulation does not seem to be associated with any pattern of defense
compounds in leaves, weakening any suggestion of involvement of secondary metabolites in
herbivory escape strategies for any functional group.

Non)accumulating plants store more macronutrients (except for S- than the other group of
plants, and produce leaves with high SLA ever since the juvenile leaf phase. Therefore, in relation
to Al)accumulating, non)accumulating plants emit new leaves that rapidly optimize light capture for
photosynthesis. Species possessing high SLA, such as forest species (Hoffmann et al. 2005;
Habermann and Bressan 2011; Rossato et al. 2013- and deciduous savanna species (Franco et al.
2005- show high leaf contents of nutrients, such as N and P that are closely related to
photosynthetic activities (Reich et al. 2009-. This strategy, as also performed by non)accumulating
plants, implies low leaf construction costs (Franco et al. 2005-.

Al)accumulating plants store less macronutrients than non)accumulating plants and
gradually increase SLA from the juvenile to the mature leaf phase. In contrast to
Al)non)accumulating plants, the astonishing enrichment of Al from the juvenile to the mature leaf
phase in Al)accumulating plants might cause competition with macronutrients for allocation in the
mesophyll of these plants. Competition among nutrients can only be detected by absorption
dynamics studies, which is difficult to perform in the field. However, N, P, K, Ca and S
concentrations remained unchanged between leaf phases in Al)accumulating plants, while N, P, K

and S decreased from the juvenile to the mature leaf phase in non)accumulating plants.
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Furthermore, many native species are described to face competition between Al and macronutrients
for allocation in their leaves (Brunner and Sperisen 2013-.

Thus, the lack of metabolic resources (macronutrients, especially N and P- in
Al)accumulating plants does not seem to support a great SLA ever since the juvenile leaf phase.
This group of plants flushes at the end of the dry season and gradually increases SLA from the
juvenile to the mature leaf phase and matches SLA values of the rest of the plant community only in
the wet season, when possessing high SLA is important for light capture and photosynthesis. This
strategy seems to be analogous to evergreen savanna species (Franco et al. 2005; Hoffmann et al.
2005; Habermann and Bressan 2011-, which have high leaf construction costs involving the
development of non)photosynthetic tissues, such as fibers and cell walls rather than chloroplasts. In
fact, sclerophylly in Q. parviflora is associated with low rates of macronutrient supply
(Gongalves)Alvin et al. 2006-.

One may still argue that there is no phylogenetic context between these groups of plants.
However, when studying stem and leaf hydraulic traits between congeneric pairs from savanna and
forest ecosystems, Hao et al. (2008- observed that phylogeny (genus-, rather than functional type
(savanna versus forest species-, better explained variances observed in drought survival traits. On
the other hand, when studying herbivory defense traits among 61 species from 29 families in a
cerrado plant community, Silva and Batalha (2011- found that phylogeny did not determine the suit
of anti)herbivory traits among the species. As mentioned above, Al accumulation is highly
conserved in only 15)22% Cerrado woody species (Haridasan 1982; Haridasan and Araujo 1988-.
Considering that both groups of plants grow on the same Al)rich soils and under the same climate, it
is intriguing why the other 78)85% species have not conserved this trait. Therefore,
Al)accumulating species might have survived some environmental filters that act in the Cerrado,
while non)accumulating ancestors have not, since the Cerrado imposes many filters for species,

guilds and functional groups (Silva and Batalha 2006-.
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In conclusion, flushing at the dry)wet seasons interface for Al)accumulating plants, and
throughout the year for non)accumulating plants is not related with patterns of defense compounds
in leaves of any group of plants. In addition, non)accumulating plants absorb more macronutrients
and produce leaves with high SLA ever since the juvenile leaf phase, while leaves of
Al)accumulating plants seem to face competition between Al and macronutrients. This may slow
the increase of SLA in Al)accumulating plants, which achieve SLA values comparable to the rest of
the plant community only in the wet season, when sunlight capture is important for growth of new

branches.
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Table 1 List of Al)non)accumulating and Al)accumulating species in a cerrado sensu stricto

fragment, southeastern Brazil.

Family

Species

Al-non-accumulating

Annonaceae
Annonaceae
Apocynaceae
Caryocaraceae
Erythroxylaceae
Erythroxylaceae
Erythroxylaceae
Malpighiaceae
Malpighiaceae
Malpighiaceae
Malvaceae
Myrsinaceae
Myrtaceae
Nyctaginaceae
Rubiaceae
Salicaceae
Sapotaceae
Styracaceae

Al-accumulating

Annona coriacea

Xylopia aromatica
Aspidosperma tomentosum
Caryocar brasiliensis
Erythroxylum suberosum
Erythroxylum tortuosum
Erythroxylum pelleterianum
Byrsonima basiloba
Byrsonima intermedia
Banisteriopsis variabilis
Eriotheca gracilipes
Rapanea umbelata

Myrcia bella

Guapira opposita
Tocoyena formosa
Casearia sylvestris
Pouteria torta

Styrax ferrugineus

Melastomataceae Miconia albicans
Melastomataceae Miconia rubiginosa
Melastomataceae Miconia fallax

Vochysiaceae

Qualea grandiflora
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Table 2 Mean values (+ sd- of leaf concentrations of N, P, K, Ca, Mg, S, Al, flavonoids, total
polyphenols and specific leaf area (SLA- in young (Y- and mature (M- leaves of

Alnon)accumulating and Al)accumulating in a cerrado sensu stricto fragment, southeastern Brazil.

Traits Phenophase Al)non)accumulating  Al)accumulating
N (g kg''- Y 2476+ 11.07 aA 1645 = 452  aB
M 19.03 £8.41 DA 13.33 + 1.52 aB
P (g kg''- Y 2.04+143 aA 0.78 + 0.30  aB
M 1.12+0.34 DbA 0.73 + 0.09 aB
K(gkg'- Y 839+ 585 aA 264 £ 122 aB
M 419+ 1.73 DbA 2.19 £ 044 aB
Ca(gkg'- Y 575+3.29 aA 3.11 £ 0.88  aB
M 5.62+£1.97 aA 3.58 £ 0.71 aB
Mg (g kg''- Y 223+0.77 aA 1.57 £ 042  aB
M 2.09+0.70 aA 1.22 + 0.20 bB
S (g k- Y 1.09+0.56 aA 0.82 + 0.18 aA
M 0.83 £0.34 DbA 0.92 + 0.31 aA
Al(mg kg'- Y 200.06 + 138.49 aB  1546.60 = 139.49 bA
M 181.88 + 140.77 aB  4867.36 £ 1782.85 aA
SLA (cm? @'- Y 132.98 £ 50.23 aA 88.11 + 13.85 DB
M 122.23 £32.03 aA 145.54 £ 62.01 aA
Flavonoids (mg g"'- Y 511+2.41 aA 2.10 = 041  aB
M 3.66 £2.81 DbA 1.79 £ 0.23 aB
Polyphenols (mg g'- Y 27.02+12.26 aB 3531 £ 271  aA
M 26.28 + 14.52 aB 37.19 + 493 aA

Different lower case letters indicate significant differences (P < 0.05- between young (Y- and
mature (M- leaves in each functional group. Different upper case letters indicate significant

differences (P < 0.05- between Al)non)accumulating and Al)accumulating functional groups.
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Table 3 Mean Relative Percentage Change (+ sd- in the concentration of N, P, K, Ca, Mg, S and Al
in Al)non)accumulating and Al)accumulating species in a cerrado sensu stricto fragment,
southeastern Brazil. Positive values show resorption whereas negative values show enrichment of

nutrients from the juvenile to the mature leaf phase.

