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Leaf anatomy is associated with the type of growth form in
Neotropical savanna plants
Davi R. Rossatto, Rosana M. Kolb, and Augusto C. Franco

Abstract: Scleromorphic leaf structures are associated with plants growing under drought-prone conditions, high
irradiances, and nutrient-poor soils. Sclerophylly can also be a valuable deterrent against herbivores. However,
comprehensive studies of leaf anatomical traits encompassing different growth forms are lacking. The savannas of
central Brazil (Cerrado) are characterized by high species diversity and a variety of growth forms. We performed a
field study to characterize leaf anatomical traits and leaf mass per area (LMA) in 57 co-occurring Cerrado species of
distinct plant families (located at different positions in the angiosperm phylogeny) and categorized according to
the following growth forms: trees, palms, shrubs, subshrubs, vines, grasses and herbs. Plant growth form and leaf
structure were interrelated. Four groups with distinct leaf anatomical syndromes were identified by NMDS analy-
sis: grasses, palms, herbaceous (herbs, vines, and most subshrubs), and woody (trees and shrubs) plants. Trees and
shrubs had scleromorphic dorsiventral leaves, with high tissue thickness and LMA. Herbaceous plants had thin,
mesomorphic leaves. While most herbaceous plants had dorsiventral type of mesophyll, grasses and palms had
homogenous mesophyll with sclerenchymatous bundle sheath extensions. Palms differed from grasses by having
thicker leaves and sclerenchymatous hypodermis. In conclusion, Neotropical savannas cannot be exclusively
described as scleromorphic vegetation.
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Résumé : Les structures foliaires scléromorphiques sont associées aux plantes qui poussent sous des conditions
sujettes à la sécheresse, à un éclairement énergétique par rayonnement solaire élevé et à des sols pauvres en
nutriments. La sclérophyllie peut aussi constituer un précieux moyen de dissuasion envers les herbivores. Cepen-
dant, des études exhaustives des traits anatomiques foliaires englobant différentes formes de croissance sont
absentes. Les savanes du centre du Brésil (Cerrado) se caractérisent par une haute diversité en espèces et une
variété de formes de croissance. Les auteurs ont réalisé une étude sur le terrain afin de caractériser les traits
anatomiques foliaires et la masse foliaire par unité de surface chez 57 espèces co-occurrentes de familles distinctes
du Cerrado (situées à différentes positions de la phylogénie des angiospermes) et catégorisées en fonction des
formes de croissance suivantes : arbres, palmiers, arbustes, sous-arbrisseau, lianes ou plantes grimpantes, grami-
nées et herbes. Les formes de croissance des plantes et la structure foliaire étaient inter-reliées. Quatre groupes
possédant des traits anatomiques foliaires observables distincts ont été identifiés par analyse multidimensionnelle
non métrique : herbes, palmiers, herbacées (graminées, lianes ou plantes grimpantes et la plupart des sous-
arbrisseaux) et végétaux ligneux (arbres et arbustes). Les arbres et les arbustes possédaient des feuilles scléromor-
phiques dorsiventrales, à épaisseur tissulaire et masse foliaire par unité de surface élevées. Les plantes herbacées
possédaient des feuilles mésomorphiques minces. Alors que la plupart des plantes herbacées présentaient un
mésophylle de type dorsiventral, les herbes et les palmiers avaient un mésophylle homogène possédant des
extensions sclérenchymateuses de gaine périvasculaire. Les palmiers différaient des herbes par des feuilles plus
épaisses et un hypoderme sclérenchymateux. En conclusion, les savanes néotropicales ne peuvent pas être exclu-
sivement décrites en tant que végétation scléromophique. [Traduit par la Rédaction]

Mots-clés : Cerrado, forme de croissance, anatomie foliaire, masse foliaire par unité de surface, analyse multidi-
mensionnelle non métrique.
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Introduction
Savannas are widespread in tropical and subtropical

regions, and consist of a variable mixture of trees and
grasses (Bourliere 1983). Seasonal water stress, fire, and
herbivory are the most significant factors affecting plant
population persistence, selecting for specific traits
across tropical savannas (Lehmann et al. 2014). However,
depending on the savanna type and the region of the
world they occur, biotic or abiotic filters may predomi-
nate in determining which morpho-functional strategies
would be successful (Lehmann et al. 2014). In South
America, abiotic factors such as nutrient-poor soils with
high levels of aluminum, high irradiances, seasonal wa-
ter deficit (Franco 2002), and fire prevail (Hoffmann
1996); biotic factors are mainly related to herbivory
caused by insects (Marquis et al. 2001; Costa et al. 2008).
In contrast, herbivory and trampling by large mammals
in combination with fire are the major filters affecting
African savanna plants (Asner et al. 2009).

Fire and seasonal drought select for leaf strategies that
allow rapid growth (especially for small plants) during
the wet season (e.g., leaves with low leaf dry mass per
area and high amount of photosynthetic tissue), as well
as leaves with short life cycles (Keeley et al. 2011). In
contrast, soil oligotrophy selects for leaf anatomical
traits linked with leaf persistence: thicker leaves with
high leaf dry mass per area, which is the result of a high
amount of non-photosynthetic tissues and a more dense
and compact leaf structure (Bieras and Sajo 2009;
Hoffmann et al. 2005; Rossatto et al. 2009). This response
to soil oligotrophy allows strategies that, in turn, will
not only help to reduce the palatability to herbivores
(Cooper and Owen-Smith 1986; Wright and Cannon
2001), but it would also favour the species to cope with
abiotic filters such as drought (Mediavilla et al. 2001) and
high light intensities (Rossatto et al. 2013a) during fire-
free intervals.

The majority of savanna woody plants are reported to
have sclerophyllous leaves, which are thick and rigid,
showing a thick waxy cuticle, large amounts of mechan-
ical tissue, palisade parenchyma, and a well-developed
vascular system (Goodland 1971; Morretes 1967, 1969;
Sarmiento et al. 1985; Fensham and Bowman 1995; Bieras
and Sajo 2009 and references therein). This expected and
well-reported strategy of scleromorphic leaves in sa-
vanna woody species should not be widespread in the
ground-layer vegetation, as this layer is composed of
small plants that are completely destroyed during the
passage of fire, because the aerial parts do not possess
the thick bark necessary to survive fire (Hoffmann 1996).
As a result, herbaceous plants need to grow fast to
achieve a minimum reproductive size before the next
fire event (Hoffmann 1996; Hoffmann et al. 2009, 2012).
Moreover, most ground-layer plants are either annuals
or have underground buds, bulbs, or rhizomes and sur-
vive in a dormant leafless state during the drought peri-

ods. This strategy reinforces the necessity of short-lived,
low-cost mesomorphic leaves with high resource acqui-
sition rates and high leaf productivity to compensate for
the relatively short growth period and to facilitate rapid
completion of the life cycle (Westoby and Wright 2006).

In South America, the savannas of Brazil, regionally
called “Cerrado”, is one of the most diverse savannas of the
world with respect to vegetation types and plant species
(Myers 1990; Gottsberger and Silberbauer-Gottsberger
2006). One hectare of typical Cerrado can hold a diverse plant
assemblage (Gottsberger and Silberbauer-Gottsberger 2006),
that encompasses various herbaceous (grasses, herbs,
subshrubs, and vines) and woody (shrubs, palms, and
trees) growth forms (Eiten 1972; Ribeiro and Walter
2008). In terms of proportion, there are three to five
times as many plant species in the Cerrado ground-layer
vegetation than in the arboreal community (Filgueiras
2002; Gottsberger and Silberbauer-Gottsberger 2006).

Many studies have reported on leaf functional attri-
butes of savanna trees and grasses (Skarpe 1996; Prior
et al. 2004; Pausas et al. 2004; Franco et al. 2005). How-
ever, studies of leaf anatomy of eudicot herbs focusing
on adaptations and functional relationships, as shaped
by the most important savanna determinants, are lack-
ing (Tjoelker et al. 2005). In this context, the present
paper sheds light on the ecological anatomy of savanna
plants at the community level. We characterized quali-
tative and quantitative aspects of leaf anatomy and the
degree of leaf sclerophylly of 57 plant species growing
side-by-side, but differing in their growth forms and be-
longing to distinct families in the angiosperm phylogeny
(The Angiosperm Phylogeny Group 2009). This approach
was performed to control for phylogenetic influence on
leaf anatomy and test for the growth form effect
(Felsenstein 1985). We hypothesized that leaf anatomy
would diverge among growth forms, as the plant form
(Niklas et al. 2007; Santiago and Wright 2007) is related to
leaf structure in environments characterised by frequent
fire and highly seasonal rainfall (Bond and Keeley 2005).
We expected that herbs would show a leaf structure that
would facilitate rapid growth after fire events (thinner
leaves with low leaf mass per area and low amount of
sclerified tissues), while more lignified plants would
show leaf anatomy related to persistence between fire
intervals (thicker leaves possessing high amounts of
sclerified tissues).