Traits Al-non-accumulating Al-accumulating

N 6.29+64.50a 11.12+34.52a
P 15.27+59.60a )9.00+51.26 a
K 19.05+70.02a )16.55+91.19a
Ca )38.79 £108.06 a )26.18 +£50.05 a
Mg 191+4421a 17.79+25.67a
S 4.01 £5821a )14.26+39.81a
Al 27.07+£21.15b)207.40 £ 94.26 a

Different letters indicate significant differences (P < 0.05- between Al)non)accumulating and

Al)accumulating functional groups.
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Fig. 1 Annual leaf flush distribution in Al)accumulating and Al)non)accumulating in 2011, in a

cerrado sensu stricto fragment, southeastern Brazil.
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Abstract — Water availability, soil fertility, fire and edaphic aluminum (AL- are considered limiting
factors in the cerrado sensu stricto (Brazilian savanna-. Despite the low fertility and pH in the
Al)rich soils of the cerrado, its flora is one of the richest among savannas. Cerrado woody species
also have scleromorphic leaves, and the degree of scloermorphism is related to the water)nutrient
availability in the soil. To better understand the function and structure of the cerrado vegetation
within its own variations, we compared two cerrado communities, one in its core region in central
Brazil (Brasilia, DF- and the other on its southern periphery (Itirapina, SP-. We contrasted the
length of the dry season, soil fertility, leaf concentrations of N, P, K, Ca, Mg and Al and
scleromorphism (specific leaf area ) SLA- between these communities. The dry season was shorter
on the periphery, where the soil was more fertile although more acidic. Plants from the periphery
had higher SLA and showed higher leaf concentration of N, P, Ca and Mg. We propose that the
lower leaf scleromorphism on the periphery is due to shorter dry season.

Key words: Savanna, Mineral Nutrition, Aluminum toxicity
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Introduction

Savannas occupy 20% of the emerged lands (Sankaran et al. 2005-, covering 21% of the
Brazilian territory (Souza and Habermann 2012-, 25% of the Australian territory (Williams et al.
2005- and 40% of the land area in Africa (Okitsu 2005-. Savannas are composed of many
physiognomies ranging from grasslands to seasonal forests, and the structure and functionality of
the species are strongly influenced by ecological filters (Gottsberger and Silberbauer—Gottsberger
2006-. For instance, fire frequency, soil fertility, water availability and herbivory have been
recognized as the main ecological filters for these landscapes (Sankaran et al. 2005-.

The use of leaf traits (e.g. leaf nutritional status and scleromorphism- has been successfully
used to explain responses of savanna species to the variations in these ecological filters. However,
in the savannas, species submitted to high frequency of fire and droughts and growing on poor soils
possess decreased concentration of nutrients in their leaves, which tend to be more scleromorphic
(low specific leaf area — SLA- (Sankaran et al. 2005; Wright et al. 2001-. In contrast, species
submitted to low frequency of fire and drought events, and growing on soils that are less infertile
and do not go through droughts so often are less scleropmorphic and have leaves that are rich in
nutrients (Delgado et al. 2013; Sankaran et al. 2005; Prior et al. 2005; Wright et al. 2001-.
Aluminum (Al- accumulation is an important leaf trait, especially in the Brazilian savanna (locally
known as “cerrado”- because soils from the cerrado are acidic and rich in Al (Haridasan
2008-.Therefore, species in this environment have been selected into two groups of species in terms
of Al use by their metabolism: Al)accumulators and Al)non)accumulators (Haridasan 1982-.
Although Al function in their metabolism is still not understood, Al does not interfere in the uptake
of other nutrients (Haridasan 1982-.

In the Cerrado, water restrictions are important during the dry season (Goodland and Ferri
1979; Gottsberger and Silberbauer—Gottsberger 2006-, and it has already been proposed that

sclermorphic leaves of the Cerrado vegetation is due to the water restrictions imposed during most
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part of the year. But the Cerrado domain is very big (=1,776,000 km*- in Brazil, and similar
vegetation physiognomies occur in areas with distinct water availability (Gottsberger &
Silberbauer—Gottsberger 2006- and on soils with different geological formations (Silva 2008-.
Therefore, it is possible that the Cerrado domain, even between similar physiognomies, such as the
typical cerrado sensu stricto (s. str.-, may vary in its structure with consequences for the adjacent
vegetation. In this way, when we compared the soil fertility, the length of the dry season and leaf
concentration of N, P, K, Ca, Mg and also Al, we expected to find important differences in
scleromorphism (SLA- and nutritional status between cerrado areas in the core and on the southern
periphery of this biome. Consequently, we tested the hypothesis that plants on the southern
periphery are less scleromorphic and retain more nutrients in their leaves in comparison to the core
region, where soils appear to be more weathered, acidic and poorer. Our findings may have

ecological significance for understanding the structure of the Cerrado vegetation.

Material and methods
Site description and study description

The study was conducted in two cerrado s. str. fragments, one in the core region and the
other on the southeastern periphery of the Cerrado domain. In the core of the Cerrado, the plant
community was located at the Ecological Reserve of IBGE (15°57' S 47°52' W- in Brasilia, the
Brazilian Federal District. On the periphery, the plant community was growing on the Sao José da
Conquista farm (22°13'S 47°53'W-, in Itirapina, Sdo Paulo state. Both sites show a rainy summer
and a dry winter.

A 30)year)dataset was used to estimate the mean annual rainfall, length of the dry and wet
seasons and air temperature, from 1980 to 2010 (Walter 1986-. In the core of the cerrado, these data
were provided by the National Institute of Meteorology (INMET 2013-. The total annual rainfall in

the core of the Cerrado is around 1452 mm and the mean annual temperature around 21°C, while on
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the periphery the total annual rainfall is around 1512 mm and mean annual temperature around
20°C (Figure 1-.

We studied 15 woody species in the core and 21 species on the southeastern periphery (Table
1-. In both communities three plots of 15 m x 15 m were established and the woody species that
were common among plots were selected. The plants were sampled between February and March
2005 (in the core; Araujo 2006- and 2011 (on the periphery-. Soil sampling was also performed in

the three plots.

SLA and nutritional status

Fully expanded mature leaves were randomly sampled from 4)6 plants per species,
according to the availability. Leaves were washed with distilled water and oven)dried at 60°C until
constant mass.