Methods

Study area
We performed our study at the Instituto Brasileiro de

Geografia e Estatística (IBGE) Ecological Reserve, a fed-
eral reserve located in the southern region of Brasília,
DF-Brazil (15°56=40.47==S, 47°52=42.38==W). The reserve
contains different physiognomy types of Neotropical
savanna vegetation, but the typical savanna (cerrado
sensu stricto) with abundant evergreen and deciduous
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trees and an herbaceous understorey predominates. Our
study site was located at a mean elevation of 1100 m a.s.l.,
subjected to an annual precipitation of about 1450 mm
(historical mean for 1990–2005) and a pronounced dry
season spanning from May to September. In the year of
our study (2009), the total rainfall was 1740 mm, with a
rainless period extending from mid-June to the last week
of August. Mean monthly temperature ranges from 19 to
23 °C, with maximum temperatures achieving 30 °C in
summer and minimum temperatures reaching around
6 °C in winter. The predominant soils are deep and well-
drained oxisols.

Studied species
We selected species growing in five 20 m × 50 m plots

located at an extended and continuous cerrado sensu stricto
physiognomy during February 2009. Soil within these plots
was typical dystrophic oxisol with low pH (5.28), elevated al-
uminium content (H+Al = 6.94 cmol·dm−3) and low in
macronutrients (P = 0.46 mg·dm−3; Ca = 0.11 cmol·dm−3;
Mg = 0.06 cmol·dm−3). We sampled 57 species from differ-

ent families belonging to different growth forms (Fig. 1).
The growth form classification was based upon field ob-
servations using the criteria presented in Dansereau
(1951) and Eiten (1972). The selected forms ranged from
herbaceous to lignified growth forms, comprising trees,
palms, shrubs, subshrubs, herbs, grasses and vines (climb-
ers). The number of species of each growth form was depen-
dent on their availability in the plot. We sampled 10 species
of trees, 10 species of shrubs, 11 species of subshrubs, 11
species of herbs, and 5 species each of grasses, palms, and
vines. The selected species represent the most common
and dominant species reported for this type of vegetation
(Mendonça et al. 2008). We sampled in a way that each of
the highest clades (or nodes) of the angiosperm phylogeny
(e.g., Campanulids, Lamiids, Fabids, etc.) were represented
by at least one tree, one shrub, one subshrub, and one herb
(Fig. 1).

Leaf anatomy
We sampled completely expanded sunlit leaves, with-

out any sign of senescence or herbivory damage, located

Fig. 1. Phylogenetic relationships among the 57 studied species. Name and authority of the species followed by growth form (T,
tree; S, shrub; SS, subshrub; H, herb; G, grass; P, palm; V, vine). Names at intermediate positions indicate strong monophyletic
groups according to APG III (The Angiosperm Phylogeny Group 2009).
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at the second or third node from the tip of branches
(woody species), stems (herbs, subshrubs, vines) or culms
(grasses). We collected one mid-leaf section (including
the main vein) from four individuals (one per individual)
of each species. Samples were fixed in formalin – acetic
acid – alcohol 70% (FAA 70), dehydrated in a graded eth-
anol series, infiltrated and embedded in paraffin, and cut
into 8 �m sections (Johansen 1940). The cross-sections
were stained with astra blue – basic fuchsine (Kraus et al.
1998) and were permanently mounted in Entellan. To
detect the presence of ergastic substances, we used the
following histochemical tests: ferric ferricyanide (Lison
1960) to show phenolic compounds, 1% aqueous Alcian
Blue 8G to detect mucopolysaccharide (Johansen 1940),
hydrochloric acid to detect calcium crystals, and hy-
drofluoric acid to identify silica bodies (Kraus and Arduin
1997). Paradermic sections were obtained using epider-
mal prints of dissociated material in 1:1 acetic acid and
hydrogen peroxide solution, stained with Safranine O
(Kraus and Arduin 1997).

We also qualitatively characterized the following
structures: (1) cuticle (thin or thick, in adaxial and abax-
ial leaf surface); (2) epidermis (composed of one, two, or
multiple layers); (3) subepidermal layers (presence of tis-
sue resembling hypodermis); (4) mesophyll organization
(homogenous, dorsiventral, or isobilateral); (5) mesophyll
ergastic substances (presence or absence of calcium crys-
tals, silica bodies, phenolic compounds and mucilaginous
substances); (6) stomata (presence on one or both leaf
surfaces); (7) sclerenchyma (localization) and (8) bundle
sheath extension (present or absent). All these qualita-
tive descriptions followed well-established references for
anatomical studies (Metcalf and Chalk 1979; Evert 2006).
We also measured the thickness of the cuticle, thickness
of the abaxial and adaxial faces of the epidermis, thick-
ness of the mesophyll, and the total leaf thickness. We
took 50 measurements using a 10× objective lens for each
sample. These measurements were taken using the soft-
ware ImagePro 4.0.

Quantifying leaf scleromorphism
To quantify the degree of leaf scleromorphism, we

measured leaf dry mass per area (LMA; g·cm–2), a mea-
surement widely used to infer this parameter (Read and
Sanson 2003). LMA was measured in one leaf per individ-
ual, sampling five individuals per species. Leaf area was
determined with the software ImageJ (Rasband 1997–
2012) and leaf mass was determined after leaves were
oven-dried at 70 °C for 72 h.

Statistical analysis
To infer the effect of type of growth form on the thick-

ness of the measured tissues and on the degree of leaf
sclerophylly (LMA values), we performed a one-way
ANOVA, using growth form as a fixed factor. In this analy-
sis, species of each growth form were used as replicate.
The mean value obtained from five individuals per spe-

cies was used in the statistical procedure. We also per-
formed a multiple regression to determine the most
important anatomical feature (cuticle, epidermis, meso-
phyll, and total leaf thickness) influencing the values of
LMA of the studied growth forms. To verify whether spe-
cies of distinct growth forms had a similar syndrome of
anatomical leaf traits (qualitative and quantitative), we
used nonmetric multidimensional scaling (NMDS) analy-
sis (Gotelli and Ellison 2004). All quantitative data were
Z-standardized before analysis. Because we included quan-
titative and qualitative data in the NMDS analysis, we used
the Gower distance to calculate the distance matrix be-
tween the studied leaf anatomical traits. All analyses were
performed in the software Past 2.0 (Hammer et al. 2001).

Results

Leaf anatomy: qualitative aspects
We found a large variation in leaf anatomy of the studied

species (Fig. 2, Table 1). One of the most striking aspects that
differed among growth forms was the thickness of the cu-
ticle: the cuticle was well developed in trees (Fig. 2I), while
it was not as prominent in grasses and herbs (Fig. 2A and 2B,
respectively).

The epidermis of most species was composed of a sin-
gle layer of cells independent of growth form (Fig. 2A–
2G, Table 1). Biseriate or triseriate epidermis was not
common. There was a great diversity of cell shapes
(Fig. 2), without a clear pattern among growth forms. The
most common cell types were prismatic, columnar, and
cylindrical. Hypodermis was found in all palms (Table 1)
and in a few other species (Fig. 2H–2I).

All grasses and palms had homogenous mesophyll
(Fig. 2A and 2F, Table 1). This type of organization of the
mesophyll was also found for the subshrubs Bauhinia pul-
chella Benth. and Smilax campestris Griseb. and the herb Cyr-
topodium eugenii Rchb.f. & Warm. (Table 1). All other species
had dorsiventral mesophyll. In general, the palisade and
spongy parenchymas were well defined in eudicotyledons
(Fig. 2). Palisade parenchyma was characterized by rectan-
gular cells, ranging from 1 to 5–6 cell layers thick (Fig. 2).
Spongy parenchyma in turn was very variable in terms of
cell layers, with a range from 3 to 11 layers, being more or
less compacted according to the species (Fig. 2).

In relation to ergastic substances, we found phenolic
compounds (Figs. 2D, 2F, 2G) and mucilage (Table 1), with
the latter located specifically in the epidermal cells. Cal-
cium crystals were found in several species (Table 1),
while silica bodies were found in all grasses, in palm
species from genus Syagrus, and in one herb (Table 1).

Sclerified cells were abundant in the studied species
(Table 1). Sclerified cells were frequently found in leaves
of trees, shrubs, grasses, and palms, especially in the
bundle sheath extension (Fig. 2D and 2H, Table 1). In
contrast, the majority of herbs and vines had a smaller
amount of sclerified cells in their leaves, which were
mainly associated with the vascular bundles (Table 1).
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Stomata were present on both leaf surfaces in 21 of the 57
species. They were restricted to the abaxial leaf surface in
all remaining species (Table 1). The presence of stomata was
not always linked with the presence of trichomes (Table 1).
The majority of trichomes were of the tector type and not
all species had them (Table 1).

Leaf anatomy: quantitative aspects
We found a great variation in thickness of the differ-

ent leaf tissues among growth forms (Fig. 3). We found
significant differences (F[6,50] = 4.12, P < 0.01) for cuticle
thickness (Fig. 3A); in thickness of the adaxial face of the
epidermis (F[6,50] = 3.50, P < 0.01, Fig. 3D); and also in the
thickness of the abaxial face of the epidermis (F[6,50] =
3.62, P < 0.01, Fig. 3E). Mesophyll thickness (Fig. 3B;
F[6,50] = 4.92, P < 0.01) and total leaf thickness (F[6,50] = 4.19,
P < 0.01; Fig. 3C) differed among growth forms. There
were also differences on the ratio of mesophyll to leaf
thickness (F[6,50] = 2.42, P = 0.03). Grasses had the lowest
ratio (Fig. 3F). Trees had the highest values of thickness
for most tissues, while grasses had the lowest values
(Fig. 3), with the exception of the thickness of the adaxial

face of epidermis (Fig. 3D). Herbs had the lowest values of
thickness for this particular tissue.