To determine the specific leaf area (SLA- six leaves per plant per species were used for
obtaining 40 leaf discs of pre)determined area. The SLA was calculated as the ratio between leaf
area (cm’- and leaf dry mass (g- (Habermann and Bressan 2011-. Leaves from both communities
were digested in an acid solution (nitric:percloric- and leaf N concentration was determined by the
micro)Kjeldahl method. For the core's community the concentration of Ca, Mg, K and Al were
determined by atomic absorption spectrophotometry and P was determined colorimetrically (Allen
1989-. For the periphery's community leaf concentrations of Ca and Mg were determined by atomic
absorption spectrophotometry, K was determined using a flame photometer, and P and Al were

quantified colorimetrically (Sarruge and Haag 1974-.

Soil characterization
Soil samples were randomly collected (0)30 cm in depth- from the three plots for analysis.

Chemical parameters [pH, N, organic matter (OM-, P, K, Ca, Mg and Al] and physical properties
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(percentage of clay, silt and total sand- were determined according to Raij et al. (1987-. Procedures

are described in English in Dantas and Batalha (2011-.

Data analysis

The variations in pH, OM, P, K, Ca, Mg and Al between the soils from the core and
periphery were analyzed using a t)test at 5% level. A t)test at 5% level was carried out to determine
differences in the leaf concentration of N, P, K, Ca, Mg, Al and SLA between the core and
peripheral communities. We used a standardized major axis (SMA- regression to test for significant
differences in slopes and intercepts between leaf concentrations of N and P, Ca and Mg, SLA and N,

and SLA and P (Warton et al. 2006- for both communities.

Results
Climate and soil characterization

Both regions exhibited similar total annual rainfall and average temperature but the
peripheral community showed a shorter and milder dry season (Jun ) Aug-, while in the core a
longer (May — Sep- and drier season occurred (Figure 1-.

The soil from the periphery was more acidic (pH < 4.0- but more fertile (richer in N, P, Ca
and Mg- than the soil from the core region (pH > 4.0, and poorer in N, P, Ca and Mg-. In addition,
the soil from the periphery showed higher percentages of clay and silt. The Al saturation in the soil
matrix in relation to the other bases (m%- and the concentration of K did not differ between the

sites (Table 2-.
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Leaf traits

The plant community located on the periphery of the Cerrado showed higher leaf
concentrations (g kg''- of N (18.22 + 8.05-, P (1.06 + 0.34-, Ca (5.33 = 1.97-, and Mg (1.96 + 0.72-
as compared to the plant community in the core region: N (14.36 + 7.46-, P (0.64 + 0.24-, Ca (3.71
+2.78-, and Mg (1.34 £+ 0.66- (Figure 2-.

For Al)non)accumulator species, Al leaf concentration (mg kg''- was similar between both
communities (192.5 £ 124.8 in the core and 181.9 £+ 140.1 in the periphery- (Figure 3a-. However,
for Al)accumulator species, leaf concentration of this element was considerably higher in the core
(7,401.0 + 4,700.3- in comparison with the periphery (1,546.6 + 139.5- (Figure 3b-.

The plant community in the periphery exhibited higher SLA values (125.56 + 38.14- than
those exhibited by plants in the core (69.01 + 20.41- (Figure 4-. There were positive correlations
between leaf concentration of N and P (Figure 5a-, and between Ca and Mg (Figure 5b- for both
communities. Significant differences between plant communities were observed in the N x P
relationship. However, such differences were not found between communities when analyzing the
the Ca x Mg relationship (Table 3-. In addition, we found no correlation between SLA x N (Figure

6a- or between SLA x P (Figure 6b- (Table 3-.

Discussion

The total annual rainfall in the core (~1450 mm- was very akin to the periphery (~1500 mm-
and these rainfall values are enough to support forest vegetation in the tropics (Gottsberger and
Silberbauer—Gottsberger 2006; Silva et al. 2013-. In spite of similar annual rainfall, we observed a
significant difference in the duration of the dry season between both communities (3 months on the
periphery and 5 months in the core-. Water deficit can impair growth and development in plants in
general (Chaves et al. 2002- and in Cerrado plants (Prado et al. 2004-. In addition, as N compounds

are found mostly in the xylem sap (Pate 1973- it is natural that N uptake is diminished with the low
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transpiration during the dry season (Prado et al. 2004-. Furthermore, in a cerrado species there is a
strong negative relationship between leaf N concentration and leaf scleromorphysm (Delgado et al.
2013-. This supports the association between longer dry season and the higher scleromorphism
observed in the core, as compared to the peripheral community.

In Australian savannas, wood species growing on poor soils and dry areas show decreased
SLA and low nutrients in leaves as compared to species growing on soils that are more fertile and
have higher water availability (Prior et al. 2005; Wright et al. (2001-. Leaf scleromorphism has also
been used to discriminate between forest and savanna species in such a way that forest species are
less scleromorphic (high SLA- than savanna species (Hoffmann et al. 2005-, since the limitation in
forests is the capture of sunlight (Gvinish 1988; Habermann and Bressan 2011- while in savannas,
surviving the dry season is the main challenge (Prado et al. 2004; Bucci et al. 2008-. After all, less
scleromorphic leaves invest more in photosynthetic tissues, have higher ratios of mesophyll to
epidermis, and mesophyll to leaf thicknesses (Delgado et al. 2013; Somavilla et al. 2013- and
accumulate more N, P, Ca and Mg (Hoffmann et al. 2005- than scleromorphic leaves.

Soil acidity, edaphic Al and low soil fertility are common factors among Cerrado soils
(Haridasan 2008-, but soils from different Cerrado areas may have different pH and fertility levels
(Cianciaruso et al. 2013-. In the core, the soil is less fertile, more acidic although presenting similar
m% in relation to the soil on the southern periphery. Calcium concentration was ten times greater in
the soil from the periphery than the core, and the plant community from the periphery retained more
nutrients in their leaves, including Ca. However, we do not believe that plants from the periphery
accumulate more nutrients and Ca in their leaves due to richer soil on the southern periphery.
Growth parameters of cerrado woody species are non)plastic to nutrient availability in the soil
(Hoffmann and Franco 2003; Habermann and Bressan 2011-. In addition, in both communities the
relationships between N and P and Ca and Mg were positive and significant. This not only indicates

that these nutrients are important resources for cerrado s. sf7. communities but also demonstrates



45

that the soil)plant relationship is conserved for these nutrients, regardless of the plant community,
region or soil fertility. As a consequence, differences in soil fertility between the core and the
periphery cannot be responsible for higher leaf nutrient concentration on the periphery as compared
to the core.

The leaf Al concentration was five times greater in the core in relation to the periphery. This
can be ascribed to the presence of Vochysia elliptica and V. thyrsoidea in the core and the absence of
this genus in the periphery. Species from the Vochysia genus are considered Al)hyper accumulators
in the cerrado s. str. (Haridasan 1982; Haridasan and Aratjo 1988- and in semi deciduous forests
(Araujo 1992-. In addition, Al availability in Cerrado soils present no direct relationship with leaf
Al concentration in hyper)accumulating plants (Andrade et al. 2011-. Therefore, and similar to our
conclusions on the other nutrients, different leaf Al concentration between both communities cannot
be ascribed to dissimilar soil Al concentrations between both regions.