Leaf sclerophylly
The growth forms differed in the degree of leaf sclero-

phylly (F[6,50] = 6.04, P < 0.01). The most scleromorphic
(highest values of LMA) growth forms were trees, shrubs,
and palms, while grasses and herbs had the lowest LMA;
subshrubs and vines showed intermediate values
(Fig. 4A). Total leaf thickness was the only significant
surrogate anatomical trait (� = 0.5022, P = 0.048) to cor-
relate with variations in LMA (Fig. 4B), independently of
the type of growth form. Cuticle (� = 0.200, P = 0.056),
epidermis (� = 0.098, P = 0.5041), and mesophyll thick-
ness (� = 0.058, P = 0.89) did not correlate with variations
in LMA.

Leaf anatomical syndrome and ordination of species
The NMDS analysis was robust. The determination co-

efficient was 0.967 and the stress value was low (0.135).
The NMDS analysis segregated the species into four well-
defined groups: woody species (trees, shrubs, and 2 out of

Fig. 2. Structural diversity of leaf cross sections of the studied growth forms. (A) Echinolaena inflexa (grass); (B) Amasonia
campestris (herb); (C) Cyrtopodium eugenii (herb); (D) Bauhinia pulchella (subshrub); (E) Aristolochia galeata (vine); (F) Syagrus flexuosa
(palm); (G) Tocoyena formosa (shrub); (H) Vochysia thyrsoidea (tree); and (I) Schefflera macrocarpa (tree). Abe, abaxial face of
epidermis; Ade, adaxial face of epidermis; Bc, bulliform cell; Cu, cuticle; Hy, hypodermis; PP, palisade parenchyma; SP, spongy
parenchyma; Tt, tector trichome; BSE, bundle sheath extension; Hm, homogenous mesophyll; Phe, phenolic compounds;
S, stomata. Arrow in Fig. 2E indicates secretory channel. Arrow in Fig. 2G indicates calcium crystal. Scale bars = 100 �m. (This
figure is available in colour online.)
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Table 1. Description of characters from the anatomical sections of leaves of different growth forms co-existing in an area of cerrado sensu stricto.

Growth form
and species Family

Prominent
cuticle Epi Hy Mesophyll

Ergastic
substances Trichomes Stomata Scle Bse

Trees
Schefflera macrocarpa Araliaceae AD, AB U P D Cr AB AB Hy, Vb —
Eremanthus glomerulatus Asteraceae AD U — D — AD, AB AB — Pare
Solanum lycocarpum Solanaceae AD U — D Cr AD, AB AD, AB — Pare
Eriotheca pubescens Malvaceae AD, AB U P D Ph, Mu, Cr AD, AB AB Bse, Hy Scle
Sclerolobium paniculatum Fabaceae AD, AB U — D Ph, Cr AD, AB AB Bse Scle
Byrsonima verbascifolia Malpighiaceae AD U to B — D Ph, Mu, Cr AD, AB AB Bse Scle
Vochysia thyrsoidea Vochysiaceae AD, AB B P D Ph, Cr — AB Bse Pare, Scle
Roupala montana Proteaceae AD, AB U — D Ph AD, AB AB Mes, Vb —
Guapira noxia Nyctaginaceae AD, AB U — D — AD, AB AB Bse Pare, Scle
Annona crassiflora Annonaceae AD B to T — D Ph, Mu AD, AB AB Bse Pare, Scle

Shrubs
Baccharis salzmannii Asteraceae — U — D — AD, AB AB Vb —
Zeyheria montana Bignoniaceae AD, AB U — D — AB AB Bse Pare, Scle
Tocoyena formosa Rubiaceae AD U — D Ph, Cr AD, AB AB — —
Esenbeckia pumila Rutaceae AD U to B — D Ph, Cr AD, AB AB Bse Pare, Scle
Byrsonima subterranea Malpighiaceae AD U to B — D Ph, Mu, Cr AD, AB AB Vb, Bse Pare, Scle
Miconia fallax Melastomataceae AD U — D Ph, Cr AB AB — —
Psidium australe Myrtaceae AD, AB U P D Ph, Cr AD, AB AD, AB Vb —
Davilla elliptica Dilleniaceae AD U — D Cr, Ph, Mu AD, AB AB — —
Vellozia flavicans Velloziaceae AD, AB U P D — AB AD, AB Bse, Mes Scle
Duguetia furfuracea Annonaceae AD U to B — D Ph, Cr, Mu AB, AD AB Bse Scle