We did not find significant relationship between SLA and N or SLA and P. In figure 6, one
can clearly observe that N, P and SLA are grouped on the bottom for data coming from the core and
spread at high values for data coming from the periphery. This suggests that both nutrients and SLA
do not vary among species within the two communities, as these traits are consistently low in the
core and high on the periphery. On the other hand, when these relationships are studied, for
example, among species with different phenological behaviors (Franco et al. 2005- or between
savanna and forest species (Hoffmann et al. 2005- and involving a single species (Delgado et al.
2013- these relationships are significant and positive. Thus, other factors are influencing these traits
in these communities. As discussed above, distinct soil fertility between the studied regions does not

seem to be the main factor.
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Conclusions

In conclusion, we confirmed our hypothesis that plants on the southern periphery are less
scleromorphic and retain more nutrients in their leaves in comparison to the core region, despite
dissimilarities between their soil fertilities. This points out that similar vegetation physiognomies
within the Cerrado biome can differ in functional traits. Based on 30)year data sets of climatic data,
we propose that the length of the dry season may explain the distinct traits between both

communities, despite their similar total annual rainfall.
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Figure 1. Climatic diagram displaying the length of the dry and wet seasons, elevation, annual
rainfall and air temperature distribution for a period of 30 years (1980-2010- in the core (a- and

southeastern periphery (b- of the cerrado.
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Figure 2. Box plots showing leaf nutrient concentration in two cerrado sensu stricto
communities located in the core and southeastern periphery in Brazil. The line in the middle of
each box indicates the 50" percentile of the observed distribution; the left and right parts of each
box represent the 25" and 75™ percentiles, respectively; the left and right error bars of each box
are the 5™ and the 95" percentiles of the observed distribution. Different letters indicate
significant difference (p < 0.05- using a t)test at 5% level between the core (C- and the

southeastern periphery (P- of the cerrado.
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Figure 3. Box plots showing aluminum leaf concentration in Al)non)accumulator (a- and
Al)accumulator (b- plants in the cerrado sensu stricto communities located in the core and

southeastern periphery. Box plot characteristics are as described in Figure 2.
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Figure 4. Box plots of specific leaf area (SLA- in the cerrado sensu stricto communities located

in the core and periphery. Box plot characteristics are as described in Figure 2.
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Figure 5. Standardized major axis (SMA- relationships between leaf concentrations of N versus

P and Ca versus Mg for two cerrado sensu stricto communities in core and periphery. Axes are

log10 scaled.
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Table 1. List of species selected from two cerrado sensu stricto communities located in the core

and in the southeastern periphery. *Al)accumulator species.

Family Specie Site
Annonaceae Annona coriacea Periphery
Annonaceae Xylopia aromatica Periphery
Apocynaceae  Aspidosperma tomentosum  Periphery
Araliaceae Schefflera paniculata Core
Calophyllaceae Kielmeyera coriacea Core
Caryocaraceae  Caryocar brasiliensis Core/Periphery
Erythroxylaceae Erythroxylum suberosum Periphery
Erythroxylaceae Erythroxylum tortuosum Periphery
Erythroxylaceae Erythroxylum pelleterianum Periphery
Fabaceae Sclerobium paniculatum Core
Fabaceae Dalbergia miscolobium Core
Fabaceae Stryphnodendron adstringens Core
Malpighiaceae  Byrsonima crassa Core
Malpighiaceae  Byrsonima basiloba Periphery
Malpighiaceae  Byrsonima intermedia Periphery
Malpighiaceae  Banisteriopsis variabilis Periphery
Malvaceae Eriotheca gracilipes Periphery
Melastomataceae Miconia pohliana™* Core
Melastomataceae Miconia rubiginosa* Periphery
Melastomataceae Miconia fallax* Periphery
Myrsinaceae Rapanea umbelata Periphery
Myrtaceae Blepharocalyx salicifolius ~ Core
Mpyrtaceae Myrcia bella Periphery
Nyctaginaceae  Guapira noxia Core
Nyctaginaceae  Guapira opposita Periphery
Ochnaceae Ouratea hexasperma Core
Rubiaceae Tocoyena formosa Periphery
Salicaceae Casearia sylvestris Periphery
Sapotaceae Pouteria torta Periphery
Styracaceae Styrax ferrugineus Periphery
Vochysiaceae  Vochysia elliptica* Core
Vochysiaceae  Vochysia thyrsoidea™ Core
Vochysiaceae  Qualea grandiflora™ Core/Periphery
Vochysiaceae  Qualea parviflora™ Core
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Table 2. Soil properties of two cerrado senmsu stricto communities in the core and on the

southeastern periphery.

Site

Soil parameter 5 P value
Core Periphery

pH (CaCl,- 46+0.2 3901  <0.001
Organic matter (g dm”- 283+0.4 20.7+2.4 0.138
N (%- 0.14 £0.2 0.17+0.3 <0.001
P (mg dm”- 1.6+04 22+0.3 0.031
K (mmol, dm”- 1.0+ 0.5 1.3+0.2 0.298
Ca(mmol, dm”*- 0.2+0.2 1.9+0.5 0.001
Mg (mmol, dm’*- 03+04 1.1+£0.2 0.011
Al (mmol, dm”- 8.5+2.4 134+1.5 0.013
m % 854 £8.1 759+3.3 0.07
Clay % 65.4+6.9 13.2+0.8 <0.001
Sand % 19.7+4.3 84.5+1,2 <0.001
Silt % 142 +£2.8 23+0.6 0.001

Significant results (P<0.05- are shown in bold
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Table 3. Results of standardized major axis regression (SMA- analysis of pairwise
combinations of foliar N versus P, Ca versus Mg, N versus SLA and P versus SLA in two

cerrado sensu stricto communities in the core and on the southeastern periphery.

Y and X Site R? P  Intercept Slope
Nand P core 0.772 <0.001 1.378 1.176
periphery 0.451 <0.001 1.225 1.153

Caand Mg core 0.549 <0.001 0.367 1.324
periphery 0.535 <0.001 0.383 1.170
SLAand N core 0.015 0.416 3.664 )1.388
periphery 0.001 0.772 3.763 )1.216

SLAandP core 0.018 0.375 1.944 )1.180

periphery 0.006 0.472 )2.189 1.054
Significant results (P<0.05- are shown in bold
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Abstract

Background: Fire incidence, water availability, soil fertility and herbivory are the most
important ecological filters in savannas (Australian, Brazilian and South African savannas-,
affecting the leaf scleromorphism and limiting nutrient uptake. Soils from savannas are
considered acidic and rich in aluminum (Al-. However, some species from these environments
can be considered Al)accumulators.

Methods/Principal Findings: We investigated how much soil fertility and annual rainfall affects
the leaf nutritional status and Al accumulation, and leaf scleromorfism (specific leaf area —
SLA- among the three savannas. The Brazilian savanna presented the most acidic soil (pH <
5.0- and highest annual rainfall. Their species were the least scleromorphic (higher SLA-,
accumulate 3)8 times more Al in their leaves, exhibiting a plant community that is richer in
Al)accumulator species in relation to the other two savannas. The South African savanna grows
on less acidic soils (pH > 5.5-, face severe droughts and exhibit the smallest number of
Al)accumulator species, although storing more nutrients in their leaves that are highly
scleromorphic (low SLA-. Species from Australian savanna have an intermediate behavior
between the Brazilian and South African savannas.

Conclusions: Savannas demonstrate distinct strategies to retain nutrients in their leaves. The
higher occurrence of Al)accumulating species in the Brazilian savanna can be ascribed to the Al
availability and acidity developed in these soils after continents have drifted apart and become
influenced by different climatic conditions. While higher rainfall may have increased acidity
and Al in the soils in Brazil, severe droughts, fire and the megafauna pressures may have
selected S. African savannas to accumulate more nutrients and N to allow plants grow tall
quickly. The variation on leaf scleromorphism among the three savannas can be attributed to the
higher incidence in Brazil and lower incidence in South Africa. Therefore the Brazilian savanna
plants were the less scleromorphic while the South African's were the most scleromorphic.

Keywords: specific leaf area, aluminum, mineral nutrition, cerrado, bush, climate
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Introduction

In the past (~200 million year ago- the landmasses that currently comprise the
Australian, Brazilian and South African savannas (hereafter referred to as savannas-, were all
connected to each other in a single great landmass, the ancient continent of Gondwana (Storey
1995-. Then, as Gondwana broke up, these landmasses gradually drifted apart for about 150
million years forming the earth’s continents as we know now. Today, the world’s tropical
savannas grow at approximately similar latitudes, under broadly comparable rainfall regimes )
wet summer and dry winter (Mott et al. 1985, Oliveira and Marquis 2002- and largely on acidic
soils (Hill et al. 2010, Haridasan 2008-. Savannas occur on all the southern continents, cover
approximately 20% of earth’s land surface and are a biologically unique and economically
important tropical biome. (Sankaran et al. 2005, Grace et al. 2006-.

Across the globe, these savannas are structurally similar in that they consist of woody trees
and shrubs scattered in a grassy matrix (Sankaran et al. 2005, Lehmann et al. 2011-. However,
the phylogenetic histories of the plant communities on the three continents are different, and the
tree and grass species that dominate in each of the continents are often unique and characteristic
of that region. For example, African savannas are often dominated by Acacias and Combretums,
while Australian systems tend to be dominated by Eucalypts. However, it remains unknown
whether these savannas, which are structurally similar and which occur in comparable climates,
but which are characterized by different species, function differently or similarly across the
different continents (Lehmann et al. 2009-.

In the present study, we address this question by comparing the functional traits and trait
phylogenies of woody savanna species from across the three southern continents.

The functional traits that we use for these comparisons are specific leaf areas (SLA- and
leaf nutrient concentrations (mainly N and P-, because of their relationships to CO, assimilation
and leaf life span (Franco et al. 2005-. Also, both traits are frequently used to explain
ecophysiological differences between vegetation’s physiognomies (e.g., forest versus savanna-

and among congeneric species from different environments (Hoffmann et al. 2005, Habermann
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and Bressan 2011-. Here, we use these traits to explore functional and phylogenetic differences
across the world’s tropical savannas. Further, we consider leaf Al concentrations, which is an
important indicator of plant strategies in dealing with acidic soils, and are common to most of
the world’s savannas. Aluminum (Al-, the most abundant metal in Earth's crust, is a major
contributor to soil acidity (Robson 1989-. Acidic soils (pH < 5.0-, together with high availability
of exchangeable Al and low concentrations of bases (P, N, K, Ca and Mg- in the soil are widely
known to limit growth and survival of crop plants (Yang et al. 2013-, since Al causes damage to
the root tip, reducing major nutrient uptake (Kopttike et al. 2008-.

Currently, most of our understanding of Al uptake in native savanna species comes from
Brazilian savannas, where the high leaf Al concentrations are widely reported. Broadly, these
are classified as Al)tolerant (or Al)non)accumulators-, concentrating up to 600 mg of Al per kg
of leaf dry mass (LDM- or as Al)accumulators, which may accumulate more than 1000 and up
to 15,000 mg Al kg"' LDM (Haridasan 1982-. When analyzing the Al)accumulator species, the
high Al concentration is not associated with low leaf uptake/concentration of the other nutrients
in the leaves of Brazilian savanna woody plants (Haridasan 1982-. However, when the
Al)accumulator species are examined all together, as a functional group, Al seems to compete
with the other nutrients in the mesophyll (Souza et al., unpublished data-. Most importantly, Al
accumulation is not an exclusive trait to Brazilian savanna species, but it is also reported for
many species from savannas and tropical forests around the world (Jansen et al. 2002-.
Therefore, there might be a strong phylogenetic bases for Al accumulation.

Biological leaf traits may have distinct evolutionary histories, and therefore, traits may
have converged or be conserved through evolution, exhibiting phylogenetic signals (Harvey and
Pagel 1991-. Plants from the Fabaceae family, which consistently occur in all savannas and have
common ancestors, have helped establish broad phylogenetic relationships between plant
species and communities of different savannas (Batalha et al. 2011; Simon et al. 2009-.
However, little is known about the phylogenetic signals of leaf traits, such as SLA,

concentration of macronutrients (N, P, K, Ca and Mg- and Al accumulation across these
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savannas. The phylogeny of leaf traits may be ecologically important and provides novel
insights into the underlying forces structuring communities (Pipenbaher et al. 2013-.

We compiled a dataset of leaf traits (SLA, leaf concentration of nutrients and Al- in
savanna species from Brazil and South Africa, and supplemented this with new samples from
Australian and Brazilian savannas. We then used this dataset to address the following questions:
1) How variable are leaf nutritional status, Al accumulation and leaf scleromorphysm (SLA-
among earth’s major savannas and what are the environmental correlates of this variation? 2)
Are there any phylogenetic signals in these leaf traits? 3) How is trait diversity structured across
the phylogenetic tree and what can we infer about the roles of phylogeny and ecology in driving

leaf traits in these ecosystems?

Material and methods

Data for this study were obtained from bibliographical survey, and supplementary new
data collected from Australian and Brazilian savannas. Samplings performed by other authors
(bibliographical- and by us in the field (supplementary- were conducted in the wet season. The
bibliographical dataset provided leaf concentrations of N, P, K, Ca, Mg, Al and SLA sampled in
mature leaves of adult shrubs or woody plants from the South African and Brazilian savannas.
When species were duplicated between papers/sites, the mean value across all studies was
computed and used in the analysis (Appendix 1-. Out of the 110 species, 43 occurred in the
Australian savanna, 40 in the Brazilian and 27 in the South African. No common species
occurred between the three continents.