Subshrubs
Calliandra dysantha Fabaceae AD U — D Ph AD, AB AB — —
Lepidaploa aurea Asteraceae — U — D Cr AD, AB AB Bse Pare, Scle
Sabicea brasiliensis Rubiaceae AD U to B — D Ph, Cr AD, AB AB — Pare
Arrabidaea brachypoda Bignoniaceae — U — D Cr AD, AB AB Bse Scle
Anacardium humile Anacardiaceae AD, AB U — D Ph, Cr AD, AB AD, AB Bse, Epi Scle
Maprounea brasiliensis Euphorbiaceae AD, AB U — D Ph — AB Bse Scle
Mimosa pseudoradula Fabaceae AD, AB U — D Ph AB AD, AB Vb, Mes —
Bauhinia pulchella Fabaceae — U — H Ph, Mu, Cr AD, AB AD, AB Bse Scle
Kielmeyera abdita Clusiaceae AD, AB U — D Ph, Cr — AB Bse Scle
Smilax campestris Smilacaceae AD, AB U — H Ph — AD, AB Vb —
Annona tomentosa Annonaceae AD B to T — D Mu, Ph AD, AB AB Bse Scle

Herbs
Chresta sphaerocephala Asteraceae — U — D — AD, AB AD, AB Bse Scle
Amasonia campestris Lamiaceae — U — D — AD, AB AD, AB — —
Jacaranda ulei Bignoniaceae AD U — D Ph AD, AB AB — —
Ossaea congestiflora Melastomataceae — U — D Cr AB AB — —
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Table 1 (concluded).

Growth form
and species Family

Prominent
cuticle Epi Hy Mesophyll

Ergastic
substances Trichomes Stomata Scle Bse

Peltaea polymorpha Malvaceae — U — D Ph, Mu, Cr AD, AB AD, AB Vb —
Chamaecrista orbiculata Fabaceae AD, AB U — D — — AD, AB Vb —
Myrcia linearifolia Myrtaceae AD, AB U — D Ph, Cr AD, AB AB Bse Scle
Croton goyazensis Euphorbiaceae AD U — D Ph AD, AB AD, AB Vb —
Dalechampia

caperonioides
Euphorbiaceae AD, AB U — D Cr AD, AB AD, AB Vb —

Cissampelos ovalifolia Menispermaceae AD U — D — AD, AB AB Bse Scle
Cyrtopodium eugenii Orchidaceae — U — H Sb — AB Vb —

Grasses
Axonopus pressus Poaceae — U — H Sb — AB Bse Scle
Aristida gibbosa Poaceae — U — H Sb AD, AB AD, AB Bse Scle
Axonopus aureus Poaceae — U — H Sb AD, AB AD, AB Bse Scle
Echinolaena inflexa Poaceae — U — H Sb AD, AB AD, AB Bse Scle
Schizachyrium

sanguineum
Poaceae — U — H Ph, Sb AD, AB AB Bse Scle

Palms
Allagoptera campestris Arecaceae AD, AB U P H Ph — AB Hy, Bse Scle
Butia leiospatha Arecaceae AD, AB U P H Ph AD AD, AB Hy, Bse Scle
Syagrus comosa Arecaceae AD, AB U P H Ph, Sb AD, AB AD, AB Hy, Bse Scle
Syagrus flexuosa Arecaceae AD U P H Ph, Sb AB AD, AB Hy, Bse Scle
Syagrus petraea Arecaceae AD, AB U P H Ph, Sb — AD, AB Hy, Bse Scle

Vines
Cissus erosa Vitaceae — U — D Mu, Cr AD, AB AB Vb —
Banisteriopsis stellaris Malpighiaceae AD U to B — D Ph, Mu, Cr — AB Bse Scle
Serjania lethalis Sapindaceae AD, AB U — D Ph, Mu AD, AB AD, AB Vb —
Aristolochia galeata Aristolochiaceae — U — D Mu AD AB — Pare
Passiflora clathrata Passifloraceae AD U — D Ph, Mu — AB Vb —

Note: AB, abaxial face of epidermis; AD, adaxial face of epidermis; B, biseriate; Bse, bundle sheath extension; Cr, calcium crystals; Epi, epidermis; D, dorsiventral; H, homogeneous;
Hy, possible hypodermis; Mes, mesophyll; Mu, mucilage; P, present; Pare, parenchyma cell; Ph, phenolic compounds; Sb, silica bodies; Scle, sclerenchyma or sclerified cells; T, trisseriate;
U, uniseriate; Vb, vascular bundle; —, absence of the characteristic.
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10 subshrubs), herbaceous species (herbs, vines, and all
other subshrubs), palms, and grasses (Fig. 5).