Australian plants were sampled between February and March 2013. We sampled the
most representative plant species (4)6 plants per specie- in different savanna)type
physiognomies, located on Tiwi island (11°36'S 130°42'E-, Darwin (site 1: 12°24'S 130°55'E;
site 2: 12°36'S 131°00'E-, Pinne Creek (13°56'S 131°53'E-, Daily Waters (16°05'S 133°25'E-,
Tennant Creek (19°24'S 134°12'E-, and Alice Springs (23°59'S 133°56'E-. These sites comprise

all the Australian savanna)type physiognomies.
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Brazilian plants data extracted from Aradjo (2006- were sampled at the Reserva do
IBGE (15°57' S 47°52'W- and plants data extracted from Medeiros and Haridasan (1985- and
Haridasan (1982- were sampled at the Fazenda Agua Limpa farm (15°57'S 47°55'W-. The same
number (4)6 plants per species- was used when sampling supplementary data in the field from
the most representative species on a remnant of the Brazilian savanna, located at Itirapina, on
the Sao José da Conquista farm (22°10'S 47°52'W-, Sao Paulo state, during February 2010.

In South Africa, plants data extracted from Ratnam et al (2008- and Higgings et al.
(2012- were sampled in March 2003 and 2004 from approximately 100 sites across Kruger
National Park (24°29'S 31°30'W-, comprising different savanna)type physiognomies. In
addition, leaf Al concentration was obtained from the same experimental sites in South Africa

and added to the dataset.

Climatological data

We used a 30)year climatic dataset for each country. In Brazil, the National Institute of
Meteorology provided us the data of annual rainfall INMET 2013-. In Australia, annual rainfall
was provided by the Bureau of Meteorology (BOM 2013-, and for South Africa these data were

extracted from Zambatis (2006-.

SLA, leaf macronutrient and Al concentrations and soil parameters

Leaf samples were washed in distilled water, oven)dried for 72h at 60°C and ground.
The Australian samples were analyzed in accordance with the same procedures used to analyze
the South African samples (Ratnam et al. 2008-. Nitrogen content was determined by
combustion, with a LECO CHN analyzer (LECO Corp, St Joseph, MI-, and total P was assessed
by inductively coupled plasma (ICP- spectrometry (Leman Labs, Hudson, MA-, after acid
digestion of samples with HNO; )HCIO, (Olsen and Sommers 1992-. To determine leaf
concentrations of K, Ca, Mg and Al, dried leaves were digested into a nitric)percloric acid

solution, following determination by ICP.
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Brazilian samples were analyzed using similar methods as performed by Aratjo (2006-,
Haridasan (1982- and Medeiros and Haridasan (1985-. Leaves were acidic digested, the
concentrations of Ca and Mg were determined by the atomic absorption spectrophotometer
method, K was determined in a flame photometer, S was determined using a turbidimetric
method, P and Al were quantified colorimetrically, and N was determined by the micro)Kjeldahl
method (Sarruge and Haag 1974, Allen 1989-.

The SLA obtained from bibliographical data (Higgins et al. 2012 and Araujo, 2006-, as
well as those obtained from supplementary samples from the fields was calculated as the ratio
between leaf area (cm*- and leaf dry mass (g- (Habermann and Bressan 2011- (Appendix 1-.

Soil samples were collected in all previously described sites from the three continents at
0)30 cm in depth. Soil parameters (pH, organic matter, N, P, K, Ca, Mg and Al- from Australia
and South Africa were determined according to the international standard for soil analysis
(Robertson et al. 1999-. Brazilian soils were analyzed in accordance with Dantas and Batalha

(2011- (Appendix 1-.

Phylogenetic and statistical procedures

The phylogenetic tree for the studied species was built according to Webb and Donoghue
(2005- using the Phylomatic software (Figure 1-. Phylogenetic distances among species from
different families were estimated from the current Phylomatic tree (R20120829-. The resolution
of the phylogenies was improved using the TreeTime software (Hedges et al. 2006-. The
undated nodes in the phylogenetic tree were replaced with dated nodes using the Branch Length
Adjustment Algorithm (bladj function- in Phylocom (Webb et al. 2008-. The existing
polytomies of the base backbone tree were randomly resolved using the multi2di command

from the ape R package (Paradis et al. 2004-.

The phylogenetic signal (Blomberg's k- (Blomberg et al. 2003- of the leaf traits (leaf

concentrations of N, P, K, Ca, Mg, Al, as well as N:P, Ca:Mg, and SLA- was estimated using the
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picante R package (Kembel et al. 2010-. In this way, when k ~ 1 there is no phylogenetic signal,
when k& > 1 there is a positive phylogentic signal (convergence- and when k < 1 there is a

negative phylogenetic signal (divergence- (Ackerly 2009-.

Using the leaf traits described above, we decomposed the trait diversity between nodes
of the phylogenetic tree using a quadratic entropy index, with the decdiv function for R
(Pavoine et al. 2010-. When traits are conserved trait diversity is skewed to the root of a
phylogenetic tree (low diversity-, and when traits converge trait diversity can be found at the
tips of the tree (high diversity- (Pavoine et al. 2010-. Therefore, a skewness test was performed
to check if the leaf traits were clustered in a single)node, few nodes or near the root of a
phylogenetic tree (Pavoine et al. 2010-. The decomposition of the trait diversity was performed

using all leaf traits among the 110 species.

We used ANCOVA model to test the hypothesis that the savannas present different
degrees of leaf scleromorphysm. In this model, SLA was a dependent variable, N was covariate
and site was grouping factor with three levels. We used a one)way)ANOVA between the
Tropical savanna communities to check variances of the studied parameters (leaf concentrations
of N, P, K, Ca, Mg, Al, N:P, Ca:Mg and SLA- and soil properties (pH, N, P, K, Ca, Mg, Al and

organic matter (OM--. Mean results were compared by the Tukey’s test at 5% of probability.

We also used a phylogenetic ANOVA with 999 randomizations (Garland et al. 1993-
using the R package geiger (Harmon et al. 2008-. This is because standard statistical analysis
assumes independence between samples. Therefore, a phylogenetic ANOVA was used to avoid
species’ independence from each other, as there are mandatory phylogenetic relationships

among them (Busserolles et al. 2013-.

Bivariate relationships between N and P in the three savannas were analyzed using a
standard major axis regression (SMA-. Test for common slopes and elevation were conducted
only when a significant relationship (p<0.05- occurred between variables in each community

(Warton et al. 2006-. Variations between lines were calculated using a multiple comparison
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matrix between the communities. Data were log)transformed and the analyses were performed

using the R package smatr (Warton et al. 2012-.

To understand the role of environmental factors on the distribution of traits amongst the
three communities, we tested the influence of pH and Al in the soil and the total annual rainfall
on the distribution of species between the three communities from the three continents using a
Redundancy analysis (RDA- (R package vegan; Oksanen et al. 2012-. Phylogenetic and

statistical analyses were carried out using the R package (R Development Core Team 2012-.

Results

Soils from the savannas did not differ in the concentrations of OM, N, P, K, Ca, Mg and
Al, but differed significantly in the soil pH (p<0.05-. In Brazil, savanna's soils were very acidic
(pH = 4.15 £ 0.66- whereas in Australia and South Africa the savanna's soils were less acidic,
and soil pH were 5.64 £ 0.66 in Australia and 6.04 + 0.18 in South Africa.

The average annual rainfall is much higher in the Brazilian's savanna (mean = 1482 mm-
than in Australia (mean = 1081 mm- and South Africa (mean = 555 mm- (Appendix 1-. Thus,
the tropical savannas lie at different points along a rainfall gradient: wet (Brazilian-,
intermediate (Australian- and dry (South African-.

K values were smaller than 1 for all leaf traits (Table 1-, meaning that leaf traits had a
negative phylogenetic signal. For some traits (N, K, Al and SLA- the phylogenetic signal was
significant, while for others (P, Ca, Mg, N:P and Ca:Mg- was not significant (Table 1-. When
the trait diversity was decomposed across the nodes of the tree (Figure 2- the results from the
skewness test for single) and few)node tests were not different from random (p=0.82 and
p=0.54 respectively-. On the other hand, a significant variation occurred between the tips
skewness (p=0.001- and the random test.

In the ANCOVA, the interaction between SLA and site (F=18.29-, and SLA and

covariate (leaf N concentration- (F=25.87- were both significant (p<0.001-. The standard
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ANOVA demonstrated different nutritional status, Al accumulation pattern and SLA among the
savannas of the three continents (p<0.05-. This resulted in different levels of leaf
scleromorphism (Table 1- among the three savannas in such a manner that the Brazilian savanna
can be considered the least scleromorphic and the South African the most scleromorphic. The
phylogenetic ANOVA indicated a significant variation among savannas for leaf concentrations
of N, P, Ca, Mg, N:P and Ca:Mg. The leaf concentration of K and Al and also SLA were not
statistically different among the three savannas (Table 1-.

The bivariate analysis (SMA- pointed out a significant correlation between N and P for
the three savannas (Figure 3-, and there was, indeed, a common slope (0.99- but a significant
variation on intercepts occurred among them.

The RDA analysis showed a conspicuous disjunction between the three plant
communities. For this analysis, leaf concentrations of N, P, K, Ca, Mg, Al, the N:P and Ca:Mg
relationships, as well as SLA were used as leaf traits; pH and Al content in the soil and annual
rainfall were used as environmental variables. The RDA1 and RDA2 explained, simultaneously,

18% of the disjunction between the three savannas (Figure 4-.

Discussion

Leaf nutritional status, SLA and leaf scleromorphism are part of vegetation traits that are
influenced by ecological filters (Batalha et al. 2011-. On the other hand, the most important
ecological filters acting over savannas are the incidence of fire, soil fertility, water availability
and herbivory (Sankaram et al. 2005, Silva et al. 2013, Delgado et al. 2013-. For million years,
savannas have been subjected to different intensities of these filters, resulting in convergence or
overdispersion of the leaf traits. In this paper, we demonstrate that trait diversity decomposition
was not skewed either in a single)node or in few nodes, but it was toward the root and tips,
suggesting that the leaf traits, herein, nutritional status and scleromorphism are phylogenetically
overdispersed. For instance, we observed that the rate of evolution of Myrtales was

concentrated in the root, about 100)50 Myr (million years ago-, which coincides with the major
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diversification of angiosperms in mid)Cretaceous (Crane et al. 1995-. For Fabales, however, the
high rate of evolution was concentrated in the tips of the phylogenetic tree for Acacia genus
about 10)5 Myr, which matches the time for the origin of the modern savanna during the late
Miocene (Cerling et al. 1997-.

Ancova, standard and phylogenetic Anovas show that there was many significant
differences in SLA, leaf nutritional status and Al accumulation among the three savannas,
resulting in different degrees of leaf scleromorphysm. We observed an association between the
increased annual rainfall in the Brazilian savanna and elevated SLA, while the opposite was
observed in South Africa (low SLA and rainfall-. This is a counterintuitive and unexpected
result because SLA usually increases with the decreasing of sunlight (Gvinish 1988; Hoffmann
et al. 2005, Franco et al. 2005; Habermann and Bressan 2011-, and no study has reported the
influence of rainfall. On the other hand, it is believed that between Cretaceous (~150 Myr- and
Quaternary (~2 Myr- the global climate has suffered many changes, most of then related with
rainfall distribution (Maley 1996, Bush et al. 2011-. Thus, taking our results as important traits
that have long been influenced by environmental filters found in the savannas (Sankaram et al.
2005; Batalha et al. 2011; Lehmann et al. 2014-, we suggest that the distinct rainfall regimes
occurring in savannas of these three continents modulate SLA of local plant communities.

Although growing on soils with the same fertility in the three continents, considerably
high rainfall and SLA found in Brazil made us expect high leaf N concentration in Brazil as a
result of the lowest leaf scleromorphysm (Delgado et al. 2013-. Once more, different than
expected, the highest N concentration was observed in leaves of plants from the S. African
savanna. As an explanation, we noticed that 37% of S. African species are composed by
Fabaceae species, and 30% of total species is comprised exclusively by Acacia species, which
are N,)fixing plants (Wright and Westoby 2003-. On the other hand, the Brazilian savanna plant
community used in this research shows only 7.5% Fabaceae species. Then, what would be the
reason for the increased occurrence of leguminous species in South African savannas, as already

reported by many researchers (Staver et al. 2012; Higgins et al. 2012-? In the Brazilian savanna
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the mega fauna has been extinct 50,000 to 10,000 years ago (Hansen and Galetti 2009-, whereas
South African savannas has suffered the most continuous pressure from the megafauna
(elephants, giraffes, antelopes, rhinos, etc- among the savannas (Staver et al. 2012 for
references-. In addition, fire has also been considered a strong vegetation modulator in this
continent (Sankaran et al. 2005, Lehmann et al. 2014-. Thus, to scape fire and the megafauna
herbivory, S. African species require huge amounts of N in order to grow tall quickly (Staver et
al. 2012 for references-. Therefore, as N uptake is physiologically difficult in N)deficient areas,
and mainly under severe drought conditions (Marschner 1995-, such as in S. African savannas,
leguminous species that accumulate N are more important in South African savannas, which
influenced our comparisons.

The similar response patterns in the N x P relationship between the Brazilian and South
African plant communities reinforce the same contribution of these nutrients to the development
of the savannas between these two continents (South America and Africa-, possibly before they
have drifted apart. However, our data indicated a disjunction between this Afro)American flora
and the Australian plant community (Fig. 3-. Since N and P are considered the most limiting
nutrients for many terrestrial plants (Chapin III et al. 2012-, this may suggest that in the past the
east (Australia- and the west (South America and South Africa- Gondwanas were exposed to
different environmental pressures, leading to a functional disjunction in the flora from the east
and the west sides.

It is widely known that rainfall lixiviates important bases (K, Ca and Mg- in the soil,
acidifying it and, consequently, increasing the AI*" availability (Robson 1989-. Soils from the
Brazilian savanna are predominantly acidic (pH < 4.0- oxisoils, rich in AI** and poor in nutrients
(Haridasan 2008-, whereas soils from the Australian and South African savannas are less acidic
(pH > 5.0- alfisoils, poor in Al’** and with higher availability of Ca and Mg in relation to
Oxisoils (Hill et al. 2010-. In this way, we found many Al)accumulators in the Brazilian savanna
(Miconia albicans, M. fallax, M. ferruginata, M. pohliana and M. rubiginosa

(Melastomataceae-, Palicourea rigida (Rubiaceae- and Qualea grandiflora, Q. multiflora, Q.
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parviflora, Vochysia elliptica and V. thyrsoidea (Vochysiaceae--, only two Al)accumulators in
Australia (Pogonolobus reticulatus (Rubiaceae- and Xanthostemon paradoxus (Myrtaceae-- and
a single Al)accumulating species in South Africa (Combretum zeyherei (Combretaceae--. This
strengthens the hypothesis that Al availability in the soil could be a selective pressure for Al
accumulating plants throughout the evolution.