Discussion
We were able to corroborate our hypothesis that leaf

anatomy would differ among growth forms. The NMDS
analysis clearly segregated the studied community into
four groups: herbaceous plants, woody plants, grasses,
and palms. Herbaceous growth forms (herbs, vines,
grasses, and most subshrubs) were located on the right
side of the first axis, while woody plants (trees, shrubs,
palms, and two subshrubs) were clustered on the left
side. We found a clear separation between palms and the
other woody plants and between grasses and the other
herbaceous growth forms along the second axis, suggest-
ing a phylogenetic effect on the separation of Arecaceae
and Poaceae (all monocots) from the other taxa (all eud-
icots).

Our data on leaf structure of trees and shrubs are con-
sistent with those reported for savanna woody species in
other studies: scleromorphic dorsiventral hypostomatic
leaves, with well-developed cuticle, and the presence of a
sclerified bundle sheath extension in most species
(Bieras and Sajo 2009). In contrast, herbaceous plants
tend to have thinner leaves, less developed cuticle, and
fewer sclerified cells, which provided significant lower
values of LMA in comparison with woody plants, and
therefore in their degree of sclerophylly. While most her-
baceous plants also had dorsiventral type of mesophyll,
grasses and palms showed homogenous mesophyll, the
presence of silica bodies, and sclerenchymatous bundle
sheath extensions, all common traits related to monocot
species (Metcalf and Chalk 1979). Palms differed from
grasses by their thicker leaves and the presence of a scler-
enchymatous hypodermis.

Fig. 3. Thickness of the different leaf tissues in distinct growth forms in a Neotropical savanna. (A) Cuticle thickness;
(B) mesophyll thickness; (C) total leaf thickness; (D) thickness of adaxial face leaf epidermis; (E) thickness of abaxial face leaf
epidermis; and (F) mesophyll/leaf thickness ratio (M/LT). Same letters indicate statistical similarity among growth forms
according to Fisher’s least significant difference test (� = 0.05). Vertical bars indicate SE (n = 5–11 species).
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The presence of a prominent cuticle in woody plants may
be an anatomical adaptation to protect against the high
irradiances that prevail in tropical savannas (Franco and
Lüttge 2002; Franco et al. 2007; Tomlinson et al. 2013). Thick
cuticles would offer protection not only against high light
intensities but also against UV (Vogelmann 1993, Krauss
et al. 1997). Additionally, it may favour the leaf water bal-
ance, because the cuticle significantly restricts water
vapour loss (Pallardy 1981; Fahn and Cutler 1992; Hauke and
Schreiber 1998; Riederer and Schreiber 2001). In contrast,
leaves of herbaceous species with less developed cuticles
should be more prone to leaf desiccation (Riederer and
Schreiber 2001). However, most of them are dormant dur-
ing the dry period, and therefore, less subjected to selection
pressures for restricting leaf water loss.

The extension of the bundle sheath, which connects
the vascular bundles to the epidermis, was also reported
as a characteristic of plants that thrive in highly seasonal

environments (Fahn and Cutler 1992), as it can facilitate
water transport from the vascular bundles to the epider-
mis (Evert 2006). There were also suggestions that this
structure would provide mechanical support to leaves
(Fahn and Cutler 1992; Evert 2006), especially in grasses,
which normally have longer leaf blades. Trees and
shrubs showed high frequency of species with bundle
sheath extensions, sclerenchyma, and thick cuticle, a
syndrome of traits that was less frequent in herbs and
vines. Hypodermis was present in a few woody species,
absent in herbs and subshrubs, and was present in all
palms. Arecaceae species usually have leaves with this
structure, which is also commonly reported for some
genera of Araliaceae and Vochysiaceae (Metcalf and
Chalk 1979).