However, in the Brazilian savanna there is no direct relationship between Al availability
in the soil and Al accumulation among Vochysiaceae species (Andrade et al. 2011-, indicating
that there is a minimum Al tolerance required for plant survival in the Brazilian savanna, as
Al)accumulators represented between 18 (Haridasan and Aratijo 1988- and 35% (Haridasan
1982- plant communities in the Brazilian savanna. Therefore, it raises the hypothesis that
environmental stresses might have exerted selective pressures on the flora of these three
savannas after landmasses have drifted apart and formed the continents. From this standpoint,
higher rainfall caused soil acidification and made Al more available in the Brazilian savanna,
while fire and severe drought may have modulated the South African savannas. This is
corroborated by our results obtained from the redundancy analysis, showing that the
combination of annual rainfall, pH and Al concentration in the soil explained the disjunction
among the savannas and the highest number of Al)accumulators in Brazil.

Therefore, the Al accumulation is a primitive trait, strongly influenced by phylogeny,
worldwide distributed and most commonly observed in tropical forests growing on acidic soils
(pH 3)5- subjected to high rainfall (Jansen et al. 2002-. As Al transport from roots to shoots
occurs via xylem sap (Watanabe and Osaki 2001- in Al)accumulating species and reaches leaves
through the transpiration stream (Shen and Ma 2001-, it raises the hypothesis that savannas that
are influenced by elevated rainfall, such as the Brazilian savanna, would facilitate nutrient
uptake, including Al, whereas severe droughts in the South African savanna would not make Al
uptake easy by plants. In fact, there are many other savanna and savanna)forest species
described as Al)accumulators in Brazil: Miconia burchellii (Melastomataceae-, Symplocos

platyphylla (Symplocaceae-, Palicourea squarrosa, Coussarea spp., Faramea cyanea, Rudgea
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viburnoides (Rubiaceae-, Vochysia rufa, V. haenkeana, V. tucanorum, V. divergens, Qualea
dichotoma, Callisthene major, Salvertia convallariodora (Vochysiaceae- (Haridasan 1982,
1987, Haridasan and Araujo 1988-, and some forest species in Australia: Ceratopetalum
apetalum, Schizomeria ovata (Cunoniaceae-, Cardiwellia sublimis, Helicia glabriflora, Orites
excelsa (Proteaceae-, Hedyotis auricularia, Lasianthus strigosus (Rubiaceae-, Quintinia

verdonii (Escalloniaceae- and Tetrasynandra pubescens (Monimiaceae- (Webb 1954-.

Conclusions

In summary, despite the similarities on the soil fertility in the three sites, the savannas
demonstrate distinct strategies to keep nutrients in their leaves. The Brazilian savanna can be
considered the wettest savanna and the least scleromorphic, whereas the South African savannas
are the driest and the most scleromorphic among the three savannas. The higher occurrences of
Al)accumulating species in the Brazilian savanna can be ascribed to the Al availability and
acidity developed in these soils very probably after continents have drifted apart and become

influenced by different rainfall conditions.
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Tables, figures and captions

Table 1 - Average leaf concentrations of nutrients, aluminum, and specific leaf area (SLA-, in
savanna plant communities in Australia, Brazil and South Africa and association between
species leaf traits and phylogeny. Distinct letters between the three plant communities (in rows-

represent significant differences (p< 0.05- by the Tukey test. Significant effects are indicated in

bold type.
Leaf traits Site Standard Phylogenetic Phylogeny
ANOVA ANOVA

Australia (n=43- Brazil (n=40-  South Africa (n=27- p ) value k  p)value
N (g kg'- 13.37£4.79° 16.44+6.95° 22.76+5.25* <0.0001 0.003 0.267 0.039
P (g kg'- 0.54+0.22 ¢ 0.93+0.34° 1.39+0.43 * <0.0001 0.001 0.206 0.511
K (g kg'- 8.08+5.13* 4.89+3.24° 6.98+2.17*  0.001 0.114 0.322  0.026
Ca(gkg'- 7.51£4.96° 4.81+2.29 ¢ 14.72+5.36 * <0.0001 0.001 0.268 0.162
Mg (g kg''- 2.43£1.00° 1.77+0.66 ¢ 3.50+0.82* <0.0001 0.001 0.221 0.305
Al (mg kg"'- 275.52+£1091.98° 2285.25+4078.58°  658.21+2405.38°  0.006 0.197 0.493 0.003
N:P 26.48+10.04 * 18.17£5.27° 17.25+4.76 ®* <0.0001 0.009 0.178 0.869
Ca:Mg 3.41£225® 2.73+0.98 ° 4.28+1.36* <0.0001 0.004 0.268 0.156
SLA (g cm”- 66.06+21.25° 99.88+37.44 ° 79.13£12.15°  0.001 0.127 0.430 0.001
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Figure 3: Standardized major axis (SMA- relationships between leaf concentrations of N and P

for Australian (Intercept=1.39-, Brazilian (Intercept=1.25- and South African (Intercept=1.22-

savanna's woody plant species. Australian, Brazilian and South African slopes = 0.99.
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Figure 4 ) Redundancy analysis (RDA- of the environmental variables (soil pH, total Al
concentration in the soil and total annual rainfall (rain-- related to the variations on leaf
nutritional status, Al accumulation and specific leaf area SLA among the Australian, Brazilian

and South African savanna plant communities.
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5 - Consideracoes Finais

Haridasan (1982- propds que a absor¢do e acimulo de Al ndo interfere na absor¢do e
concentra¢do foliar dos demais nutrientes as espécies nativas do cerrado, ndo havendo diferenca
entre as espécies acumuladoras e ndo acumuladoras de Al. Entretanto, ao agrupar as espécies em
grupos funcionais, ndés observamos dois padrdes ecofisioldgicos, fenoldgicos e nutricionais
distintos entre esses grupos. Assim, nossos resultados divergiram dos resultados apresentados
por Haridasan (1982- fazendo)se necessario experimentos complementares para o melhor
entendimento sobre as fun¢des metabdlicas do Al nas espécies do cerrado.

Finalmente, surpreendeu)nos a presenga de algumas espécies acumuladoras de Al nas
savanas Australiana e Sul Africana em solos com baixa disponibilidade de Al trocavel. Estas
observagdes sdo tdo intrigantes quanto o acumulo de Al por Callisthene fasciculata. Isso porque
esta espécie se desenvolve exclusivamente em florestas semideciduas do Brasil com solos
alcalinos. Dessa forma, fica claro a necessidade de darmos continuidade aos estudos sobre
nutricdo mineral de espécies savanicas, principalmente em relacdo ao acimulo e fung¢do do Al

nessas plantas.
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