All growth forms had a substantial amount of meso-
phyll tissue (as a percentage of total leaf thickness), with
the exception of grasses. Despite similar mesophyll to
leaf thickness ratios among the majority of growth
forms, the mesophyll of trees was generally thicker in
comparison with other growth forms. This high invest-
ment in parenchyma is believed to be a response to ex-
posure to high light intensities (Vogelmann 1993;
Larcher 2003; Sefton et al. 2002; Gratani et al. 2006;
Rossatto and Kolb 2010), which could directly affect the
leaf photosynthetic capacity (Björkman 1981; Paiva et al.
2003). Therefore, the occurrence of a well-developed pho-
tosynthetic parenchyma, with biochemical and morpho-
logical adaptations to cope with elevated irradiances
(Franco and Lüttge 2002; Franco et al. 2007; Tomlinson
et al. 2013), suggest that savanna trees would likely have
higher values of maximum photosynthesis on a leaf area
basis than subshrubs and herbs. In a tropical forest,
Santiago and Wright (2007) showed this was the case,
when comparing trees and understorey herbs. However,
the predominance of C4 grasses in savannas suggests
that despite their thin mesophyll, grasses should have
higher photosynthetic rates per unit leaf area in compar-
ison with the other growth forms (Anten et al. 1998).
Integrative studies of leaf photosynthetic traits and leaf
anatomy in Cerrado plants, especially from the herba-
ceous component, are needed to provide a better under-
standing of the photosynthetic strategies of the different
growth forms.

The total leaf thickness was closely related to the de-
gree of scleromorphism, as evaluated by changes in LMA.
There was a strong and positive relationship between
leaf thickness and LMA, and a single axis of variation
encompassed all growth forms. Trees and grasses were at
the opposite ends of this spectrum, with the other
growth forms appearing between them. This result sug-
gests that leaf scleromorphism in the studied savanna
plants is the result of the high level of investment in
tissue thickness in concert with the high frequency of
suberized and lignified structures (e.g., extension of the
bundle sheath and the presence of sclerenchyma) (Grime

Fig. 4. Values of leaf mass per area (LMA) of the studied
growth forms (A) and the relationship between leaf thickness
and LMA for the set of studied species (B). In Fig. 4A vertical
bars indicate standard error of the mean (n = 5–11) and same
letters indicate similarity according to Fisher’s least
significant difference test (� = 0.05). In Fig. 4B, each data
point represents one species. G, grasses; H, herbs; SS,
subshrubs; V, vines; P, palms; SB, shrubs;
T, trees.
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1979; Reich et al. 1999; Dahlgren et al. 2006; Castro-Díez
et al. 2000; Delgado et al. 2013).

Based on the well-known trade-offs proposed on the
concept of leaf economic spectrum (Wright et al. 2004),
Cerrado grasses and herbs, with their low LMA values
and their mesomorphic leaf traits, should have leaves
with a short life-span, which is consistent with their as-
similative activity being mostly restricted to the wet sea-
son, when water is readily available. Moreover, grasses
and herbs would be subjected to moderate shading by
the woody layer and would need to grow fast at the start
of the rainy season or after a fire event, to make use of
the high irradiances resulting from the opening of the
upper canopy as leaves and many tree branches are
burnt or damaged by the hot air flow during the fire or
are lost during the dry season (Bond et al. 2003).

Despite showing similar set of leaf anatomical traits,
grasses and herbs of the present study are not expected
to strongly compete for soil resources, as it has been
shown that they exploit different water and nutrient
niches in the soil profile (Rossatto et al. 2013b). However,
herbs would be subjected to strong competition with
grasses for aboveground space occupancy. The expected
higher leaf photosynthetic rates of C4 savanna grasses
suggest they would grow faster than savanna herbs, be-
ing better competitors for space occupancy, which may
explain their dominance in terms of biomass in the
ground-layer vegetation (Scholes and Archer 1997).

Palms and vines are rarely cited as components of sa-
vannas; however, the Cerrado of Brazil has a high num-
ber of species (Mendonça et al. 2008). Based on the
anatomical syndrome, vines showed anatomical adapta-
tions similar to herbs. Vines occupy the intermediate
stratum in the savanna. These climbers grow close to the
ground and rarely under the trees. In contrast, given

their larger plant size, palms were more closely related
to trees and shrubs in terms of leaf anatomy. However,
they differed from the latter on qualitative aspects of leaf
structure, which are determined by their distinct phylo-
genetic position among the Angiosperms.

Conclusions
We were able to show that plant growth form and leaf

structure are closely related. Co-occurring savanna plants
of distinct growth forms could be grouped into different
syndromes of leaf anatomical traits. Woody species (trees
and shrubs) tend to produce thick, dorsiventral leaves with
well-developed cuticles. Herbs and vines, in turn, tend to
exhibit thinner leaves, with a mesomorphic set of leaf
structures, while grasses and palms had homogenous
mesophyll with sclerenchymatous bundle sheath exten-
sions. However, grasses distinguished from palms by thin-
ner leaves, lower ratios of mesophyll to leaf thickness, and
a less developed cuticle, while palm leaves had a well-
developed cuticle and sclerenchymatous hypodermis.
Thus, Neotropical savannas cannot be exclusively de-
scribed as a type of scleromorphic vegetation due to the
large differences in leaf tissue anatomy of their distinct
growth forms.
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